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Polyadenylation of mRNA precursors is mediated by a large multisubunit protein complex. Here we show that
RBBPG6 (retinoblastoma-binding protein 6), identified initially as an Rb- and p53-binding protein, is a component of
this complex and functions in 3’ processing in vitro and in vivo. RBBP6 associates with other core factors, and this
interaction is mediated by an unusual ubiquitin-like domain, DWNN (“domain with no name”), that is required
for 3’ processing activity. The DWNN is also expressed, via alternative RNA processing, as a small single-domain
protein (isoform 3 [iso3]). Importantly, we show that iso3, known to be down-regulated in several cancers,
competes with RBBP6 for binding to the core machinery, thereby inhibiting 3’ processing. Genome-wide analyses
following RBBP6 knockdown revealed decreased transcript levels, especially of mRNAs with AU-rich 3’
untranslated regions (UTRs) such as c-Fos and c-Jun, and increased usage of distal poly(A) sites. Our results
implicate RBBP6 and iso3 as novel regulators of 3’ processing, especially of RNAs with AU-rich 3’ UTRs.
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The 3’ ends of nearly all polyadenylated RNAs are produced
by a two-step reaction involving endonucleolytic cleavage
of the transcript followed by synthesis of the poly(A) tail.
This step in gene expression, which is necessary for mRNA
stability, export, and translation (for review, see Moore and
Proudfoot 2009), is mediated by a massive protein machin-
ery (for review, see Proudfoot 2011; Xiang et al. 2014). The
core 3’ processing machinery includes four multisubunit
protein complexes: cleavage/polyadenylation specificity
factor (CPSF), cleavage stimulatory factor (CstF), cleavage
factor I (CFI), and CFII. Additional proteins, such as poly(A)
polymerase (PAP), symplekin, poly(A)-binding protein II
(PABPII), and RNA polymerase II (specifically the C-termi-
nal domain [CTD)] of its largest subunit), also play important
roles. The site where polyadenylation occurs, the poly(A)
site, is defined by multiple cis elements that contact several
subunits of this machinery. Most transcripts contain more
than one potential poly(A) site, and the selection of alter-
native sites is an important aspect of gene control (for
review, see Di Giammartino et al. 2011; Elkon et al. 2013).

Corresponding author: jlm2@columbia.edu
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.245787.114.

The core 3’ processing complex interacts with many
additional factors. A large number of associated proteins
were identified in a proteomic analysis of the human
complex assembled on substrate RNA (Shi et al. 2009). Many
of these (such as, for example, PARP-1) (Di Giammartino
et al. 2013) are thought to connect 3’ processing to other
nuclear events, while others (e.g.,, WDR33) were previously
undiscovered components of the human core 3’ processing
machinery. One protein that could conceivably fall in
either category is RBBP6 (retinoblastoma-binding protein
6). RBBP6 is a large (~250-kDa) multidomain protein that
is similar in its N terminus to the yeast 3’ processing factor
Mpel, which is an integral subunit of the yeast CPF
(cleavage and polyadenylation factor) complex and is re-
quired for 3’ end formation (Vo et al. 2001; Lee and Moore
2014). Mpel is required for cell viability, and absence of
RBBP6 homologs leads to embryonic lethality in mice (Li
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et al. 2007), flies (Mather et al. 2005), and worms (Huang
et al. 2013).

RBBP6 has a number of features that suggest important
roles in linking 3’ end formation with other cellular
processes. RBBP6 homologs all share three well-con-
served domains at their N termini. The first is called
the “domain with no name” or DWNN, which adopts
a ubiquitin-like fold (Pugh et al. 2006). In addition to
forming part of full-length RBBP6, this domain is also
expressed in vertebrates as a small protein containing the
DWNN and a short C-terminal tail (isoform 3 [iso3])
(Pugh et al. 2006), which has been shown to be down-
regulated in several human cancers (Mbita et al. 2012).
The second conserved domain is a CCHC zinc knuckle.
This type of zinc finger is also found in a number of
splicing factors and the 3’ processing factor CPSF30,
where it functions in RNA binding (Barabino et al.
1997). The third domain is a RING finger, a domain found
in E3-ubiquitin ligases. The RING domain of RBBP6
binds to YB-1, a multifunctional RNA-binding protein,
and the transcriptional repressor ZBTB38. Both proteins
were shown to be substrates of RBBP6 for ubiquitination,
leading to their degradation by the proteasome (Chibi
et al. 2008; Miotto et al. 2014). Mammalian RBBP6 also
includes a long C-terminal extension containing several
additional significant domains. One is an RS domain
characteristic of SR proteins and other proteins involved
in pre-mRNA splicing. Similar domains are also present
in two other 3’ processing factors, CFI-68 and Fipl
(Boucher et al. 2001). RBBP6 was first identified as an
interactor with the tumor suppressor protein Rb (Saijo
et al. 1995; Sakai et al. 1995) and was subsequently shown
to interact with another tumor suppressor, p53 (Simons
et al. 1997). RBBP6 interferes with binding of p53 to DNA
and also facilitates interaction between p53 and its
negative regulator, Mdm2, leading to enhanced p53
ubiquitination and degradation. Moreover, disruption of
RBBP6 in mice leads to early embryonic lethality, but
a p53-null mutation partially rescues viability (Li et al.
2007). The RBBP6 C-terminal region contains domains
responsible for interaction with both tumor suppressors.

Here we describe experiments that establish RBBP6 as
a bona fide 3’ processing factor in vitro that functions in
polyadenylation control in vivo. We show that nuclear
extracts (NEs) prepared from HeLa cells following RBBP6
knockdown were defective in 3’ cleavage, but not poly(A)
synthesis, and that activity could be rescued by adding
a recombinant RBBP6 N-terminal derivative (RBBP6-N)
containing only the DWNN, zinc knuckle, and RING
domains. In vivo, RBBP6-N and endogenous RBBP6
coimmunoprecipitated with 3’ processing factors. The
binding was particularly strong to CstF64 and is mediated
by the DWNN. Consistent with this, RBBP6 iso3 out-
competed RBBP6-N for binding to CstF64 and inhibited
cleavage when added to NEs or when overexpressed in
cells. Genome-wide analyses following RBBP6 knock-
down revealed a general down-regulation in transcript
levels accompanied by increased usage of distal poly(A)
sites. Interestingly, RNAs with AU-rich 3’ untranslated
regions (UTRs), such as c-Fos and c-Jun, were especially
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enriched in the down-regulated transcripts, which we
show resulted from defective 3’ processing coupled with
degradation by the exosome.

