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ABSTRACT

mRNA 3′ processing is dynamically regulated spatially and temporally. However, the underlying mechanisms remain poorly
understood. CstF64τ is a paralog of the general mRNA 3′ processing factor, CstF64, and has been implicated in mediating
testis-specific mRNA alternative polyadenylation (APA). However, the functions of CstF64τ in mRNA 3′ processing have not
been systematically investigated. We carried out a comprehensive characterization of CstF64τ and compared its properties to
those of CstF64. In contrast to previous reports, we found that both CstF64 and CstF64τ are widely expressed in mammalian
tissues, and their protein levels display tissue-specific variations. We further demonstrated that CstF64 and CstF64τ have highly
similar RNA-binding specificities both in vitro and in vivo. CstF64 and CstF64τ modulate one another’s expression and play
overlapping as well as distinct roles in regulating global APA profiles. Interestingly, protein interactome analyses revealed key
differences between CstF64 and CstF64τ, including their interactions with another mRNA 3′ processing factor, symplekin.
Together, our study of CstF64 and CstF64τ revealed both functional overlap and specificity of these two important mRNA 3′

processing factors and provided new insights into the regulatory mechanisms of mRNA 3′ processing.

Keywords: 3′ end formation; alternative polyadenylation; mRNA processing; sequencing

INTRODUCTION

mRNA3′ end formation is an essential step of eukaryotic gene
expression, and it typically involves an endonucleolytic cleav-
age followed by polyadenylation (Colgan and Manley 1997;
Zhao et al. 1999; Chan et al. 2011; Proudfoot 2011). mRNA
3′ processing not only significantly impacts many other steps
in the mRNA maturation process, it also plays an important
role in gene regulation. Approximately 70% of mammalian
genes producemultiplemRNAswith distinct 3′ ends by select-
ing different cleavage/polyadenylation sites (PAS), a phenom-
enon known as APA (Di Giammartino et al. 2011; Proudfoot
2011; Shi 2012; Tian and Manley 2013). APA isoforms from
the same genesmay encode different proteins and/or have dis-
tinct 3′ untranslated regions (UTRs), which can differentially
impact the stability and/or translation efficiency of the
mRNAs. Recent studies have shown that APA is highly regu-
lated in development and in a tissue-specific manner (Wang
et al. 2008; Ji et al. 2009; Shepard et al. 2011; Derti et al.

2012; Smibert et al. 2012). Aberrant APA patterns have been
linked to human diseases including cancer and neuromuscu-
lar disorders (Danckwardt et al. 2008; Mayr and Bartel
2009; Jenal et al. 2012). Given the recent progress, APA has
emerged as a critical mechanism for eukaryotic gene regula-
tion. However, it remains poorly understood how APA is
regulated.
Recent studies have provided strong evidence that the core

components of the mRNA 3′ processing machinery are also
key regulators of the global APA profiles (Takagaki et al.
1996; Kubo et al. 2006; Martin et al. 2012; Yao et al. 2012).
In mammals, the mRNA 3′ processing complex consists of
the poly(A) polymerase (PAP) and four multisubunit protein
complexes, the cleavage/polyadenylation specificity factor
(CPSF), cleavage stimulation factor (CstF), cleavage factor I
(CF Im), and cleavage factor II (CF IIm) complexes (Shi
et al. 2009; Chan et al. 2011). CPSF and CstF bind coopera-
tively the AAUAAA hexamer and the U/GU-rich downstream
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element, respectively, two key cis-elements found in the ma-
jority of mammalian PASs. CstF consists of three subunits
—CstF77, CstF64, and CstF50. CstF64 directly interacts
with RNAs via its RNA recognition motif (RRM) and plays
important roles in mRNA 3′ processing and APA regulation
(Takagaki et al. 1996; Chan et al. 2011). Previous SELEX anal-
ysis using the CstF64 RRM selected GU-rich sequences, sim-
ilar to those found in many downstream sequence elements
(Takagaki and Manley 1997). Recently, we and others have
mapped CstF64-RNA interactions in vivo at the transcrip-
tome level (Martin et al. 2012; Yao et al. 2012), and our results
showed that CstF64 binds to U/GU-rich downstream se-
quence elements at many PASs, but CstF64-DSE interactions
are highly variable in affinity (Yao et al. 2012). In addition to
the RRM at its N terminus, CstF64 also contains a hinge
domain, a P/G-rich region that contains twelve pentapeptide
repeats, and a C-terminal domain (CTD) (Chan et al. 2011).
CstF64 hinge domain mediates its interactions with both
CstF77 and the CPSF subunit symplekin (Takagaki and
Manley 2000). The P/G-rich region and the CTD remain
poorly characterized but may mediate additional interactions
with other 3′ processing factors and/or regulators (Qu et al.
2007). These studies suggest that both protein-RNA and pro-
tein–protein interactions of CstF64 are critical for mRNA 3′

processing and its regulation.
CstF64τ is a conserved paralog of CstF64 in mammals

