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ABSTRACT

Alternative polyadenylation (APA) determines stability, localization and translation potential of the majority of mRNA in
eukaryotic cells. The heterodimeric mammalian cleavage factor II (CF IIm) is required for pre-mRNA 3′′′′′ end cleavage and
is composed of the RNA kinase hClp1 and the termination factor hPcf11; the latter protein binds to RNA and the RNA po-
lymerase II carboxy-terminal domain. Here, we used siRNAmediated knockdown and poly(A) targeted RNA sequencing to
analyze the role of CF IIm in gene expression and APA in estrogen receptor positive MCF7 breast cancer cells. Identified
gene ontology terms link CF IIm function to regulation of growth factor activity, protein heterodimerization and the cell
cycle. An overlapping requirement for hClp1 and hPcf11 suggested that CF IIm protein complex was involved in the selec-
tion of proximal poly(A) sites. In addition to APA shifts within 3′′′′′ untranslated regions (3′′′′′-UTRs), we observed shifts from
promoter proximal regions to the 3′′′′′-UTR facilitating synthesis of full-length mRNAs. Moreover, we show that several trun-
cated mRNAs that resulted from APA within introns in MCF7 cells cosedimented with ribosomal components in an EDTA
sensitivemanner suggesting that those are translated into protein. We propose that CF IIm contributes to the regulation of
mRNA function in breast cancer.
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INTRODUCTION

Pre-mRNA 3′ end formation is an essential step in the ex-
pression of eukaryotic genes. Primary transcripts undergo
endonucleolytic cleavage at the poly(A) site followed by
addition of a polyadenylate tail to the upstream cleavage
product. The core protein machinery responsible for the
implementation of these coupled reactions is highly con-
served throughout evolution and in human cells includes
activities associated with four major multiprotein complex-
es: cleavage factor I (CF Im), cleavage factor II (CF IIm),
cleavage and specificity factor (CPSF) and cleavage stimu-
lation factor (CstF) (Shi et al. 2009). Poly(A) sites are recog-
nized through RNA binding proteins that bind signal
sequences located upstream and downstream from a

poly(A) site (Zhao et al. 1999; Venkataraman et al. 2005;
Tian and Graber 2012; Shi and Manley 2015). 3′ end fac-
tors physically interact with the RNA polymerase II (RNAP
II) carboxy-terminal domain (CTD) (McCracken et al.
1997; Meinhart and Cramer 2004) and are thought to
bind their target sequences cotranscriptionally when the
nascent transcript emerges from the polymerase enzyme
(Bentley 2014).
Most pre-mRNAs contain multiple poly(A) sites and their

differential usage has a profound impact on the function of
the derived mature mRNA (Tian and Manley 2017; Turner
et al. 2018). Alternative polyadenylation is most frequently
observed in the 3′-UTR where usage of proximal and
distal poly(A) signals generates short and long 3′-UTRs,
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respectively. Major determinants of poly(A) site usage are
the sequence context of a given poly(A) signal (Gruber
et al. 2012; Martin et al. 2012; Li et al. 2015) and the con-
centration of 3′end factors that bind to the RNA sequence
elements (Takagaki et al. 1996). Moreover, the passage of
RNAP II along the chromatin template impacts on APA in
that pausing at stable nucleosomes promotes the usage
of promoter proximal poly(A) sites in a process, which is an-
tagonized by the U1 snRNP (Chiu et al. 2018).

The length of the 3′-UTR is thought to be an important
determinant of mRNA function, since it harbors regulatory
sequences that are targeted by miRNAs and RNA binding
proteins (Tian andManley 2017; Turner et al. 2018). On the
one hand, it has been suggested that enhanced regulation
of gene expression during embryonic development is as-
sociated with longer 3′-UTRs (Ji et al. 2009). On the other
hand, the evasion of regulatory circuits associated with
short 3′-UTRs has been correlated with cell proliferation
(Sandberg et al. 2008) and transformed cancer cell pheno-
types (Mayr and Bartel 2009; Masamha et al. 2014; Xia
et al. 2014). Nevertheless, the physiological significance
of 3′-UTR length remains unclear (Neve and Furger
2014). For example, 3′-UTR length has only limited influ-
ence on mRNA levels and protein synthesis in fibroblasts
(Spies et al. 2013) and it does not correlate with protein
levels in proliferating T cells (Gruber et al. 2014). 3′-UTR
plasticity has been observed in colorectal cancer where
both shortening and lengthening of 3′-UTRs has been as-
sociated with cancer progression (Morris et al. 2012). In
breast cancer, 3′-UTR shortening was observed for estro-
gen receptor positive MCF7 cells, while estrogen negative
and highly invasive MDA-MB-231 cells displayed 3′-UTR
lengthening (Fu et al. 2011).

The CF IIm complex was initially isolated from HeLa cell
nuclear extract and highly enriched fractions were found to
include hClp1 and hPcf11 proteins (de Vries et al. 2000).
Reconstitution of the hClp1/hPcf11 heterodimer demon-
strated that it indeed equates to CF IIm, since it was suffi-
cient to complement 3′ end cleavage reactions in vitro
(Schafer et al. 2018). While the exact role of CF IIm in
3′ end formation remains unclear, it may contribute to
poly(A) signal recognition via a nonspecific RNA binding
activity (Schafer et al. 2018).