Results

RBBP6 is a new 3’ processing factor

Our previous proteomic analysis showed that RBBP6 is
physically associated with the active 3’ processing com-
plex (Shi et al. 2009). To determine whether RBBP6 is in
fact necessary for 3’ processing, we prepared NEs from
HelLa cells treated for 72 h with siRNA against RBBP6 or
a nontargeting siRNA (Fig. 1A is a Western blot showing
knockdown efficiency) and used the NEs for in vitro 3’
processing assays. We took advantage of the fact that the
two steps of pre-mRNA 3’ processing—cleavage and
poly(A) synthesis, which are tightly coupled in vivo—can
be analyzed separately in vitro (see the Materials and
Methods). Figure 1B shows that upon RBBP6 knockdown,
the NEs retained poly(A) synthesis activity when incu-
bated with a pre-cleaved 3*P-labeled simian virus 40 late
(SVL) RNA (cf. lanes 1 and 2), while cleavage of a longer
SVL RNA was largely inhibited (cf. lanes 3 and 4). Cleavage
efficiencies observed in three separate experiments follow-
ing RBBP6 knockdown were quantified and normalized to
siCNT (Fig. 1C). RBBP6 depletion reduced cleavage activ-
ity by 80%, comparable with the extent of knockdown.

We next wished to determine whether the reduced 3’
processing activity of the NEs was a direct consequence
of the absence of RBBP6. Because of the homology of the
N-terminal region of RBBP6 with the yeast factor Mpel
(Vo et al. 2001) and because all RBBP6 homologs include
the three domains shown schematically in Figure 1D
(RBBP6-N) but not the long C-terminal extension present
only in vertebrates (Fig. 1D, top; Pugh et al. 2006), we
suspected that the N-terminal part of the protein might
be sufficient to support 3' processing. Therefore, we
expressed and purified the RBBP6-N derivative from
Escherichia coli (Coomassie-stained gel shown in Sup-
plemental Fig. 1A) and repeated the 3’ cleavage assay as in
Figure 1B but adding increasing amounts of purified
RBBP6-N, which fully restored cleavage activity of NEs
made after RBBP6 knockdown (Fig. 2A).

RBBP6-N interacts with CPSF/CstF

We next asked whether RBBP6 interacts in vivo with
other 3’ processing factors. Since the N-terminal region
was sufficient to restore 3’ cleavage after knockdown of
the endogenous protein, we first used only that part of the
protein to analyze its interactions. We cloned an RBBP6-
N-expressing sequence into a Flag-tagged vector and
transfected it into 293T cells. Supplemental Figure 1B
shows that following immunoprecipitation with an anti-
Flag antibody under mild conditions (150 mM NaCl),
endogenous CPSF and CstF components coimmunopre-
cipitated with RBBP6-N. These interactions were specific
to CPSF/CstF complexes because CFI25 and symplekin
did not show a similar interaction with RBBP6. Moreover,
when the same coimmunoprecipitation (co-IP) was per-
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Figure 1. RBBP6 is an essential 3’ processing
factor. (A) Western blot with the indicated anti-
bodies of HeLa NEs following transfection with
siRNA against RBBP6 (siRBBP6) or a nontargeting
sequence (siCNT). (B) 3’ cleavage and polyadeny-
lation assays were carried out using internally
32p.Jabeled SVL RNA substrate and HeLa NEs
made after siRNA treatment. RNAs were puri-
fied, resolved by denaturing PAGE, and visualized
by autoradiography. Positions of precursor and
products are indicated. (C) Diagram representing
the mean of three separate cleavage experiments
following knockdown of RBBPG; standard error
bars are indicated. (D) Schematic diagram of full-
length RBBPG6 isol, RBBP6-N, ADWNN, DWNN
only, and RBBP6 is03. Gene maps of isol and iso3
are presented below each protein.
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formed under more stringent conditions (500 mM NaCl),
only binding to CstF64 was observed (Fig. 2B). To provide
evidence that the interaction between RBBP6 and CstF is
physiologically relevant, we repeated the immunoprecip-
itation with endogenous proteins. Figure 2C shows that
the anti-CstF64 antibody coimmunoprecipitated RBBPG,
confirming the interaction (the reciprocal co-IP is shown
in Supplemental Fig. 1C). Also, RNA does not mediate
binding, since the interaction was resistant to RNase
treatment (Fig. 2C).

We then asked whether RBBP6 is required for assembly
of the 3’ processing complex. NE made after RBBP6
knockdown was briefly incubated with an in vitro tran-
scribed SVL RNA under cleavage conditions to allow
complex formation and then loaded onto a nondenaturing
gel. No defects in 3’ complex formation were observed
(Supplemental Fig. 1D), indicating that RBBP6 is not
necessary for 3’ complex assembly.

Finally, as an additional way to characterize RBBP6
involvement in 3’ processing, we examined whether
RBBP6 binds RNA. A gel shift assay with purified
RBBP6-N and SVL RNA shows that this part of the
protein could bind RNA in vitro (Supplemental Fig. 2A).
Binding was resistant to the addition of up to 10-fold
excess of a nonspecific competitor (tRNA), while it was
reduced to 50% when equivalent amounts of cold and hot
SVL were added to NEs and was eliminated completely by
10-fold excess of unlabeled competitor. As indicated by
the gel shift assays, the interaction displayed a Kd of ~60
nM (Supplemental Fig. 2B, first panel).

The DWNN is essential for 3' processing activity

As mentioned above, RBBP6-N is comprised of three
domains, of which the most N-terminal is the DWNN.
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This domain is particularly interesting because in addi-
tion to being present in full-length RBBP6, it is also
expressed in vertebrates as a small protein, iso3 (see
above; see the Discussion). Since the function of DWNN
is unknown, we next investigated whether it contributes
to RBBP6-N 3’ processing activity. To this end, we first
expressed an RBBP6-N derivative that lacks the entire
DWNN (ADWNN) and purified it from E. coli (Fig. 1D,
schematic diagram; Supplemental Fig. 1A, Coomassie-
stained gel of ADWNN). As shown in Figure 2D,
ADWNN, in contrast to RBBP6-N, was unable to re-
constitute cleavage activity of NEs prepared after RBBP6
knockdown.

The ADWNN protein could be defective in 3’ process-
ing because it lost its ability to bind RNA or interact with
CstFE. Surprisingly, when a gel shift assay was done with
purified ADWNN (Supplemental Fig. 2B, second panel),
RNA-binding affinity was actually enhanced relative to
RBBP6-N, indicating that the DWNN is in some way
inhibitory to RNA binding. Consistent with this, a de-
rivative consisting of the DWNN only or purified iso3
showed no RNA binding (Supplemental Fig. 2B, third and
fourth panels). Addition of increasing amounts of the
DWNN only (or iso3) did not affect the interaction
between RNA and the ADWNN protein (Supplemental
Fig. 2C), indicating that the inhibitory effect cannot be
exerted in trans.