(Wallace et al. 1999). Earlier studies suggested that CstF64τ
is highly expressed in the testis and also present at low levels
in the brain, but undetectable in other tissues (Wallace et al.
1999). In vitro binding assays with homopolymer RNAs indi-
cate that CstF64τ has distinct RNA-binding specificity than
that of CstF64 (Monarez et al. 2007). Based on these observa-
tions, it was proposed that CstF64τmight recognize a distinct
set of poly(A) sites than those bound by CstF64 and mediate
testis-specific APA regulation (MacDonald and McMahon
2010). However, the functions of CstF64τ in mRNA 3′ pro-
cessing and APA regulation and its functional relationship
with CstF64 are still poorly characterized. For examples, it
has been shownthatCstF64τmRNAsaredetectedubiquitous-
ly inmouse tissues, and it is unclear how testis-specific expres-
sion of CstF64τ proteins is achieved (Huber et al. 2005). In
addition, we and others have shown recently that CstF64
depletion inhumancells has relatively little effect on the global
APA profile (Martin et al. 2012; Yao et al. 2012), but codeple-
tion of bothCstF64 andCstF64τ leads to greater APA changes.
These observations suggest thatCstF64 andCstF64τ functions
may be more similar than previously thought.

To define the functions of CstF64τ in mRNA 3′ processing
and in APA regulation, we carried out comprehensive func-
tional characterizations of CstF64τ and compared its proper-
ties to those of CstF64. Our results demonstrate that both
CstF64 and CstF64τ are widely expressed in mammalian tis-
sues. Although highly similar in their RNA-binding specific-
ities, these two factors have overlapping and distinct protein
interactomes and functions in mRNA 3′ processing.

RESULTS

Cell line- and tissue-specific expression of CstF64
and CstF64τ

In order to monitor the expression of CstF64 and CstF64τ,
we carried out Western blotting analyses of seven human
and mouse cell lines as well as five divergent mouse tissues.
To ensure the specificity of the CstF64 and CstF64τ antibod-
ies, we performed dual color Western analysis in which
CstF64 (recognized by a mouse monoclonal antibody) is de-
tected as a green band(s) of ∼64 kDa and CstF64τ (recog-
nized by a rabbit polyclonal antibody) a red band of ∼70
kDa. As shown in Figure 1A, our Western analyses detected
CstF64 and CstF64τ as distinct bands at the expected sizes.
It was noted that the CstF64τ band in the mouse cell lines mi-
grated higher compared to that in the human cell lines (Fig.
1A, cf. lanes 1–4,6–7). This is consistent with the fact that the
mouse CstF64τ has a greater predicted molecular weight than
its human homolog. Furthermore, our Western analyses us-
ing these antibodies detected specific decreases in CstF64 or
CstF64τ in HeLa cells transfected with specific shRNA con-
structs targeting the respective genes (Fig. 4A, below; Yao
et al. 2012). Together these observations confirmed the spe-
cificity of the antibodies used in our analyses.
Our Western blotting results showed that both CstF64 and

CstF64τ are expressed inmost cell lines, but there are cell line-
specific differences in their expression profiles (Fig. 1A). For
example, the lowest levels of CstF64 or CstF64τwere observed
inNIH3T3 cells (Fig. 1A, lane 5), and the highest levels of both
proteins were detected in the breast epithelial cell line,
MCF10A (Fig. 1A, lane 3). Compared to HeLa and HEK293
cells, the breast cancer cell line MCF7 expresses similar levels
of CstF64 but significantly less CstF64τ (Fig. 1A, cf. lanes
1,2,4). Thus, significant variations exist in the ratio between
CstF64 andCstF64τ aswell as in the relative levels of both pro-
teins compared to CstF77 and CstF50, the other two subunits
of the CstF complex (Fig. 1A).
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FIGURE 1. Expression profiles of CstF-64 and CstF-64τ. (A) Dual col-
or Western blot analysis of CstF64 and CstF64t expression level in dif-
ferent cell lines as marked. The red bands correspond to CstF64τ and
the green bands correspond to CstF64. (B) Western blotting analyses
of CstF64, CstF64τ, CstF77, CstF50, and GAPDH expression in the
mouse tissues as marked. For each lane,∼20 μg total protein was loaded.
(∗) This band migrated faster than CstF64 in other tissues and is a po-
tential nonspecific band.
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We also examined the expression of
CstF64 and CstF64τ in five divergent
mouse tissues, including the bone mar-
row, brain, heart, liver, and testis (Fig.
1B). CstF64 was detected at relatively
constant levels in most tissues except for
the heart, where its level seems signifi-
cantly lower (Fig. 1B). Surprisingly,
CstF64τ was detected in all five tissues,
and the highest expression levels were ob-
served in the heart and brain (Fig. 1B).
Our results demonstrated that, similar to
CstF64, CstF64τ is widely expressed in
mammalian tissues. These results are in
contrast with a previous report suggest-
ing that CstF64τ is specifically express-
ed in the testis and the brain (Wallace
et al. 1999). The possible reasons for this
discrepancy are discussed below. These
results reveal that both CstF64 and
CstF64τ are widely expressed, but their
protein levels display significant tissue-
specific variations.