Pcf11 homologs carry conserved CTD interaction do-
mains (Barilla et al. 2001; Licatalosi et al. 2002; Sadowski
et al. 2003; Meinhart and Cramer 2004; Noble et al.
2005), bind to RNA (Zhang et al. 2005; Hollingworth
et al. 2006; Guegueniat et al. 2017; Schafer et al. 2018)
and couple 3′ end formation to RNAP II transcription termi-
nation (Grzechnik et al. 2015; Proudfoot 2016). Bridging of
both nascent RNA and of the RNAP II CTD by Pcf11 was
found to result in dismantling of otherwise highly stable
elongation complexes (Zhang et al. 2005; Zhang and
Gilmour 2006). Recent analyses of vertebrate PCF11 iden-
tified roles in termination of closely spaced full-length

genes (Kamieniarz-Gdula et al. 2019), in premature pro-
moter proximal termination (Kamieniarz-Gdula et al.
2019) and the expression of long genes through intronic
polyadenylation (Wang et al. 2019). Moreover, hPCF11
was identified as a key factor in defining the APA profiles
in neuroblastoma and its down-regulation was associated
with spontaneous tumor regression (Ogorodnikov et al.
2018).

Clp1 homologs carry evolutionary conserved ATP bind-
ing motifs and mammalian and archaeal proteins exhibit
5′ RNA kinase activity (Weitzer and Martinez 2007; Jain
and Shuman 2009), which is required for tRNA splicing
and siRNA silencing (Weitzer and Martinez 2007), as well
as miRNA activity (Salzman et al. 2016). Loss of hClp1 func-
tion results in accumulation of tRNA fragments, which are
thought to provoke neurodegenerative disorders (Karaca
et al. 2014; Schaffer et al. 2014). Yeast Clp1, which does
not display RNA kinase activity (Noble et al. 2007;
Ramirez et al. 2008), has been suggested to mediate inter-
actions with Pcf11 and other 3′ end factors and is required
for termination at some transcription units (Holbein et al.
2011; Haddad et al. 2012). The kinase activity associated
with hClp1 is dispensable for 3′ end cleavage in vitro
(Schafer et al. 2018) and it remains unclear which function
ATP hydrolysis by hClp1 plays during 3′ end formation.

Here, we used RNAi and a poly(A) tail anchored RNA se-
quencing approach to analyze the impact of hCLP1 and
hPCF11 knockdown on 3′ end formation in MCF7 breast
cancer cells. We observed an overlapping requirement
for both proteins in proximal poly(A) site selection in the
3′-UTR and promoter proximal regions of target genes,
consistent with the idea that hClp1 and hPcf11 participate
in APA as components of the CF IIm complex linking its ac-
tivity to misregulation of mRNA function in breast cancer.

RESULTS AND DISCUSSION

siRNA knockdown of hPCF11 and hCLP1
in MCF7 cells

To analyze the role of CF IIm in pre-mRNA 3′ end formation
and APA we used siRNA technology to knock down
hPCF11 and hCLP1 in the well characterized estrogen hor-
mone sensitive MCF7 cells (Lee et al. 2015). Gene expres-
sion was analyzed using poly(A)-test sequencing
(PAT-seq), a targeted poly(A) tail sequencing approach
(Harrison et al. 2015). PAT-seq uses biotin-labeled and
oligo-dT containing anchor oligonucleotides to enrich on
streptavidin beads polyadenylated RNA that was previous-
ly subjected to limited RNase T1 digestion. Purified RNA
was then modified by 5′ linker ligation and reverse tran-
scribed into cDNA. cDNA libraries were size selected on
denaturing 6% urea polyacrylamide gels and fragment
lengths in a window of ∼100–300 nt were purified. A final
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PCR step facilitated indexed library amplification and
directional Illumina sequencing.
Sequencing data were processed using the tail-tools

pipeline (http://rnasystems.erc.monash.edu/software/;
Harrison et al. 2015). To establish confidence in reproduc-
ibility between replicate samples, we used a multidimen-
sional scaling (MDS) approach to compare the similarity
within the samples. While some variability was observed,
MDS and heat-map analysis confirmed similarity of knock-
down samples (Supplemental Fig. S1A,B). Figure 1A shows
representative RT-PCR analyses, which confirmed efficient
knockdown of hCLP1 mRNA following treatment with
siRNA targeting hCLP1, whereas hPCF11 mRNA and
Lamin A control were increased. Use of siRNA targeting
hPCF11 revealed stable hPCF11 mRNA levels and slightly
increased hCLP1mRNA and Lamin A control. Efficiency of
hPCF11 knockdownwas, however, variable and resulted in
mRNA reduction in some and mRNA increases in other ex-
periments (data not shown). The apparently variable
hPCF11 knockdownefficiency at the level ofmRNAmay re-
flect auto-regulation of hPCF11 expression (Kamieniarz-
Gdula et al. 2019; Wang et al. 2019). Consistent with this
idea, western analysis using commercially available anti-
bodies confirmed fivefold reduction of hPcf11 protein lev-
els following siRNA treatment (Fig. 1B). Attempts to
analyze hClp1 protein following knockdown remained in-
conclusive due to poor performance of commercially avail-
able antibodies (data not shown).