DWNN/iso3 binds CstF and inhibits cleavage in vitro

Another possible reason why ADWNN was unable to
reconstitute cleavage activity of NEs after RBBP6 knock-
down could be that it lost its ability to interact with
CstE. To test this possibility, we transfected 293T cells
with Flag-tagged RBPP6-N or Flag-ADWNN vectors, pre-
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Figure 2. RBBP6-N interacts with CstF. (A) 3’ cleavage assay as
in Figure 1B but adding increasing amounts of RBBP6-N that
was previously purified from E. coli. (B) 293T cells were trans-
fected with a Flag empty vector or Flag-RBBP6-N, and cell
extracts in a buffer containing 500 mM NaCl were used to
immunoprecipitate with anti-Flag followed by Western blot
with the indicated antibodies. (C) HeLa NEs were used to
immunoprecipitate endogenous CstF64 (with a polyclonal anti-
body) in the presence of 150 mM NaCl with or without prior
incubation of the extract with 100 pg/mL RNase A for 15 min at
30°C. Western blots were carried out with anti-RBBP6 antibody
and a monoclonal CstF64 antibody. (D) 3’ cleavage assay as in A:
Two-hundred-fifty nanograms of wild-type or ADWNN RBBP6-N
purified from E. coli was added to the NEs made after knock-
down of RBBP6.

pared extracts, and performed immunoprecipitation with
an anti-Flag antibody as in Figure 2B. Figure 3A shows
that while, as expected, RBBP6-N bound to endogenous
CstF, ADWNN did not. The Flag-DWNN-only pro-
tein, on the other hand, was sufficient to bind CstF.
These results show that the DWNN is necessary and
sufficient for the interaction between RBBP6 and
CstE.

In light of the above, an intriguing possibility is that
RBBP6 and iso3 might compete for binding to CstF. To
test this, we transfected fixed amounts of Flag-RBBP6-N
with increasing amounts of HA-iso3 and performed an
immunoprecipitation with anti-Flag antibody as above.
As can be seen in Figure 3B, iso3 was indeed able to
outcompete RBBP6-N for binding to CstF. We then
examined whether adding increasing amounts of His-
tagged iso3 to the NE would inhibit 3’ cleavage (a
Coomassie-stained gel of His-iso3 is shown in Supple-
mental Fig. 1A). Indeed, purified iso3 inhibited cleavage
of SVL pree-mRNA when added to the NE (Fig. 3C;
quantitation of three independent experiments is shown
in Fig. 3D). Inhibition was also observed using NE pre-
pared from HeLa cells overexpressing HA-iso3 (Supple-
mental Fig. 2D). These results support a competition
model in which the relative levels of the two RBBP6
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isoforms affects the efficiency of 3’ processing (Discus-
sion; see below).

RBBP6 modulates alternative polyadenylation (APA)

We next wished to investigate the functions of RBBP6 in
vivo, including the possibility that the protein plays a role
in APA. Most human genes encode transcripts with more
than one potential poly(A) site, and APA is a widespread
mechanism that generates mRNA isoforms with alterna-
tive 3’ ends (for review, see Di Giammartino et al. 2011;
Elkon et al. 2013; Tian and Manley 2013). A change in the
levels or activity of core polyadenylation factors has been
shown to affect APA globally (Gruber et al. 2012; Yao
et al. 2012). Given the above results implicating RBBP6
in 3’ processing, we wondered whether lowering RBBP6
levels in cells would affect APA. To this end, we used 3’
region extraction and deep sequencing (3’ READS)
(Hoque et al. 2013) to detect APA changes following
RBBP6 knockdown in MCF-7 cells. (We used MCEF-7 cells
because, as mentioned above, RBBP6 can interact with
p53 and we wanted to carry out the knockdown in the
background of a functional p53, which is not the case in
HeLa cells.) Supplemental Figure 3A shows a Western
blot following knockdown of RBBP6 for 48 or 72 h. The
total number of poly(A) site-supporting (PASS) reads is
shown in Supplemental Figure 3B, and the relative
abundance of a specific polyadenylated isoform was de-
fined as the fraction of PASS reads corresponding to that
isoform over all PASS reads derived from the relevant
gene (see the Materials and Methods for more details). We
examined APA events based on the poly(A) site types
depicted in Figure 4A and found a general lengthening of
3’ UTRs after siRNA treatment for 48 h (Fig. 4B). Among
the up-regulated isoforms after RBBP6 knockdown, 48 %
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Figure 3. The DWNN of RBBP6 is required for cleavage
activity, while iso3 inhibits 3’ processing. (A) Co-IP experiment
as in Figure 2B but using either wild-type (w.t.), ADWNN, or
DWNN-only constructs of RBBP6-N. (B) Co-IP as in Figure 2B
but with increasing amounts of HA-tagged RBBP6iso3. (C) 3’
cleavage assay with increasing amounts of His-RBBP6 iso3
purified from E. coli. (D) Diagram representing the mean of
three separate experiments as in Figure 1C, with standard error
bars.
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used the last poly(A) site of the gene (L), and only 10% used
the first (F), while among isoforms that decreased in
abundance, 45% used the first poly(A) site, and only 10%
used the last. This trend could also be seen when the two
most abundant 3' UTR APA isoforms of each gene were
compared (Fig. 4C): Greater than threefold more genes had
the distal site isoform increased compared with those with
the proximal site isoform elevated (741 vs. 215). In addition,
intronic APA isoforms were decreased (Fig. 4D): About 2.5-
fold more genes displayed increased levels of isoforms
using 3'-most exon poly(A) sites as compared with genes
having elevated amounts of isoforms using upstream
(intronic) poly(A] sites (261 vs. 107) (Fig. 4D). These results
together indicate a global shift to distal poly(A) sites in
RBBP6 knockdown cells, regardless of the poly(A) site
location. siRNA treatment for 72 h gave similar results
(Supplemental Fig. 3C-E).

We then examined cis elements surrounding the poly(A)
sites whose isoforms were altered in siRBBP6-treated
cells (Fig. 4E). Canonical cis elements, including up-
stream UGUA elements, AAUAAA hexamers, and down-
stream U/G-rich elements (see Tian and Manley 2013),
were significantly associated with poly(A) sites of up-
regulated isoforms (Fig. 4E, in red), indicating that strong
poly(A) sites were used preferentially in RBBP6 knock-
down cells. Several other sequence elements, whose roles
in poly(A) site usage are not clear, were associated with
poly(A) sites of down-regulated isoforms (Fig. 4E, in blue).
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were examined; ie., —100 to —41 nt, —40 to
—1 nt, +1 to +40 nt, and +41 to +100 nt. Numbers
are —log;o(P-value). The positive sign indicates
up-regulation (in red), and the negative sign in-
dicates down-regulation (in blue).