Characterization of the in vitro RNA-
binding sequence specificity of
CstF64 and CstF64τ by SELEX-seq

Previous studies have characterized
CstF64 RNA-binding specificity in vitro
using the conventional SELEX procedure
(Takagaki and Manley 1997). However,
the sequence specificity of CstF64τ re-
mains unknown. To comprehensively
characterize the RNA-binding specifi-
city of both CstF64 and CstF64τ, we
performed SELEX coupled with high-
throughput sequencing (SELEX-seq)
(Fig. 2A). Compared to the conventional
SELEX,whichonly selects a small number
of the most avid binders, SELEX-seq
provides a more comprehensive charac-
terization by identifying protein–RNA in-
teractions with a wide range of affinities
(Dittmar et al. 2012). To this end, we in-
cubated the recombinant GST-CstF64-
RRM or GST-CstF64τ-RRM fusion proteins with a pool of
random 20-nucleotide (nt) RNAs. After GST fusion proteins
were precipitated using glutathione beads and washed, bound
RNAs were eluted and amplified by reverse transcription and
PCR (RT-PCR) (Fig. 2A). After just one round of selection,
CstF64 and CstF64τ cognate sequences were significantly
enriched as shown by gel mobility shift assays (Fig. 2B).
Additionally, CstF64-selected RNAs were bound by CstF64τ
and vice versa (Fig. 2B), indicating that the two proteins

have selected similar sequences. Next, we sequenced the
CstF64- andCstF64τ-bound sequences alongwith theoriginal
RNA pool by using the Illumina HiSeq platform. Approxi-
mately 80 million reads were obtained for each library.
Based on the sequencing data, we first compared the fold en-
richment of all possible 10-mer sequences in CstF64- and
CstF64τ-selected RNAs compared to the original RNA pool.
Strikingly, the fold enrichment of all 10-mer sequenceswas al-
most identical for CstF64 and CstF64τ (Pearson’s coefficient:
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FIGURE 2. Comparison of in vitro RNA binding specificity of CstF-64 and CstF-64τ using
SELEX-seq. (A) A schematic representation of the SELEX-seq procedure (details described in
the text and Materials and Methods). (B) Gel mobility shift assay using RNAs prepared from
the random pool (library 1), CstF64-selected sequences (library 2), and CstF64τ-selected se-
quences (library 3), with GST-CstF64 (marked as CstF64) or GST-CstF64τ RRM (marked as
CstF64τ). (C) Comparison of fold enrichment of all possible 10-mer RNA sequences in
CstF64 and CstF64τ selected sequences: (x-axis) log10(frequency of each 10-mer sequence in li-
brary 2/its frequency in library 1); (y-axis) log10(frequency of each 10-mer sequence in library 3/
its frequency in library 1). (D) Comparison of nucleotide composition of RNA sequences with
fold enrichment in CstF64- and CstF64τ-selected sequences. Fold enrichment levels are marked
on the bottom. The height of the boxes corresponds to the frequency of each nucleotide. (E)
Quantification of the gel shift assays in Supplemental Figure S1. Three sequences were tested (dif-
ferent colored lines) with GST-CstF64-RRM (squares) or GST-CstF64τ-RRM (dots).
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0.997) (Fig. 2C). We next compared the nucleotide composi-
tion of sequences that were enriched to different extents. For
bothCstF64 andCstF64τ, themost highly enriched sequences
consisted almost entirely of Us andGs (Fig. 2D). In sequences
with intermediate enrichment levels, A was also present at a
significant frequency. In contrast, C-containing sequences
were depleted during selection (Fig. 2D). To verify our
SELEX-seq results, we performed gel mobility shift assay
with GST-CstF64-RRM or GST-CstF64τ-RRM and three se-
lected 10-mer sequences. Consistent with our sequencing re-
sults, both CstF64 and CstF64τ bound to UG-repeats with the
highest affinity (Fig. 2E; Supplemental Fig. S1). The affinities
of bothproteinswere lower for theA-containing sequence and
further decreased and became more divergent when C was
present (Fig. 2E). Finally, we identified specific sequence mo-
tifs that are enriched at different levels (Supplemental Table
S1). Long UG-repeats had the highest fold enrichment (Sup-
plemental Table S1). Sequences containing shorter UG-rich
regions were enriched to a lesser extent. CACGACG was
among the most depleted motifs. These analyses revealed
that CstF64 and CstF64τ have nearly identical RNA-binding
sequence specificities in vitro, and both
proteins preferentially bind to UG-rich
motifs while avoiding C-rich sequences.