PAT-seq analyses following siRNA knockdown of
hPCF11 and hCLP1

Approximately 29,294 genomics features (genes) were se-
quenced by PAT-seq in our samples. Knockdown of CF IIm
subunits resulted in significant expression changes (FDR<
0.05) for both hCLP1 (1780 features) and hPCF11 samples
(2861 features) (Fig. 1C). Among these significant changes,
1092 were common to hPCF11 and hCLP1 samples, in
agreement with the proposal that the changes were a con-
sequence of CF IIm complex deficiency, which requires
both hPcf11 and hClp1 for proper function. Furthermore,
88.6% of the identified features were associated with pro-
tein encoding genes with the remaining 11.4% of features
representing noncoding RNAs and pseudogenes (Fig. 1D,
E). The bias toward the identification of protein encoding
genes is reflecting in part the initial selection of polyadeny-
lated RNA species by the PAT-seq method (Harrison et al.
2015); note that RNA species that lack a poly(A) tail will not
be identified by this approach. Figure 1F shows a high de-
gree of correlation (R2 0.89) of effects on genes, which re-
quire both hPCF11 and hCLP1 for expression. Overall the
observed changes in hPCF11 and hCLP1 samples aligned
well, consistent with the idea that they reflected primarily
loss of CF IIm function. However, not all genes displayed
the same trends for both hPCF11 and hCLP1 samples

and differences with respect to the magnitude of the ex-
pression changeswere alsoobserved. Someof thesediffer-
ences may be attributable to the differences in knockdown
efficiencies. Alternatively, some genes may display a spe-
cific requirement for hPcf11 and hClp1, respectively.
Moreover, knockdown of CF IIm components signifi-

cantly increased expression levels of other core 3′ end fac-
tors (Fig. 1G). hCLP1 knockdown resulted in increased
levels of hPCF11, CF Im-25 and CPSF-30, and knockdown
of hPCF11 resulted in increased levels of CF Im-25 and
CstF-77. The reasons for these changes remain unclear
but may reflect cross-regulation of 3′ end factors in re-
sponse to the reduced cellular levels of hClp1 and
hPcf11, respectively.
Gene ontology (GO) and KEGG (Kyoto Encyclopedia of

Genes and Genomes) (Kanehisa and Goto 2000) pathway
analyses for significant differentially expressed genes
(FDR<0.05) uncovered an involvement of CF IIm in “pro-
tein hetero-dimerization activity,” “cell growth” and the
“cell cycle” (Fig. 1H). Annotations specific for hCLP1 also
included “receptor ligand,” “protein kinase binding” and
signaling pathways, pointing toward an involvement of
the protein in signal transduction mechanisms, but the na-
ture of such a connection remains currently unknown. For
hPCF11, annotation of “RNA transport,” “spliceosome”
and “RNA degradation” aligned well with its known role
in mRNA synthesis, its partial copurification with splicing
factors (deVries et al. 2000) and its link to nuclearmRNAex-
port (Volanakis et al. 2017).

Knockdown of CF IIm favors distal poly(A) sites

Next, we analyzed the use of alternative poly(A) sites fol-
lowing CF IIm impairment via hCLP1 and hPCF11 knock-
down. For this purpose, 12,063 genomic annotations
were identified as having two or more poly(A) sites. The
sites were then given a confident inner bound on effect
size after adjusting for multiple testing, a “confect,” which
refers to the observed shift between two alternative poly
(A) sites in our samples (see Materials and Methods). We
found significant 3′-UTR shifts within 2318 annotations
for hPCF11 knockdown and within 1357 annotations for
hCLP1 knockdown, with 1147 annotations across both
conditions (Fig. 2A). The majority of observed shifts gener-
ated longer 3′-UTRs for both hCLP1 and hPCF11 knock-
downs (Fig. 2B,C) and displayed a high degree of
correlation between the two conditions (Fig. 2D). The
plot of Figure 2D compares the shifts at two levels: (i) it
shows that 98.8% of shifts for hPCF11 and hCLP1 knock-
down occur in the same direction because they locate in
theQ2 region of the graph; and (ii) it reveals the “strength”
of a shift. A shift will have the value “1” if the usage of a
poly(A) site has fully shifted from one site to an alternative
site and the strength of the shifts observed in the two sam-
ples will be identical if located on the diagonal of the
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FIGURE 1. Gene expression analysis of MCF7 cells upon knockdown of hPCF11 and hCLP1. (A) Representative RT-PCR analysis of mRNA levels
of LaminA, hPCF11 and hCLP1 following the indicated siRNA treatments ofMCF7 cells. mRNA levels were determined relative to the housekeep-
ing gene ß-tubulin. Lamin A/C siRNAwas used as a technical control, nontargeting siRNA (NT) and no-siRNA (mock) served as negative controls.
Data are shown as mean±SD. (B) Western blot analysis of proteins following the indicated siRNA treatments of MCF7 cells. Migration of full-
length hPcf11, CPSF-73, and α-tubulin is indicated. Signals for hPcf11 and for α-tubulin were derived from the same PVDF membrane,
CPSF-73 was detected on a secondmembrane. Values below the hPcf11 bands indicate quantification of the intensity of the hPcf11 band relative
to α-tubulin. (C ) Genomic annotations with significant expression changes following siRNA treatment of MCF7 cells. A total of 1780 significantly
differentially expressed annotated features (FDR<0.05) were identified in hCLP1 knockdown samples (n =2), and 2861 in hPCF11 knockdown
samples (n=2) compared to nontargeting siRNA control samples (n=3), 1092 were common to both conditions. A total of 1525 features were
annotated to protein coding genes in hCLP1 knockdown samples and 2475 in hPCF11 knockdown samples, with 967 common to both conditions.
(D) Breakdown of genomic annotations with expression changes observed upon knockdown of hPCF11 and hCLP1. For genes impacted by both
knockdown conditions (1092 genes, FDR<0.05), expression changes were seen primarily in protein coding genes, 8.5% were noncoding RNA,
and 2.7% were pseudogenes. (E) Breakdown of non-protein coding annotations with expression changes observed upon knockdown of hPCF11
and hCLP1. For genes impacted by both knockdown conditions, expression changes were seen in the indicated noncoding RNA species (125
genes, FDR<0.05). (F ) Comparison of expression changes observed upon knockdown of hPCF11 (y-axis) and hCLP1 (x-axis). Scatter plot shows
1092 significantly differentially expressed annotated features (FDR<0.05) that are found relative to nontargeting siRNA control samples (n=3) in
both hCLP1 knockdown samples (n=2) and in hPCF11 knockdown samples (n=2). (G) Expression changes observed with subunits of the core 3′