Taken together, our genomic analysis of APA suggests
that RBBP6 plays a role in global APA, facilitating
proximal (and weak) poly(A) site usage, consistent with
its positive function in 3’ end processing.

Knockdown of RBBP6 decreases expression of mRNAs
with AU-rich 3 UTRs

We next asked whether RBBP6 knockdown, in addition to
altering APA, might also affect transcript abundance. To
this end, we used Affymetrix genome-wide exon arrays,
which can be more sensitive than deep sequencing in
analyzing genes expressed at low levels (Guo et al. 2013).
We found that after 72 h, RBBP6 knockdown caused
decreased expression of 3908 genes compared with 1206
genes that displayed increased expression (Fig. 5A). A
similar bias in numbers of up-regulated versus down-
regulated genes was also observed with the 3’ READS
data (Supplemental Fig. 4A). Interestingly, the disease and
biological function term “cancer” was found to be most
significantly associated with down-regulated genes by
ingenuity pathway analysis (IPA) (Supplemental Fig. 4B),
suggesting that RBBP6 plays a role in expression of
cancer-related genes.

We next examined the 3" UTRs of affected transcripts
using the microarray data. Based on analysis of pentam-
ers, we found that, following RBBP6 knockdown, pen-
tamers rich in A and U residues were highly enriched in 3’
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Figure 5. RBBP6 knockdown leads to down-regu-
lation of ARE-containing transcripts. (A) Histogram
for gene expression changes based on microarray
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UTRs of down-regulated genes as compared with 3’ UTRs
of unaffected genes (Fig. 5B). AU-rich elements (AREs) are
found in 3’ UTRs of many mRNAs and constitute one of
the most common determinants of RNA stability (for
review, see Gingerich et al. 2004). AREs are defined as
sequences with frequent A and U residues, the best
characterized of which have a core sequence of AUUUA
within a U-rich context. AUUUA, in fact, was one of the
significant pentamers identified to be enriched in the 3’
UTRs of down-regulated genes (Supplemental Fig. 4C,
highlighted in red), with a P-value of 10~''? (Fisher’s exact
test). We then compared genes with different numbers of
AUUUA motifs. As shown in Figure 5C, genes with more
AUUUA motifs in their 3’ UTRs tended to be more down-
regulated, further indicating that genes with AREs are
down-regulated in siRBBP6 cells (the table in Fig. 5D
shows the numbers of down-regulated genes based on
number of AUUUA repeats in the 3’ UTR).

Given the abundance of AREs in the 3’ UTRs of down-
regulated genes, we wished to determine whether miRNA-

of AREs in the 3’ UTR. The Kolmogorov-Smirnov
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(KS) test P-value for difference in data distribution
between genes with AREs and those without is
indicated. (D) The table shows the number of
down-regulated genes based on AUUUA repeats
in the 3" UTRs. (E) RNA was extracted from
MCE-7 after siRBBP6 or siCNT, and RT-qPCR
was used to calculate the relative amount of the
indicated transcripts as normalized to siCNT and
gapdh. (F) Western blot with the indicated anti-
bodies after knockdown of RBBP6 in MCF-7 cells.
(G) RNA was extracted from MCF-7 after
siRBBP6 or siCNT, and RT-qPCR was used to
calculate the relative amount of the indicated
uncleaved transcripts using primers spanning the
last poly(A) site of each gene and normalizing to
siCNT and an internal probe for each gene.
(H) Western blot with the indicated antibodies
after knockdown of RBBP6 or RBBP6 and Dis3 in
MCF-7 cells. (I) RNA was extracted from MCF-7
after siCNT,siRBBP6, or siRBBP6 together with
siDis3. RT-qPCR was used to calculate the rela-
tive amount of the indicated transcripts as nor-
malized to siCNT and gapdh. For all RT-qPCR
analyses, results from three independent experi-
ments are shown, represented as mean and stan-
dard error.

siRBBP6+DIS3

binding sites were also overrepresented in such genes.
To this end, we determined whether potential miRNA-
binding sites were enriched in 3’ UTRs of down-regulated
genes versus genes that showed no change in expres-
sion following RBBP6 knockdown. Supplemental Fig-
ure 4D shows that in the top 50 hits of all possible
6-mers, several potential miRNA-binding sites, such as
target seeds for mir-374, mir944, and mirl277, were
enriched. However, since these are exclusively AU-rich
motifs (ATTATA, ATAATT, and TATATT, respective-
ly), we conclude that miRNA-binding sites, unlike
AREs, were not overrepresented in the RBBP6-sensitive
transcripts.

We next wished to validate the microarray data. We
first analyzed by RT-qPCR the levels of a number of
mRNAs with AU-rich 3’ UTRs that appeared to be down-
regulated by RBBP6 knockdown in the above microarray
analysis. Figure 5E shows that the levels of six AU-rich
transcripts analyzed—c-Jun, c-Fos, Bcasl, Rab3b, Rbl2,
and Fnl, all of which encode proteins implicated in
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cancer—were indeed all decreased following RBBP6
knockdown. c-Jun protein levels were also reduced by
RBBP6 knockdown (Fig. 5F). Essentially identical results
were obtained with a second RBBP6 siRNA (Supplemen-
tal Fig. 5A).

One explanation for the down-regulation of the ARE
containing mRNAs was that these naturally unstable
transcripts were further destabilized in the absence of
RBBP6. To test this possibility, we measured the half-life
of c-Jun and c-Fos mRNAs after RBBP6 knockdown by
actinomycin D chase (Supplemental Fig. 5B). No signifi-
cant differences between siCNT- and siRBBP6-treated
cells were observed. Similar results were obtained using
a tet-off B-globin mRNA-based assay in which the c-Fos
ARE was introduced in the globin 3’ UTR, or the whole
c-Jun 3’ UTR was inserted in place of the original 3' UTR.
No change in stability was observed for either transcript
following RBBP6 knockdown and addition of tet (Supple-
mental Fig. 5C).