Mapping the in vivo RNA-binding
sites of CstF64 and CstF64τ at the
transcriptome levels by iCLIP-seq

We recently mapped CstF64-RNA inter-
actions in vivo at the transcriptome level
through iCLIP-seq analysis (Yao et al.
2012). To globally characterize CstF64τ-
RNA interactions in vivo, we carried
out iCLIP-seq of CstF64τ in HeLa cells.
As shown in Figure 3A (lanes 1,2),
CstF64τ was efficiently crosslinked to
RNAs in vivo by UV irradiation and spe-
cifically purified by immunoprecipita-
tion (IP) using our CstF64τ antibody
described earlier. Following similar pro-
cedures that were used for CstF64
iCLIP-seq (Yao et al. 2012), we prepared
CstF64τ iCLIP-seq libraries and subject-
ed them to high-throughput sequencing
using the Illumina HiSeq platform, and
6.1 million uniquely mapped reads were
obtained for the CstF64τ iCLIP library.
The distribution of CstF64τ iCLIP tags
showed significant enrichment in the 3′

UTRs (Fig. 3B), consistent with its func-
tion inmRNA 3′ end processing. A global
analysis of the distribution of CstF64τ-
binding sites near actively used PASs
(based on our RNA 3′ end mapping, see

below) detected a peak at 30∼35 nt downstream from the
AWTAAA hexamer (Fig. 3C, red line), suggesting that
CstF64τ binds to RNA together with CPSF. The distribution
of CstF64τ iCLIP tags is very similar to that of CstF64 (Fig.
3C, blue line); but overall, CstF64τ iCLIP signals are lower
than those of CstF64 (Fig. 3C, cf. red and blue lines). Motif
analysis of CstF64τ crosslinking sites downstream from
AWTAAA identified an UG-rich motif (Fig. 3C, inset), which
resembles the UG-repeat motif identified by our SELEX-seq.
As shown in two specific examples of the CstF64τ iCLIP anal-
yses results (Fig. 3D,E), CstF64τ and CstF64 bind to the same
regions downstream from the cleavage sites in Rps12 and
Basp1 transcripts. Together, these results demonstrated that
CstF64τ-RNA interaction landscape in vivo is highly similar
to that of CstF64.

The role of CstF64τ in regulating mRNA alternative
polyadenylation

We next characterized the role of CstF64τ in regulating
global APA. To this end, we established HeLa cell lines that
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stably express a CstF64τ-targeting shRNA
(CstF64τ-RNAi cell lines). As shown in
Figure 4A (right lane), CstF64τ was
significantly depleted in CstF64τ-RNAi
cells. In these cells, an increase in CstF64
protein levels was observed. Similar
reciprocal changes were also observed in
a cell line in which CstF64 is stably si-
lenced by RNAi (CstF64-RNAi) (Fig.
4A, middle lane). These results suggest
that CstF64 and CstF64τ negatively regu-
late one another’s expression. Quanti-
tative RT-PCR (RT-qPCR) analyses did
not detect significant changes at the
mRNA levels (Supplemental Fig. S2), in-
dicating that CstF64 and CstF64τ modu-
late one another’s expression primarily
at the post-transcriptional level. Next,
we characterized the global APA profile
in CstF64τ-RNAi cells by direct RNA
sequencing (DRS) analysis using the
Helicos platform as described before
(Yao et al. 2012). By comparing the APA
profiles between control HeLa cells and
CstF64τ-RNAi cells, we identified 96
genes (of the 3800 genes that have at least
two polyadenylation sites, each with 10
DRS reads or more) that displayed signif-
icantly differentAPApatterns inCstF64τ-
RNAi cells (false discovery rate <0.05,
Fisher’s exact test) (Fig. 4B). Among
them, 57 showed a relative increase in
the mRNA isoforms polyadenylated at
the proximal PAS (distal-to-proximal
or DtoP shift), whereas the remainder
showed APA changes in the opposite di-
rection (proximal-to-distal or PtoD shift)
(Fig. 4B). For example, theAPAprofiles of
CSTF3 in controlHeLa cells andCstF64τ-
RNAi cells are shown in Figure 4C. The
APA profile of the same gene in CstF64-
RNAi cells was also shown for compari-
son (Fig. 4C). A significant increase in
the mRNAs polyadenylated at the distal
PAS in CSTF3 was observed in both CstF64- and CstF64τ-
RNAi cells (Fig. 4C). This and a number of other APA changes
identified by our DRS analyses were validated by RT-qPCR
(Fig. 4D), confirming the accuracy of our sequencing analysis.
To further characterize the CstF64τ-mediated APA re-
gulation, we next compared the APA changes induced by
CstF64τ depletion and the previously reported APA changes
caused by CstF64 depletion or CstF64&τ codepletion (Fig.
4E). It is apparent that depletion of CstF64 or CstF64τ had a
relatively small effect on the global APA profile compared to
the codepletion of both factors (Fig. 4E; Yao et al. 2012),

strongly suggesting functional redundancy between the two
proteins. Additionally, APA changes induced by CstF64 or
CstF64τ did not seem to have strong biases between PtoD
andDtoP changes (Fig. 4E; Supplemental Fig. S3). In contrast,
codepletionofCstF64 andCstF64τ led toPtoDshifts in85%of
the affected genes (Fig. 4E; Supplemental Fig. S3). These ob-
servations are consistent with a model in which CstF64 and
CstF64τ play largely redundant roles in APA regulation.
Depletion of either proteins induces the up-regulation of
the other, resulting in a relatively stable general mRNA
3′processing activity and relatively few changes in APA.
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However, codepletion of both proteins leads to a decrease in
mRNA3′ processing activityand thus lower efficiencyof cleav-
age/polyadenylation at the proximal PASs. This, in turn, re-
sults in higher transcription read-through and usage of the
distal PASs and thus PtoD shifts.