endmachinery upon knockdown of hPCF11 and hCLP1. Significant differential expression levels were determined (FDR<0.05) and fold changes
are indicated in red for increased and blue for decreased expression. NA means that no significant change was observed. (H) Gene ontology of
molecular function and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways and associated P-values identified through expression
changes observed upon knockdown of hPCF11 and hCLP1. Indicated are all top GO function activity terms and KEGG pathway terms (FDR≤
0.05) associated with the knockdown conditions.
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quadrant. The observed correlation coefficient for the
shifts for hPCF11 and hCLP1 knockdown was 0.45, reveal-
ing that both conditions resulted in a well comparable
strength of the observed shift consistent with both proteins
participating in alternative polyadenylation as a complex.

Representative 3′-UTR shifts associated with impairment
of CF IIm are shown in Figure 2F. The COPZ1 (coatomer
protein complex subunit zeta 1) gene, the ESRP1 (epithe-
lial splicing regulator protein 1) gene, the SYPL1 (synapto-
physin like 1) gene and theMOB1A (MOB kinase activator
1A) gene require both hCLP1 and hPCF11 for efficient use
of a proximal poly(A) site in the 3′-UTR. Interestingly, we
observed APA also within promoter proximal regions.
For example, poly(A) site usage associated within the
hPCF11 and METTL4 genes was dominated in control
samples by the usage of promoter proximal poly(A) sites,
indicating that a significant amount of transcription was
terminated before synthesis of the main gene body took
place (Fig. 2E; Supplemental Fig. S1A,B). Knock-down of
hCLP1 and hPCF11 suppressed the usage of promoter
proximal poly(A) sites, facilitating productive transcription
elongation and usage of poly(A) signals in the 3′-UTR.
These observations are consistent with the idea that CF
IIm acted to attenuate transcription via early termination
of transcription, which participates in the cross-regulation
of 3′ end factor expression (Fig. 1G). In agreement with

this we observed up-regulation of hPCF11 expression fol-
lowing hCLP1 knockdown (Fig. 1A). Similarly, hCLP1 or
hPCF11 knockdown resulted in the increased usage of dis-
tal sites relative to a proximal site in Lamin A (Sup-
plemental Fig. S2C) consistent with increased expression
of this mRNA (Fig. 1A).

A role for hPCF11 in transcription termination has been
established (West and Proudfoot 2008), but no such role
has been suggested for hCLP1. While this manuscript
was in preparation, an involvement of vertebrate Pcf11 in
the expression of closely spaced genes and of long full-
length genes has been reported (Kamieniarz-Gdula et al.
2019; Wang et al. 2019). Substoichiometric association of
hPcf11 with the pre-mRNA 3′ end formation machinery in
addition to auto-regulation of Pcf11 expression was pro-
posed to highlight a specific requirement for Pcf11 in these
analyses (Kamieniarz-Gdula et al. 2019; Wang et al. 2019).
Our observation that CF IIm was required for APA in MCF7
cells indicates, however, that the hClp1/hPcf11 hetero-
dimer may represent the relevant functional entity. This
idea is supported by the observation that hPcf11 remained
insoluble in the absence of hClp1 in vitro (Schafer et al.
2018). siRNA knockdown of hClp1 may destabilize hPcf11
in vivo and cause the overlapping requirement for CF IIm
that was observed in this work. This idea is, however, not
supported by western analysis of hCLP1 knockdown