Another explanation for the enrichment of ARE-
containing mRNAs in the down-regulated genes could
be that these RNAs are short-lived, and therefore re-
ductions in their levels would occur more rapidly. An
extension of this idea is that all short-lived mRNAs might
appear as RBBP6 targets. To address this question, we
identified a number of short-lived transcripts that do not
contain AREs in their 3’ UTRs (Yang et al. 2003). Many of
these mRNAs (e.g., DUSOG6, half-life 25 min; HNF3, half-
life 32 min; and SHP, half-life 35 min) were not down-
regulated following RBBP6 knockdown, indicating that
not all unstable mRNAs are affected by RBBP6 knock-
down. In addition, among our top 20 down-regulated genes,
we identified four transcripts (TFPI, TCN1, GTF2H5, and
ABCA12) with half-lives of >20 h (Schueler et al. 2014),
indicating that some very stable mRNAs can also be
down-regulated by RBBP6 knockdown. We then used
a recently published data set containing global-scale
information on mRNA half-lives (Schueler et al. 2014)
and compared this with gene expression changes based on
our microarray data following RBBP6 knockdown. The
graph in Supplemental Figure 5D confirms that there is
no correlation between transcript half-life and gene
expression changes after knockdown (Pearson correlation
coefficient of —0.048 and —0.144 for MCF7 and HEK293,
respectively).

RBBP6 knockdown impairs 3' end processing
of ARE-containing transcripts

We next examined whether 3’ end formation of the AU-
rich transcripts was impaired after RBBP6 knockdown.
For this, we used RT-qPCR with primers spanning the
poly(A) site of AU-rich mRNAs to detect possible 3’
cleavage defects in siRBBP6-treated compared with
siCNT-treated cells [if more than one poly(A) site was
present, the most distal one was selected]. Results were
normalized to an internal region in each gene so that any
effect that RBBP6 knockdown might have on total tran-
script levels would not influence results. Figure 5G shows
that the AU-rich mRNAs were indeed less efficiently
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cleaved after RBBP6 knockdown. No significant differ-
ences were observed for actin and GAPDH mRNAs,
indicative of specificity in the response to RBBP6 knock-
down. To confirm that this was not the result of a change
in stability in the uncleaved RNA following RBBP6
knockdown, we measured the half-lives of endogenous
uncleaved c-Jun and c-Fos pre-mRNAs. Supplemental
Figure 6A shows that there was no change in stability of
either transcript after RBBP6 knockdown.

Defects in 3’ processing in yeast are known to be
coupled to exosome-mediated degradation of the unpro-
cessed RNAs (Hilleren et al. 2001; Milligan et al. 2005;
Kazerouninia et al. 2010). We therefore suspected that the
observed decreased accumulation of ARE-containing
transcripts could be a consequence of exosomal degrada-
tion of the uncleaved transcripts. To test this idea, we
carried out a double knockdown of RBBP6 and a catalytic
subunit of the exosome, Dis3. Figure 5H shows a Western
blot indicating knockdown efficiency, and Figure 51 pres-
ents the RT-qPCR analysis, normalized to siCNT. While
RBBP6 knockdown alone again decreased the abundance
of AU-rich RNAs (Fig. 51, cf. blue and red bars), double
knockdown of RBBP6 and Dis3 restored AU-rich RNA
accumulation, with the exception of Rab3b, to levels
detected in siCNT-treated cells (Fig. 51, cf. blue and green
bars). The exosome has two catalytic subunits, Dis3 and
Exoscl0 (also known as Rrp6), both of which have over-
lapping and specific roles in degrading distinct classes of
substrates (Gudipati et al. 2012). Consistent with this, we
obtained similar results for c-Fos, c-Jun, and Fnl tran-
scripts following RBBP6/Exocs10 double knockdown but
not for Bcas, Rab3b, and Rbl2 (Supplemental Fig. 6B).

Increased RBBP6 iso3 expression down-regulates
ARE-rich mRNA expression and 3' processing

Our in vitro data provided evidence that RBBP6 iso3
competes with RBBP6 and thereby reduces 3’ cleavage
efficiency. If iso3 functions similarly in vivo, then iso3
overexpression should repress ARE-containing mRNA
accumulation by inhibiting 3’ cleavage, similar to the
effects brought about by RBBP6 knockdown. We exam-
ined this by transfecting MCF-7 cells with HA vector
alone or increasing amounts of a plasmid encoding HA-
is03 and then measuring 3’ cleavage of endogenous c-Fos
RNA, analogous to what was done in Figure 5E. Figure 6A
shows a Western blot with anti-HA antibody to visualize
the transfected HA-iso3 and anti-DWNN antibody to
detect endogenous and transfected iso3 protein levels.
The amount of unprocessed c-Fos transcript indeed
accumulated in a dose-dependent manner relative to the
increasing amount of iso3 (shown by RT-qPCR in Fig. 6B).
As in the case of RBBP6 knockdown, this was accompa-
nied by a dose-dependent decrease in total c-Fos RNA
accumulation, as normalized to gapdh (Fig. 6C). Supple-
mental Figure 6, C and D, shows that processing of gapdh
and actin transcripts was not significantly affected by
HA-iso3 overexpression. We then confirmed by RT-qPCR
that AU-rich transcripts and in particular c-Jun, c-Fos,
Fnl, and Rbl2, but not actin and gapdh, were cleaved less
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Figure 6. RBBP6 isoform3 inhibits cleavage of
AU-rich mRNAs and reduces their expression
level. (A) MCF7 cells were transfected for 48 h
with HA or increasing amounts of HA-is03, and
cell lysates were analyzed by Western blots with
the indicated antibodies. (B) RNA was extracted
from MCEF-7 cells after transfection with an
empty HA vector or increasing amounts of
HA-tagged RBBP6 isoform3 (HA iso3). RT-qPCR
was used to calculate the relative amount of
uncleaved fos transcripts using primers spanning
the last poly(A) site normalizing to an internal
probe. (C) RNA was extracted from MCF-7 cells
after transfection with an empty HA vector or
increasing munts of HA-iso3. RT-qPCR was used
to calculate the relative amount of fos as normal-
ized to gapdh and transfection with HA vector.
(D) RNA was extracted from MCF-7 cells after
transfection with an empty HA vector or of HA-
tagged RBBP6 iso3. RT-qPCR was used to calcu-

actin gapdh

late the relative amount of the indicated uncleaved transcripts using primers spanning the last poly(A) site of each gene. Values were
normalized to an internal probe of each gene. (E) RNA was extracted from MCF-7 cells after transfection with an empty HA vector or
HA-is03. RT-qPCR was used to calculate the relative amount of the indicated transcripts as normalized to gapdh and transfection with
HA vector. For all RT-qPCR analyses, results from three independent experiments are shown, represented as mean and standard error.

efficiently following expression of HA-iso3 (Fig. 6D;
Supplemental Fig. 6E, t-test values). Note that inhibition
was less than achieved by siRNA, which might reflect
lower transfection efficiency of plasmids compared with
siRNAs and/or incomplete competition of transfected
iso3 with endogenous isol. Also, as expected from the
defects in 3’ cleavage and consistent with the effects of
knockdown analyzed above, accumulation of all of the
AU-rich mRNAs was repressed by HA-iso3 expression,
while actin and gapdh mRNAs were affected minimally
or not at all (Fig. 6E).