Characterization of protein interactions of CstF64
and CstF64τ

Finally, we compared the protein interactomes of CstF64 and
CstF64τ in vivo. To this end, we established stable HeLa cell
lines expressing Flag-tagged CstF64 or CstF64τ and carried
out IPs using anti-Flag antibodies. As shown in Figure 5A,
B, Flag-tagged CstF64 and CstF64τ were specifically IPed
from the respective cell lines. Similar levels of CstF77 and
CstF50 were co-IPed in both samples (Fig. 5A,B), suggesting
that both CstF64 and CstF64τ were assembled into the CstF
complex. Next, we analyzed CstF64- and CstF64τ-associated
proteins by mass spectrometry analyses, and the identified
proteins are listed in Supplemental Table S2. As expected,
CstF77 and CstF50 were identified in both samples. Addi-
tionally CstF64τ was detected in CstF64-associated proteins
and vice versa (Supplemental Table S2). This is consistent
with previous studies showing that CstF dimerizes (Takagaki
and Manley 2000; Bai et al. 2007) and further suggests that
CstF64-containing and CstF64τ-containing CstF complexes
form heterodimers. Symplekin, a subunit of the CPSF com-
plex and a known binding partner of CstF64 (Takagaki and
Manley 2000), was also co-IPed with CstF64. Surprisingly,
however, symplekin was not detected in the Flag-CstF64τ
IP sample by our mass spectrometry analysis (Supplemental
Table S2). Consistently, our Western analysis detected sym-
plekin in the CstF64 IP sample, but very little symplekin
was detected in the CstF64τ IP sample (Fig. 5B). To further
verify this result, we carried out IP using
anti-symplekin antibodies and HEK293
cell lysates. As shown in Figure 5C, the
endogenous symplekin was efficiently
precipitated, and CstF64 was co-IPed.
However, very little CstF64τ was detected
in the symplekin IP sample (Fig. 5C).
Since our IP experiments were performed
under stringent conditions (in RIPA buff-
er), we next repeated the symplekin IP un-
der milder conditions (see Materials and
Methods for details) to determine wheth-
er CstF64τ can associate with symplekin.
Under this condition, CstF64 and a small
amount of CstF64τ were co-IPed with
symplekin (Supplemental Fig. S3). To-
gether these results suggest that CstF64 is
more strongly associated with symplekin
in vivo than CstF64τ.

As mentioned earlier, CstF64 and
CstF64τ are highly similar in their domain

structures, and each contains an N-terminal RRM domain, a
hinge domain, a P/G-rich domain, and a C-terminal domain
(CTD). Since previous studies have shown that CstF64
directly binds to symplekin via its hinge domain (Takagaki
and Manley 2000), we next determined whether CstF64τ
can directly interact with symplekin. To this end, we synthe-
sized the full-length symplekin, CstF64, and CstF64τ by in vi-
tro translation using the rabbit reticulocyte system. Then
symplekin was incubated with CstF64 or CstF64τ followed
by IP with anti-symplekin antibodies. Interestingly, CstF64,
but not CstF64τ, was co-IPed with symplekin (Fig. 6A).
This result suggests that CstF64 has significantly higher affin-
ity for symplekin than CstF64 in vitro.
We next mapped the domains that mediate the differential

binding of CstF64 and CstF64τ to symplekin. As mentioned
earlier, the hinge domain of CstF64 has been shown to medi-
ate its interaction with symplekin (Takagaki and Manley
2000; Ruepp et al. 2010). We next expressed and purified re-
combinant CstF64- or CstF64τ-hinge domain fused to a GST
tag and used them in GST pulldown assays with in vitro
translated symplekin. Consistent with previous studies,
CstF64 hinge domain interacts with symplekin (Fig. 6B).
Interestingly however, CstF64τ hinge domain also pulled
down symplekin with similar efficiency (Fig. 6B), suggesting
that the hinge domains of both CstF64 and CstF64τ are capa-
ble of binding to symplekin. Using the same co-IP assay as
described in Figure 6A, we found that the P/G-rich domains
of CstF64 or CstF64τ do not interact with symplekin (Fig.
6C). Since the hinge domains of both CstF64 and CstF64τ
can bind to symplekin (Fig. 6B), we reasoned that the inter-
action between the CstF64τ hinge domain and symplekin
might be inhibited by other domains in the full-length
CstF64τ. To test this idea, we compared the interactions be-
tween symplekin and an internal fragment of CstF64 or
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CstF64τ consisting of the hinge domain and the P/G-rich
domain. As shown in Figure 6D, this internal fragment of
CstF64, but not that of CstF64τ, interacted with symplekin,
recapitulating the differential binding of the full-length
proteins. The results of all the in vitro binding assays are sum-
marized in Figure 6E. Together, these results revealed a sig-
nificant difference in the affinities of CstF64 and CstF64τ
for symplekin. Although the hinge domains of both CstF64
and CstF64τ are capable of binding to symplekin, this inter-
action is inhibited by the P/G-rich domain in CstF64τ (Fig.
6F). The potential implications of this difference on the func-
tions of CstF64 and CstF64τ in mRNA 3′ processing are dis-
cussed below.