FIGURE 2. Analysis of alternative polyadenylation upon knockdown of hPCF11 and hCLP1. (A) Genomic annotations with significant 3′ end
changes following siRNA treatment of MCF7 cells. A total of 1357 significant 3′ end changes (FDR<0.05) were identified in hCLP1 knockdown
samples (n=2), and 2318 in hPCF11 knockdown samples (n=2) compared to nontargeting siRNA control samples (n=3), 1147 were common to
both conditions. (B) 3′ end shift effects in annotated features observed upon knockdown of hPCF11. A positive effect size indicates shifts toward
longer 3′-UTRs, and a negative effect size indicates shifts toward shorter 3′UTRs. Gray dots indicate the estimated effect size, and where this is
significant corresponding black dots show the “confect,” a confident inner bound of this effect size found using the Limma and TopConfects R
packages. A total of 2318 of these effects in hPCF11 samples (n=2) were significant (FDR<0.05). Log2 (RPM) indicates the average number of
reads per million. si NT (n=3) indicates the nontargeting siRNA control that served as reference. (C ) 3′ end shift effects in annotated features as
described above for B, however observed upon knockdown of hCLP1. A total of 1357 of these effects in hCLP1 samples (n=2) were significant
(FDR<0.05). (D) Comparison of 3′ end shift effects in annotated features as described above for B observed upon knockdown of hPCF11 (y-axis)
and hCLP1 (x-axis). Gray dots indicate shift effects for all analyzed features (n=5478); black dots indicate shift effects that are significant (n=1147;
FDR<0.05). si NT indicates the nontargeting siRNA control that served as reference. (E) Integrative genomics viewer (IGV) representation of PAT-
seq results for the hPCF11 gene. Shown is the entire gene including 5′ and 3′ regulatory regions. si hPCF11 (n=2) and si hCLP1 (n=2) samples
had significant (FDR<0.05) shifts in poly(A) site usage compared to nontargeting siRNA control samples (si NT) (n=3). Arrows indicate direction of
gene transcription. The representation uses different y-axes for each horizontal panel to highlight the relative ratio of poly(A) site usage within a
gene in a replicate sample. An alternative representation of the data with normalization to the highest peak in all shown panels is shown in
Supplemental Figure S2B. (F ) IGV representation of PAT-seq results for (i) COPZ1 (coatomer protein complex subunit zeta 1), (ii) ESRP1 (epithelial
splicing regulator protein 1), (iii) SYPL1 (synaptophysin like 1) and (iv)MOB1A (MOB kinase activator 1A). Shown are only relevant 3′-UTR regions.
si hPCF11 (n=2) and si hCLP1 (n=2) samples had significant (FDR<0.05) shifts in poly(A) site usage compared to nontargeting siRNA control
samples (si NT) (n=3). Arrows indicate direction of gene transcription. (G) Comparison between changes in expression (fold change; y-axis)
and 3′-UTR length (effect size of shift) upon hPCF11 (upperpanel) and hCLP1 (lower panel) knockdown. This analysis included for hPCF11 samples
(n=2) a total of 1291 features (gray dots); for 603 of those features the shift effects were significant (FDR<0.05; black dots) compared to non-
targeting siRNA control samples (n=3). For hCLP1 samples (n=2), a total of 791 features (gray dots) were included; for 237 of those features
the shift effects were significant (FDR<0.05; black dots) compared to nontargeting siRNA control samples (n=3). A positive effect size indicates
UTR lengthening, a negative effect size indicates UTR shortening. Percentages shown in each quadrant indicate how many genes have an in-
creased or decreased expression relative to lengthening of the 3′UTR (on the right) or shortening of the 3′UTR (on the left). (H) Comparison of
canonical poly(A) signal usage in APA following knockdown of hPCF11 and hCLP1. A representative set of 162 genes identified usage of the
AAUAAA signal within 30 bp of the proximal poly(A) site in 62% of cases in the nontargeting siRNA control (n=3) and switched to usage of distal
AAUAAA in 79% of cases following knockdown of hCLP1 (n=2). Accordingly, a representative set of 142 genes identified usage of the AAUAAA
signal within 30 bp of the proximal poly(A) site in 60% of cases in the nontargeting siRNA control and switched to usage of distal AAUAAA in 79%
of cases following knockdown of hPCF11 (n=2).
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samples, which revealed stable hPcf11 levels (Fig. 1B).
Alternatively, ATP hydrolysis or RNA kinase activity associ-
ated with hClp1, while dispensable for 3′ end cleavage in
vitro (Schafer et al. 2018), may contribute to the role of
CF IIm in APA. Such a potential function may be associated
with changes in the structure of CF IIm or its associationwith
components of the 3′ end machinery, RNAP II or other fac-
tors involved in termination of transcription.
Next, we compared the observed shifts in poly(A) site us-

age with changes in mRNA levels, applying a FDR cut-off
value of 0.05 (Fig. 2G). For hPCF11, 59.1% of genes that
showed up-regulation of gene expression were associated
with an increase in 3′-UTR length, while 40.9% were asso-
ciated with a decreased 3′-UTR length. For hCLP1, 62.4%
of genes that showed up-regulation of gene expression
were associated with an increase in 3′-UTR length, while
38.6% were associated with a decreased 3′-UTR length.
These observations indicated that for both hPCF11 and
hCLP1 the usage of longer 3′-UTRs was biased toward
higher mRNA expression levels.
Analysis of cleavage site signals present in genes with an

associated 3′-UTR shift revealed an increase in usage of the
canonical AAUAAA hexamer sequence following knock-
down of hCLP1 (14% increase) and hPCF11 (19% increase),
respectively (Fig. 2H). These observations indicated that
usage of proximal poly(A) sites was biased toward a
CF IIm requirement and that stronger distal poly(A) signals
facilitated usage of poly(A) sites when CF IIm was absent or
deficient.