Discussion

In this study, we used biochemical and global analyses to
characterize the function of RBBP6. Our results showed
that RBBP6 stimulates 3’ cleavage in vitro and interacts
with CstF and CPSE. Binding is mediated by an unusual
ubiquitin-like domain, the DWNN, and is especially
strong to CstF. RBBP6 does not appear to be a core CstF
subunit (e.g., Takagaki et al. 1990) but, similarly to
another 3’ processing factor, symplekin, may serve to
help link CstF and CPSF, as was, in fact, suggested for
yeast Mpel (Vo et al. 2001). In addition, we described
a novel mechanism to modulate 3’ processing, in which
a truncated RBBP6 isoform produced by alternative RNA
processing (iso3) competes with the functional protein to
control cleavage efficiency. Finally, we showed that RBBP6
levels can modulate APA and affect accumulation of
specific target transcripts. Below we discuss how these
and other properties of RBBP6 contribute to 3’ processing
and regulation of gene expression.

Studies of RBBP6 to date have focused mostly on its RB-
and p53-binding domains; this likely reflects how the
protein was initially discovered (Sakai et al. 1995; Simons
et al. 1997). However, these domains are found exclusively

in mammalian homologs of the protein, while the first
three domains are present in all eukaryotes. Our data
show that these N-terminal domains are necessary and
sufficient for RBBP6 function in cleavage, supporting the
idea that 3’ processing is the primary role of RBBP6. In
fact, the complex domain composition of RBBP6 suggests
that the protein plays roles in multiple cellular events,
perhaps functioning to integrate such pathways with pre-
mRNA processing. Indeed, RBBP6 has been reported to
have roles in cell proliferation (Gao et al. 2002) and
differentiation (Witte and Scott 1997; Ji et al. 2009), and
RBBP6 levels are increased in a number of tumors
(Yoshitake et al. 2004; Motadi et al. 2011; Chen et al.
2013). In contrast to the behavior of full-length RBBPG,
also known as isol, iso3 is down-regulated in several
tumors (Mbita et al. 2012). Our results suggest a novel
mechanism for how differences in the ratio between these
two isoforms could help control cell proliferation. In this
model (Fig. 7A), alterations in the levels of the two
isoforms modulates 3’ processing efficiency and thereby
APA Dby affecting the competition between isol and iso3.
In cancer cells, there is less of the inhibitory iso3 and
more functional isol, which together result in enhanced
3’ processing activity. Such increased activity is expected
to favor the use of proximal poly(A) sites, leading to
shorter 3" UTRs, a known property of cancer cells that
contributes to activation of certain oncogenes (Mayr and
Bartel 2009). Our data further suggest that this includes
proteins such as c-Fos and c-Jun, as mRNAs encoding
these proteins are among the strongest RBBP6 targets. It
is possible that interactions between isol and p53 or Rb
also influence RBBP6 activity in 3’ processing, although
future experiments are required to address this.

We showed that RBBP6 isoforms isol and iso3 have
opposing functions in 3’ processing, which provides a new
mechanism of regulating mRNA processing. Interestingly,

GENES & DEVELOPMENT 2255



Di Giammartino et al.

A Efficient pre-mRNA 3’ processing

< o ——
4 A
Pre-mRNA_ ~CTAEPER e Ve

Gegpm—— PLP
N Symp
CsFresrs,

o isol

DNA w
iso1:iso3

e.g. cancer

Inefficient pre-mRNA 3’ processing

Pre-mRNA

@

DNA
iso1:is03
e.g. RBBP6 KD or iso3 overexpression

3'UTR lenghtening

strong distal poly(A) site

e 4

<EaPR) |

S0

and/or

.

Degradation of unprocessed pre-mRNA by the exosome

REEPE)
“ise3”

weak distal poly(A) site

SR e ¥

no distal poly(A) site

N .

D e

Figure 7. Model for RBBP6-mediated regulation of 3’ processing. (A) RBBP6 isol competes with iso3 in binding to CstF64. When isol is
up-regulated and/or iso3 is down-regulated, such as in cancer cells, isol can bind to CstF64, and pre-mRNA 3’ processing functions
properly; when the opposite is true (for example, after knockdown of isol or overexpression of is03), 3’ cleavage is inhibited by binding of
is03 to CstF64, resulting in down-regulation of gene expression, especially of ARE-containing transcripts. (B) RBBP6 affects APA and gene
expression. In genes with two or more APA sites, when RBBP6 levels are low and/or iso3 levels are high, the more distant and typically
strongest poly(A) site will be used, resulting in 3’ UTR lengthening. However, if there is only a single poly(A] site or if the distal site is not
strong enough, then the pre-mRNA will not be cleaved, and failure to process the RNA will lead to its degradation by the exosome.

isol and iso3 expression, in addition to being inversely
correlated in several cancers, is also inversely regulated
during differentiation of C2C12 cells such that iso3 is up-
regulated, and isol down-regulated (Ji and Tian 2009). How
this alternative processing is regulated is an important
question. The poly(A) site used in iso3 production is found
in intron 3 (Fig. 1D), and its usage might thus be deter-
mined by a competition between splicing and polyadenyla-
tion, which could be modulated in several ways (e.g., Kaida
et al. 2010; Luo et al. 2013). Alternatively, this could be
regulated by changes in intron 3 splicing efficiency,
consistent with well-documented changes in splicing that
occur during differentiation and disease (for review, see
David and Manley 2010; Singh and Cooper 2012). Finally,
an attractive idea is the possibility of autoregulation of the
two isoforms. Thus, in cells with less iso3, as in cancer
cells, 3’ processing will be more efficient, resulting in
increased usage of the proximal poly(A) site and enhanced
iso3 production and vice versa with low isol levels.

Our results showing global changes in APA following
RBBP6 knockdown indicate that total levels of the protein
as well as differences in the isol/iso3 ratio can modulate
APA. Other studies have shown that decreased expression of
3’ processing factors often correlates with global 3° UTR
lengthening. For example, most core polyadenylation factors
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were found to be down-regulated in differentiated embry-
onic tissues as compared with induced pluripotent stem
cells, and this correlated with global 3' UTR lengthening
(i et al. 2009). The same was observed during differentiation
of C2C12 myoblasts into myotubes (Ji and Tian 2009). Our
data strengthen the idea that changes in abundance of
a single 3’ processing factor can modulate APA, similar to
what has been shown for CstF64 (Yao et al. 2012), CFI68
(Gruber et al. 2012), and CFI25 (Masamha et al. 2014).
Despite binding of RBBP6 to RNA, we were unable to
obtain evidence for RNA-binding specificity by either
using a variety of RNAs for gel shift assays or perform-
ing SELEX-seq (systematic evolution of ligands by expo-
nential enrichment combined with deep sequencing)
with RBBP6-N and an in vitro synthesized library (DC
Di Giammartino, W Li, B Tian, and ] Manley, unpubl.).
However, this is not unprecedented, as there are many
examples of proteins involved in RNA processing that
interact with RNA but display limited or no specificity,
including other components of the 3’ complex, such as
FIP1, CPSF100, and CPSF30 (Xiang et al. 2014). Consis-
tent with our data, a recent study, published while this
report was under revision, found that the zinc and RING
domains of Mpel are required for RNA binding and that
the DWNN is important for interaction with CPF but not