DISCUSSION

In this report, we comprehensively compared the properties
of CstF64τ and CstF64, including their expression patterns,

protein-RNA and protein–protein inter-
actions, and functions in global APA reg-
ulation. Our Western analyses of human
and mouse cell lines as well as mouse tis-
sues reveal that both CstF64 and CstF64τ
are widely expressed. We demonstrated
that the two proteins have highly sim-
ilar RNA binding sequence specificity
in vitro and in vivo. Additionally, CstF64
and CstF64τ modulate one another’s
expression, and they play partially redun-
dant roles in regulating global APA. Final-
ly, we demonstrate that CstF64 and
CstF64τ have overlapping but distinct
protein interactomes and differ signifi-
cantly in their interactions with another
core 3′ processing factor, symplekin.
Below, we discuss the implications of
these findings for mRNA 3′ processing
and APA regulation.

CstF64τ has been proposed to func-
tion in mediating tissue-specific APA
regulation (MacDonald and McMahon
2010). This is based on the observations
that CstF64τ seems to be specifically ex-
pressed in the testis (hence, the name
CstF64τ) and the brain (Wallace et al.
1999). Here, our study revealed that
both CstF64 and CstF64τ are widely ex-
pressed in mouse tissues (Fig. 1B). This
discrepancy is most likely due to the dif-
ferent sensitivity and/or specificity of the
antibodies used for the CstF64τ Western
analyses. In the previous report (Wallace
et al. 1999), a mouse monoclonal anti-
body (6A9) was used to detect CstF64τ.
Although this antibody detected a pro-

tein of ∼70 kDa that was interpreted as CstF64τ in the testis
and brain, it only detected a ∼64-kDa band in HeLa cells that
was believed to be CstF64 (Wallace et al. 1999). These obser-
vations suggest that this antibody has cross-reactivities and is
not specific for CstF64τ. On the other hand, multiple lines of
evidence demonstrated that the CstF64τ antibody used in our
study is highly specific. First, it consistently detected the∼70-
kDa CstF64τ in cell lines and tissues of human or mouse or-
igins. Second, our dual color Western analyses detected no
cross-reactivity with CstF64 for this antibody (Fig. 1A).
Finally, this antibody detected the specific depletion of
CstF64τ by RNAi in our stable knockdown cell lines (Fig.
4A). These results suggest that our CstF64τ antibody is highly
specific, and our Western analyses demonstrate that CstF64τ,
similar to CstF64, is widely expressed. This is consistent with
previous reports that CstF64τ mRNAs are detected ubiqui-
tously in mouse tissues (Huber et al. 2005). However, given
that the CstF64:CstF64τ ratio and the total levels of these
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two proteins are highly variable in different tissues (Fig. 1B),
CstF64τ may still contribute to tissue-specific regulation of
mRNA 3′ processing and APA.

Our SELEX-seq and iCLIP-seq results demonstrated that
CstF64 ad CstF64τ have highly similar RNA-binding specific-
ities in vitro and in vivo (Figs. 2, 3). This high degree of func-
tional redundancy may be part of the reason why depletion of
either CstF64 or CstF64τ alone had relatively small effect on
the global APA profile. For comparison, we found that deple-
tion of another mRNA 3′ processing factor, Fip1, led to at
least five times more APA changes than CstF64 or CstF64τ
depletion (data not shown). Additionally, the functional im-
pact of CstF64τ depletion is mitigated by the compensatory
increase in CstF64 and vice versa (Fig. 4A). Therefore, the ob-
served APA changes in CstF64τ-RNAi cells are the combined
effects of CstF64τ depletion and higher levels of CstF64. The
specific APA changes observed in these cells are most likely
determined by minor differences in CstF64 and CstF64τ
binding at the regulated PASs. To test this, we compared
the relative CstF64- and CstF64τ-RNA interactions at the
proximal and distal PASs regulated by CstF64τ (Supple-
mental Fig. S5). Although CstF64 and CstF64τ bind to the
same regions at these PASs, we detected differences in their
iCLIP tag densities at the proximal and distal PASs, which
may reflect their binding strength and/or frequencies (Sup-
plemental Fig. S5). These results indicate that the similarities
and differences in CstF64- and CstF64τ-RNA interactions
may contribute to their functional redundancy and specific-
ity in mRNA 3′ processing.