APA shifts in breast cancer cells

Previous analyses of APA in breast cancer cells revealed a
shortening of 3′UTRs in estrogen receptor-positive MCF7
cells relative to a nontransformed mammary epithelial
cell line, whereas a lengthening of 3′-UTRs was observed
for estrogen receptor-negative and highly invasive MDA-
MB-231 cells (Fu et al. 2011). The disparity of 3′-UTR shifts
in the two cancer cell lines was striking and was suggested
to reflect variability in gene expression due to evolutionary
adaptations in response to driver-mutations (Fu et al.
2011). We therefore replicated the main finding of Fu
and coworkers and compared poly(A) site usage in the
two cancer cell lines by PAT-seq to ensure bioinformatic
compatibility. Figure 3A shows that genes with short
3′UTRs in MCF7 cells indeed shifted toward long 3′UTRs
in MDA-MB-231 cells. To evaluate the role played by
CF IIm in APA in breast cancer we correlated APA shifts
that occurred following siRNA knockdown of hPCF11
and hCLP1, respectively, to the poly(A) shifts that occurred
in MDA-MB-231 cells relative to MCF7 cells. Figure 3B,C
show that there was a high degree of overlap of the direc-
tion of APA shifts (proximal vs distal) as evidenced by the
location of shifts in the Q2 region of the graph with
84.3% of transcripts containing longer 3′-UTRs in both cas-

es. However, the overall R2 values of the correlation were
low (0.09 and 0.03, respectively). These data may indicate
that shifts that occurred in MDA-MB-231 cells relative to
MCF7 cells are not indicative of impaired CFIIm function.
An alternative interpretation could be that low correlation
values reflect mechanistic differences resulting on the one
hand from dysregulation of APA following siRNA knock-
down and on the other hand from cancer cell endogenous
misregulation of APA. The mechanisms for the latter re-
main unclear and may not be due to loss of function as is
assumed for the siRNA conditions.
Representative 3′-UTR shifts are shown in Figure 3D. In

MCF7 cells COMMD2 (COMMdomain-containing protein
2), ERO1A (endoplasmic reticulum oxidoreductase 1
Alpha), ELP5 (elongator acetyltransferase complex subunit
5) and DNAJB6 (DnaJ heat shock protein family [Hsp40]
member B6) displayed more sequencing products that
aligned with proximal poly(A) sites compared to distal
poly(A) sites. In contrast, the poly(A) site profilewas normal-
ized to a more distal site choice in MDA-MB-231 cells.
These analyses agreed well with conclusions drawn by Fu
and coworkers who interpreted the observed poly(A) site
profile such that MCF7 cells preferentially used short
3′-UTRs and MDA-MB-231 cells preferentially used long
3′-UTRs (Fu et al. 2011). Figure 3E and Supplemental
Figure S2D highlight examples where APA shifts associat-
ed with hPCF11 or hCLP1 knockdown aremirrored in shifts
observed inMDA-MB-231 cells relative toMCF7. Usage of
aproximal poly(A) site in theSRSF6 (serine andarginine rich
splicing factor 6) 3′UTRwas sensitive to knockdown of both
CFIIm subunits, while proximal poly(A) sites in PISD (phos-
phatidylserine decarboxylase) and PHTF1 (putative home-
odomain transcription factor 1) appearedmore dependent
on either hPCF11 or hCLP1, respectively.

Truncated transcripts inMCF7 cells co-sediment with
polysomes in an EDTA sensitive manner

Recent updates of the reference genome included numer-
ous additional truncated transcripts that overlap with full-
length protein coding genes and have unclear functional
significance. These apparent noncoding RNAs are abun-
dant throughout the genome and are generally thought
to be polyadenylated and targeted for degradation by
the exosome (Ogami et al. 2018). Notably, such noncod-
ing RNA can display high stability, like CstF-77 intronic
polyadenylation products that have been found to exhibit
half-lives similar to protein coding transcripts (Luo et al.
2013). Due to the prevalence of annotated noncoding
RNA species inMCF7, we reasoned that exosome function
may have been compromised. Supplemental Figure S3A
shows that MCF7 cells indeed exhibited a concerted
down-regulation of mRNA encoding exosome compo-
nents. In order to correlate reduced mRNA expression lev-
els with exosome activity, we analyzed levels of lncRNAs,
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which are known to be degraded by the exosome (Ogami
et al. 2018). Supplemental Figure S3B shows that lncRNAs
were 2.58 more likely to be stabilized in MCF7 compared
to MDA-MB-231. This included the well-characterized
lncRNA members MALAT1 and NEAT1, which were signif-
icantly more stable in MCF7, consistent with the idea that
exosome activity was reduced in MCF7 cells. It seems pos-
sible, therefore, that stabilization and accumulation of non-
coding transcripts relative to distal poly(A) sites associated
with protein coding mRNAs contributed to instances
where apparent shifts toward proximal poly(A) sites oc-
curred in MCF7 cells.
Interestingly, proximal poly(A) site usage in MCF7 cells