for RNA binding (Lee and Moore 2014). The same study also
showed that Mpel is required for the previously established
ubiquitination of PAP (Mizrahi and Moore 2000) and for
polyadenylation activity. However, the significance of this
with respect to mammalian systems is unclear, as there is
currently no evidence that mammalian PAP is ubiquiti-
nated, and, in any event, our results show that RBBP6
depletion inhibits cleavage but not polyadenylation.

Reduced levels of RBBP6 in cells results in decreased
transcript levels of ~4000 genes. To our knowledge, other
measurements of global transcript levels following knock-
down of a 3’ processing factor in mammalian cells have
not been reported. However, previous studies in yeast
showed that generation of aberrant transcripts by mutat-
ing either PAP (Milligan et al. 2005) or the splicing factor
PRP2 (Bousquet-Antonelli et al. 2000) caused exosome-
mediated degradation of the unprocessed RNAs and re-
duced levels of mRNAs in these cells. Our findings that
reducing the efficiency of 3’ cleavage in human cells by
decreasing the level of RBBP6 also leads to degradation of
unprocessed transcripts by the exosome extends this
mechanism to mammalian cells.

Our results, taken together, suggest how RBBP6 can
both modulate APA and control transcript levels (Fig. 7B).
When levels of active RBBP6 are low, which can be
achieved by either down-regulation of total RBBP6 levels
or increasing the abundance of the inhibitory iso3, pre-
mRNA 3’ processing efficiency of RBBP6-sensitive tran-
scripts is reduced, resulting in increased usage of more
distal and conserved poly(A) sites (causing the observed
overall 3’ UTR lengthening). However, if there is no
downstream poly(A) site or if the distal site is itself weak,
then the pre-mRNA will not be efficiently processed,
leading to degradation of the aberrant transcript by the
exosome and decreased mRNA accumulation. Indeed,
our early studies on IgM H-chain pre-mRNA processing
indicated that both mechanisms, a switch in APA and
a change in transcript abundance due to inefficient
processing, can in fact occur with the same gene when
levels of a specific 3’ processing factor, CstF64, vary
(Takagaki et al. 1996; Takagaki and Manley 1998).

In conclusion, we showed that RBBP6 is a functionally
important component of the human 3’ processing machin-
ery. Our studies also defined a new mechanism, competi-
tion between negative- and positive-acting RBBP6 isoforms,
for regulating 3’ processing efficiency and thus gene ex-
pression. Finally, we showed that alterations in RBBP6
levels in cells affect not only APA but also the abundance
of specific transcripts—notably, ARE-containing mRNAs.
These and other features of RBBP6 point to an important
role for the protein in regulation of gene expression during
normal cell growth and disease.

Materials and methods

Cell culture and transfections

HeLa, 293T, and MCEF-7 cells were cultured in DMEM with 10%
fetal bovine serum. siRNA (50 nM) against RBBP6 (CGAAAGAA
GAAUAUACUGA) or nontargeting control was transfected with
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Lipofectamine RNAimax (Invitrogen), and NEs were made 72 h
post-transfection (as described in Kleiman and Manley 2001).
RNA was extracted 48 or 72 h post-transfection as indicated. If
double knockdown was carried out, we first transfected siRNA
against 20 nM Exoscl0 (CAUUAAGGAUCGAAGUAAA) or 20
nM Dis3 (AGGUAGAGUUGUAGGAAUA) for 24 h and then
transfected siRNA against RBBP6 and waited an additional 48 h.

Lipofectamine 2000 (Invitrogen) was used for transient trans-
fection of Flag- or HA-tagged RBBP6 constructs into 293T cells;
cells were collected 24 h post-transfection for immunoprecipi-
tation. Lipofectamine LTX (Invitrogen) was used for transient
transfection of HA-iso3 in MCEF-7 cells; cells were collected 48 h
post-transfection for Westerns.

Plasmids and protein purification from bacteria

RBBP6-N and its truncations were amplified from HeLa cDNA
and cloned in p3XFlag-CMV14 using HindIlll and Xbal for
mammalian expression or in pRSETC using Xhol and Kpnl for
expression from bacteria. RBBP6 iso3 was amplified from HeLa
c¢DNA and cloned into pCMV-HA for mammalian expression
using BglIl and NotI or into pRSETC using Xhol and Kpnl. For
protein expression in E. coli, the plasmids were transformed into
BL21 bacteria, and nickel-NTA-agarose beads (Qiagen) were used
for protein purification followed by a second purification with
Dynabeads (Invitrogen) to obtain more pure and concentrated
protein.

In vitro 3’ processing assays

32p_Jabeled SVL full-length or precleaved RNA substrates were
prepared as described previously (Ryner et al. 1989). For 3’
cleavage assays, reaction mixtures consisted of 40% NE, 0.5 ng
of labeled RNA, 0.25 U of RNasin (Promega), 1 mM 3'dATP
(Trilink), 2.5% polyvinyl alcohol (PVA), 20 mM creatine phos-
phate (Sigma), 8 mM Tris (pH 7.9), 10% glycerol, 25 mM
ammonium sulfate, 0.2 mM DTT, and 0.2 mM PMSF. Polyade-
nylation assays contained the same reagents, with the omission
of 3'dATP and addition of 1 mM MgCl, and 1 mM ATP. Reaction
mixtures were incubated for up to 90 min at 30°C followed by
proteinase K treatment, phenol/chloroform extraction, ethanol
precipitation, and separation on 6% urea-acrylamide gels.