Although CstF64 and CstF64τ are highly similar in their
interactions with RNAs, our study revealed key differ-
ences in their protein–protein interactions. Importantly, we
showed that CstF64 interacts with symplekin with signifi-
cantly higher affinity than CstF64τ (Fig. 5). Although the
hinge domains of both CstF64 and CstF64τ can directly
bind symplekin, this interaction is inhibited by the P/G-
rich domain in CstF64τ (Fig. 6). In keeping with this, the
P/G-rich domain is the most divergent region between
CstF64 and CstF64τ. Although CstF64τ affinity for symplekin
is low, it is possible that CstF64τ can indirectly associate with
symplekin in vivo through dimerization with CstF64, which
explains the co-IP of CstF64τ with symplekin under mild
conditions (Supplemental Fig. S3). As symplekin links CstF
to CPSF (Takagaki and Manley 2000), our results indicate
that CstF64 may interact with CPSF more strongly; thus,
the CstF64-containing CstF complexes may be recruited to
the mRNA 3′ processing complex more efficiently than the
CstF64τ-containing CstF complexes. This may lead to func-
tional differences between CstF64 and CstF64τ in mRNA 3′

processing. As such, tissue-specific variations in the CstF64:
CstF64τ ratio could provide a mechanism for fine-tuning
the mRNA 3′ processing activities.

Given their functional similarities, it is surprising that both
CstF64 and CstF64τ are well conserved during mammalian
evolution. This may be explained by at least two possible sce-

narios. First, it has been suggested that, in mammalian testis,
expression of the X-linked CstF64 is suppressed during sper-
matogenesis due to the formation of meiotic XY bodies
(Wallace et al. 1999). During this period, CstF64τ, encoded
by an autosomal gene, becomes essential for mRNA 3′ pro-
cessing. Consistent with this model, the main phenotype
of the CstF64τ knockout mice is a defect in spermatogenesis
(Dass et al. 2007). Alternatively, although CstF64 and
CstF64τ have highly similar RNA-binding specificities, they
differ in protein–protein interactions (Figs. 5, 6) and there-
fore may have distinct functions in some aspects of mRNA
3′ processing or in other cellular processes. Indeed, a recent
study reported differential expression of retrotransposon
RNAs in the testis of CstF64τ knockout mice (Li et al.
2012). Interestingly, the functional relationship between
CstF64 and CstF64τ is reminiscent of that of PTB (or
Ptbp1) and nPTB (or Ptbp2), two related hnRNPs that func-
tion in splicing regulation (Boutz et al. 2007; Coutinho-
Mansfield et al. 2007; Licatalosi et al. 2012). Although the
two proteins have very similar RNA-binding specificities,
they are expressed in different developmental stages and
in different tissues. They negatively regulate one another’s
expression and have both overlapping and distinct functions
in regulating global mRNA alternative splicing (Boutz
et al. 2007; Coutinho-Mansfield et al. 2007; Licatalosi
et al. 2012). Therefore, coordinated expression of functional-
ly related RNA-binding proteins may be an important re-
gulatory mechanism for alternative mRNA processing in
development.

MATERIALS AND METHODS

Western blot

Mouse tissues were obtained from wild-type C57BL/6 mice (gifts
from Dr. Paolo Casali’s laboratory). Cell lines were obtained from
ATCC and grown in recommended medium. Primary antibodies
used include CstF64τ (Bethyl A301-487A), CstF64 (monoclonal
antibody 3A7), CstF77 (Bethyl A301-096A), CstF50 (Bethyl A301-
251A), symplekin (Bethyl A301-465A), GAPDH (Santa Cruz
Biotechnology sc-32233), and β-actin (Santa Cruz Biotechnology
sc-8432).

SELEX-seq

GST-CstF64/τ-RRM was expressed in E. coli and purified with
glutathione-conjugated beads according to the manufacturer’s in-
structions (GE Healthcare Life Sciences). SELEX was carried out
as previously described with minor modifications (Takagaki and
Manley 1997). Briefly, template DNA containing 20 nt random se-
quence was generated by annealing two oligos (T7 andN20), and the
DNA ends were filled with Klenow. The RNA pool was prepared by
in vitro transcription with T7 RNA polymerase and purified on a
urea-polyacrylamide gel. For RNA pulldown, 7.4 µg GST fusion pro-
tein was conjugated with 20 µL glutathione sepharose 4B beads.
After washing, the beads were mixed with 200 μL of binding buffer
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(8 mM HEPES, pH 7.9; 40 mM NaCl; 2 mM EDTA; 0.2 mM DTT;
0.2 mM PMSF; 8% glycerol) containing 16 µg of heparin and 32 µg
random RNA pool (final concentration 7.5 µM), and incubated for
10min at 30°C with occasional shaking. After washing, bound RNAs
were released by proteinase K digestion and precipitated by ethanol.
Recovered RNAs as well as the original RNA pool were amplified by
RT-PCR to generate barcoded libraries for sequencing. Oligo se-
quences are provided in Supplemental Material.