generated numerous truncated mRNAs, e.g., for ELP5,
ERO1A (both Fig. 3D) and PHFT1 (Fig. 3E). To evaluate
the physiological relevance of such transcripts with locus
internal 3′UTRs, we performed sucrose cushion centrifuga-
tion. In these experiments, lysates obtained from cyclohex-
imide treated MCF7 cells were layered on 0.5 M sucrose
and centrifuged to separate polysomes from cytosolic frac-
tions (Fig. 3F). This procedure facilitated the efficient re-
moval of ribosomal components (Rpl26 and Rps6) from
the supernatant that contains cytosolic proteins
(α-Tubulin), and enrichment of ribosomes in the pellet frac-
tion (Fig. 3G). In the presence of EDTA, which disrupts
polysomes, the ribosomal proteins were undetectable in

the pellet fraction and were partially retained in the super-
natant. RT-PCR analysis of RNA contained within superna-
tant and pellet fractions revealed that ELP5, ERO1A and
PHFT1 transcripts that originated from usage of either dis-
tal poly(A) sites (DPA) located within introns or proximal
poly(A) sites located within the 3′UTR (PPA) were (i)
strongly reduced in the supernatant, (ii) associated with
the pellet fraction, and (iii) pellet association was sensitive
to the presence of EDTA. In contrast, bona fide noncoding
RNAs NEAT1 andMALAT1 were found associated with the
pellet fraction, indicating that they are associated with
large structures, which were, however, not sensitive to
the presence of EDTA. These observations suggested
that truncated mRNA transcripts derived from ELP5,
ERO1A and PHFT1 genes are indeed being translated.
APA in MCF7may thus give rise to the synthesis of truncat-
ed polypeptides with aberrant protein function and poten-
tial dominant negative impact. It seems possible that such
truncated polypeptides may contribute to the transformed
phenotypes associated with these cells.
Taken together, our results implicate CF IIm in APA in

breast cancer cells. It will be important to delineate in fu-
ture work the activities associated with CF IIm, which con-
tribute to APA in healthy and diseased cells and to
understand the regulatory mechanisms, which define the
transcription units targeted by CF IIm.

FIGURE 3. APA shifts in breast cancer cells. (A) 3′ end shift effects in annotated features (n=5626) observed in MDA-MB-231 cells relative to
MCF7 cells. The interpretation is as described in the legend to Figure 2B. 1853 of these effects were significant (FDR<0.05). Log2 (RPM) indicates
the number of reads per million. n=2. (B) Comparison of 3′ end shift effects observed upon knockdown of hPCF11 (n=2) relative to nontargeting
siRNA samples (n=3) (y-axis) and MDA-MB-231 cells (n=2) relative to MCF7 cells (n=2) (x-axis). Gray dots indicate shift effects for all analyzed
features (n=5464); black dots indicate shift effects that are significant (n=1041; FDR<0.05). The majority of genes experienced a shift into the
same direction (long versus short) as indicated by 84.3% of all features located to the top right quadrant. (C ) Comparison of 3′ end shift effects
observed upon knockdown of hCLP1 (n=2) relative to nontargeting siRNA samples (n=3) (y-axis) andMDA-MB-231 cells (n=2) relative to MCF7
cells (n=2) (x-axis). Gray dots indicate shift effects for all analyzed features (n=5487); black dots indicate shift effects that are significant (n=642;
FDR<0.05). The majority of genes experienced a shift into the same direction (long versus short) as indicated by 84.3% of all features located in
the top right quadrant. (D) IGV representation of PAT-seq data for MCF7 and MDA-MB-231 cells for (i) COMMD2 (COMM domain-containing
protein 2), (ii) ERO1A (endoplasmic reticulum oxidoreductase 1 alpha), (iii) ELP5 (elongator acetyltransferase complex subunit 5), and (iv)
DNAJB6 (DnaJ heat shock protein family [Hsp40] member B6). Shown are only relevant 3′-UTR regions and poly(A) site usage in MCF7 and
MDA-MB-231 cells, respectively. Overlapping noncoding transcripts are shown at the bottom of the IGV window. Black arrows indicate direction
of gene transcription. n=2. Red arrows indicate the approximate position of primers designed to amplify ∼100 bases of unique sequence within
the peak region of PAT-seq reads as used for Figure 3H. D and P indicate the location of a distal and proximal poly(A) sites, respectively. (E) IGV
representation of PAT-seq data for (i) SRSF6 (serine and arginine rich splicing factor 6), (ii) PISD (phosphatidylserine decarboxylase), and (iii) PHTF1
(putative homeodomain transcription factor 1). Shown are relevant 3′-UTR regions and poly(A) site usage in nontargeting siRNA control (n=3) and
hPCF11 (n=2) and hCLP1 (n=2) knockdown samples as well asMCF7 (n=2) andMDA-MB-231 (n=2) cells, respectively. Overlapping noncoding
transcripts are shown at the bottom of the IGV window. Black arrows indicate direction of gene transcription. Red arrows indicate the approximate
position of primers designed to amplify ∼100 bases of unique sequence within the peak region of PAT-seq reads as used for Figure 3H. D and P
indicate the location of a distal and proximal poly(A) sites, respectively. The representation uses different y-axes for each horizontal panel to high-
light the relative ratio of poly(A) site usage within a gene in a replicate sample. An alternative representation of the data with normalization to the
highest peak in all shown panels is shown in Supplemental Figure S2C. (F ) Schematic representation of sucrose cushion analysis. Centrifugation
yielded a supernatant fraction (S) and a pellet fraction (P), which was analyzed for protein and RNA content. (G) Western analysis of protein ob-
tained from sucrose cushion centrifugation of MCF7 lysates in the absence and presence of EDTA. Supernatant (S) and pellet fractions (P) were
analyzed for Rpl26 and Rps6, which are components of the large and small ribosomal subunits, respectively. α-tubulin was used as cytosolic con-
trol. (H) RT-qPCR analysis of RNA obtained from sucrose cushion centrifugation of MCF7 lysates in the absence and presence of EDTA.
Supernatant (S) and pellet fractions (P) were analyzed for the presence of the indicated RNA species. PPA indicates RNA resulting from usage
of a major proximal, UTR or intronic poly(A) site, and DPA indicates RNA resulting from usage of a distal poly(A) site located in the 3′-UTR, respec-
tively. Approximate location of primers used to amplify ∼100 bases of unique sequence is indicated in D and E. NEAT1 and MALAT1 are non-
translated lncRNA controls.
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MATERIALS AND METHODS