Immunoprecipitation and Western blot

Following transfection, cells were collected in two packed cell
volumes (PCVs) of lysis buffer (10 mM Tris at pH 7.4, 150 mM
NaCl or 500 mM where noted, 0.5% NP40, 0.25% sodium
deoxycholate, 0.5 mM EDTA, inhibitors) and lysed using a sy-
ringe. The lysate was centrifuged at maximum speed for 15 min
at 4°C, and 2 vol of lysis buffer was then added to the supernatant.
Preclearing of the supernatant was carried out for 30 min at 4°C
with IgG agarose beads followed by immunoprecipitation with
anti-Flag M2 agarose for 3 h at 4°C. Where noted, 100 pg/mL
RNase A was added for 15 min at 30°C prior to adding the
antibody. Beads were then washed three times in wash buffer (10
mM Tris at pH 7.4, 300 mM NaCl, 1% NP40, 0.5% sodium
deoxycholate, 1 mM EDTA, inhibitors), and immunoprecipitated
proteins were eluted from beads using 100 pg/mL 3xFlag peptide.
Proteins were resolved on SDS-PAGE, and Westerns were carried
out using the indicated antibodies: anti-Flag antibody (Sigma),
anti-actin (Sigma), anti-Rbbp6 (Santa Cruz Biotechnology), anti-
Dis3 and anti-Exoscl0 (Novus), and anti c-Jun (Santa Cruz
Biotechnology). Anti-CPSF100 and anti-CstF64 (Takagaki et al.
1990) were made in our laboratory, and all other antibodies for 3’
processing factors were from Bethyl Laboratories. Anti-DWNN
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is a monoclonal antibody from the laboratory of Dr. David Pugh
(University of the Western Cape, South Africa). As secondary
antibodies, we used HRP-conjugated anti-mouse or anti-rabbit
(Sigma). The signal was detected using the ECL Western blotting
system from GE Healthcare.

Gel shift assays

Gel shift assays were carried out by incubating the indicated
amounts of recombinant proteins with 32P-labeled SVL RNA in
a buffer containing 2 wg/mL heparin, 20 mM Tris (pH 7.9), 0.2
mM EDTA, 20% glycerol, and 250 mM NaCl. After 10 min of
incubation at 30°C, samples were loaded onto a 5% nondenatur-
ing polyacrylamide gel. The gel was then dried and analyzed by
Phosphorlmager (Molecular Dynamics Storm 860).

RT-PCR

Real-time PCR was performed in 96-well plates with Maxima
SYBR Green (Roche) using StepOnePlus (Applied Biosystems).
RNA extraction was carried out with Trizol (Invitrogen) followed
by DNase I treatment (Fermentas). cDNA was produced with
Maxima reverse transcriptase (Fermentas) following the manu-
facturer’s protocol. In order to quantify the RNA expression
level, cDNA was amplified using primers for the indicated genes
(sequences available on request), and qPCR data were analyzed
by AACT method, normalizing to the gapdh gene and siCNT. For
calculating the relative cleavage efficiency after knockdown or
double knockdown, cDNA was amplified using primers that
span the poly(A) site of each of the indicated genes [the last poly
(A) site was used if more than one were present|, and data were
analyzed by normalizing to the value of internal primers for each
gene and siCNT.

Affymetrix microarray

Fifty nanomolar RBBP6 siRNA or control siRNA was transfected
in MCF7 with RNAimax (Invitrogen) for 72 h. RNA was purified
using the RNeasy kit (Qiagen) followed by on-column DNase
treatment (Qiagen).

The GeneChip wild-type terminal labeling and control kit
combined with the Ambion wild-type expression kit were then
used, and RNA was hybridized to GeneChip Exon 1.0 ST arrays
(Affymetrix) according to standard protocols.

3" READS

Total RNA was processed by the 3' READS method as described
by Hoque et al. (2013). The reverse sequencing protocol was
used, which generates reads corresponding to the antisense
strand of transcript. Data analysis was carried out as previously
described (Hoque et al. 2013). Briefly, we first removed 5’ adapter
sequences from reads, and reads with lengths <15 nucleotides
(nt) after this step were discarded. We then mapped reads against
the hgl9 genome sequence using bowtie 2 (version 2.1.0)
(Langmead and Salzberg 2012) with the following setting:
“—local —5 4.” We used only reads with mapping quality score
(MAPQ) = 10 and required mismatches to be =5% of the read.
Reads with two or more unaligned Ts at the 5’ end were called
PASS reads, which were used to identify poly(A) sites. Poly(A)
sites located within 24 nt of each other were clustered, but each
cluster did not span >48 nt. Poly(A) sites mapped to the genome
were further assigned to genes using gene models defined by
RefSeq, Ensembl, and University of California at Santa Cruz
Known Gene databases. The 3’ ends of the gene models were
extended by 4 kb to include downstream poly(A) sites, but the
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extension did not go beyond the transcription start site of the
downstream gene. To reduce false poly(A) sites, we further
required that the number of PASS reads for a poly(A) site was
=5% of all PASS reads for the gene and also detected in at least
two samples.

Gene expression analysis

Raw data from the Affymetrix GeneChip Human Exon 1.0 ST
array were normalized by the RMA method in the Affymetrix
Power Tools (APT) program, and probe sets with detection above
background (DABG) P-value < 0.05 in at least one sample group
were used for further analysis. To eliminate the potential effect
of APA in 3’ UTRs on expression analysis of a gene, we used only
probe sets mapped to the coding sequence (CDS) to represent the
expression level of a gene. We used t-test P-value < 0.05 or
logy(ratio) > 1X standard deviation of logy(ratio) of all genes to
select significantly regulated genes.

For 3' READS data, all PASS reads for a gene were summed to
represent the expression level of the gene. The read number of
a gene was normalized to the total number of PASS reads from
the sample. The resultant value, reads per million (RPM), was
used to represent the expression level of a gene. To examine gene
regulation, we used the set of genes showing no expression
change in the microarray data (<1% difference in probe set
intensity) as a reference and compared other genes with the
reference set using the Fisher’s exact test. P-value < 0.01 and fold
change > 1.3 were used to select significantly regulated genes.

Cis element analysis

The 3’ UTR sequence of genes were based on the last poly(A) site
identified using our 3’ READS libraries or RefSeq-annotated 3’
end if no reads were available. To identify cis elements associ-
ated with regulated genes, we enumerated the number of
occurrence of each 5-mer in 3’ UTRs of genes that were up-
regulated, down-regulated, or not significantly changed based on
the microarray analysis. We then used the Fisher’s exact test to
examine the significance of association of each 5-mer with each
3’ UTR group.

APA analysis for 3 READS

For 3’ READS data, the relative abundance of a poly(A) site
isoform was defined as the fraction of PASS reads supporting the
poly(A) site over all PASS reads supporting the gene. To analyze
APA changes, we compared poly(A) site isoform abundance
between the RBBP6 knockdown sample and the siRNA control
sample. For analysis of APA events in the 3'-most exons, we
compared the top two poly(A) site isoforms with highest abun-
dance. For analysis of APA events in upstream regions, we
compared the summed isoform abundance for all poly(A) sites
in upstream regions with that for all poly(A) sites in the 3'-most
exon. Difference in abundance of >5% and P-value < 0.05
(Fisher’s exact test) were used as the cutoff to select significantly
regulated APA events.
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