iCLIP-seq

CstF64τ iCLIP-seq was carried out as described previously (Yao et al.
2012). For simplicity, one master iCLIP-seq library was generated
andused for all analyses. ForCstF64τ iCLIPmotif analysis,we ranked
all CstF64τ crosslinking sites according to their cDNA counts.We it-
eratively chose the crosslinking sitewith the highest cDNAcount that
did not overlap with the 21-nt region spanning a site that had been
chosen previously. For all nonoverlapping crosslinking sites, we de-
termined the enrichment score of 6-mer motifs in the 21-nt sur-
rounding region. We further classified those CstF64τ crosslinking
sites into two groups: those with A(A/U)UAAA within 40 nt up-
stream (AAUAAA+) and those without (AAUAAA−). We aligned
the top 20 most enriched motifs in each group and generated se-
quence logos using WebLogo 3 (http://weblogo.threeplusone.com/)
as previously described (Yao et al. 2012).

Gel shift assay

RNA oligos were prepared by in vitro transcription with T7 RNA
polymerase and purified on denaturing polyacrylamide gels. For
gel shift assays, 5′ radio-labeled RNAs (5 nM) were incubated
with 0.5 µM to 60 µM GST-CstF64/t RRM protein in 10 µL bind-
ing buffer for 10 min at 30°C. The reaction mixtures were resolved
on a 4% nondenaturing polyacrylamide gel and visualized by
phosphorimaging.

Direct RNA sequencing analyses

Direct RNA sequencing (DRS) was performed by Helicos
BioSciences, and DRS reads were aligned to hg19 using the index-
DPgenomictool in Helisphere (Helicos BioSciences). Only uniquely
mapped reads with a minimum mapped length of 25 and an align-
ment score of 4.0 were kept. We further filtered and clustered all in-
dividual PASs in the same way as described previously (Yao et al.
2012). To compare the alternative polyadenylation (APA) profiles
in HeLa and CstF64τ-RNAi cells using DRS data, we first removed
PASs that had zero or one read in both samples. For the remaining
PASs to be mapped to RefSeq genes, we used the Fisher exact test to
compare the ratio of the DRS read counts of one PAS to the sum of
the read counts of all of the other PASs within the same gene. The P-
values were adjusted by the Benjamini–Hochberg method for calcu-
lating the FDR. PASs with an FDR <0.05 were defined as signifi-
cantly changed PASs. To create the scatter plot shown in Figure
4B, we selected two PASs with the smallest P-values for each gene
with multiple PASs and calculated the corresponding proximal/dis-
tal ratio. In the figure, PAS pairs with an FDR <0.05 and log10(prox-
imal/distal PAS read count-control/RNAi) >0.2 are highlighted in
red for proximal-to-distal switches and in blue for distal-to-proxi-
mal switches.

Protein–protein interaction studies

For proteomic analyses of CstF64- and CstF64τ-associated proteins,
retroviral vectors for expressing CstF64- or CstF64τ-3×Flag proteins
were used to transduce HeLa cells. Transduced cells were selected
with puromycin and expanded. Cells were lysed in RIPA buffer,
and the cell lysates were used for immunoprecipitation using anti-
Flag antibodies (M2, Sigma). Bound proteins were eluted using
3×Flag peptide, precipitated with TCA, and subjected to MudPIT
mass spectrometry analyses (details forMudPIT analyses are provid-
ed in Supplemental Material). Common contaminants from Flag IP
were filtered out as previously described (Shi et al. 2009). For the in-
teraction studies shown in Figure 6, CstF64, CstF64τ, or symplekin
cDNAs were cloned into pcDNA3.1-Flag vector. 35S methionine-la-
beled proteins were prepared by using the TNT Quick Coupled
Transcription/Translation System (Promega). CstF64 or CstF64τ
were mixed with symplekin in five volumes of buffer D100 (20 mM
HEPES, pH 7.9, 100 mM NaCl, 1 mM MgCl2, 0.2 mM EDTA,
10%Glycerol, 10 mM β-ME, 0.5 mMPMSF). Immunoprecipitation
was performed overnight at 4°C using anti-symplekin antibodies
(Bethyl A301-465A) or control antibodies. After washing, the bound
proteins were eluted by boiling in SDS sample buffer, resolved on
SDS-PAGE, and visualized by phosphorimaging. For IPs in
Supplemental Figure S4, IPs were carried out in Buffer D300 (similar
to Buffer D100 described above except that 300mMNaCl was used).

DATA DEPOSITION

All sequencing data have been deposited into the Gene Expression
Omnibus (GEO) database (accession number: GSE51156).
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Supplemental material is available for this article.
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