Cell culture

MCF7 adenocarcinoma and MDA-MB-231 cells were grown in
T75 flasks with Dulbecco’s modified Eagle’s medium (DMEM;
Gibco) containing 10% fetal bovine serum (FBS) in the presence
of 5% carbon dioxide (CO2) at 37°C.

siRNA knockdown

RNAi reaction mixtures included siRNA (Dharmacon) in 250 µL
opti-MEM (Gibco) and 245 µL of Lipofectamine RNAiMAX
(Invitrogen) and were added to six well plates and incubated in
5% CO2 at 37°C for 48 h. Final concentration of siRNAs was
60 nM for Lamin A/C and nontargeting controls and 75 nM for
hPCF11 and hCLP1 treatments. siRNAs included Lamin A/C and
nontargeting siRNA controls (siGENOME Controls basic,
K-002800-C4-01), PCF11#1 GAUACAAAUCAGCGACUUA and
PCF11#2 GUGUGCAAAUUUAACGAAA (On-Target plus,
DHALQ-015381-01), CLP1#1 GGGCAAGUCUACAGUGUGU,
CLP1#2, GCAUGUCUCAAGAGGAUAA, CLP1#3 GAUUACAUC
UCGUUUAGCA, CLP1#4 GGAGGCAUCUCAGUCAGUU (On-
Target plus, DHALQ-019895-00).Mediumwas removedandwells
were washed with 1 mL 1% PBS. RNA was extracted using 750 µL
TRIzol and purified using Qiagen RNeasy spin columns.

RT-PCR

cDNA synthesis was done using SuperScript IV VILO (Invitrogen).
An amount of 10 ng of cDNA was included in PCR reactions
using Applied Biosystems Power SYBR Green according to man-
ufacturers instructions. Oligonucleotides used were: LAMINA-
Forward TGAGTCCATTCTCCCAGGTA, LAMINA-Reverse CTCA
CCTTTCTTC TCCCTTCTT, β-tubulin-Forward TGGACTCTGTT
CGCTCAGGT, β-tubulin-Reverse TGCCTCCTTCCGTACCACAT,
PCF11-Forward AGCAAGCTAAGGCACAGTTGGC, PCF11-
Reverse TTGGATGGTGCAGATCCAGGAC, CLP1-Forward ACT
GTGCTGCTCCCTAAATC, CLP1-Reverse AACAGCCTCGGAAT
CCATAAA

Protein extraction and western blotting

For analysis of knockdown cultures cells were incubated in 400 µL
lysis buffer (50 mM HEPES pH 7.5, 0.5% NP-40, 5% Triton X-100,
50 mM NaCl, 5% Glycerol, 1 mM EDTA, and protease inhibitor
cocktail without EDTA [Roche]) on ice for 10 min. Lysates were
sonicated for 30 sec and cleared by centrifugation at 13,000
rpm. An amount of 30 µg total protein was separated on 4%–

12% NuPAGE gels and transferred on poly-vinylidene difluoride
(PVDF) membrane with 1× transfer buffer (25 mM Tris Base and
192 mM Glycine) supplemented with 5% methanol. Antibody
dilution for primary rabbit anti-hPcf11 (Abcam) was 1:2000, rat
anti-α-tubulin (Abcam ab 6160) was 1:2000, rabbit anti-CPSF73
(Abcam) was 1:2000; secondary HRP coupled anti-rabbit antibody
(Abcam) was used 1:5000 and HRP coupled anti-rat antibody
(Abcam) was used 1:5000.

Sucrose cushion analysis

MCF7 cells were grown in T75 flasks in DMEM supplementedwith
10% FBS at 37°C, 5% CO2. Once 80%–90% confluency was
reached cells were incubated for 5 min with 10 μg/mL cyclohexi-
mide at 37°C. Cells were washed with PBS+10 μg/mL cyclohex-
imide and scraped directly from the plate using a total of 3ml lysis
buffer (10 mM NaCl, 10 mM MgCl2, 10 mM Tris-HCl pH 7.5, 1%
Triton X-100, 1% sodium deoxycholate, 10 μg/mL cycloheximide,
and 1mMdithiothreitol) and transferred to two 1.5 mL eppendorf
tubes. After 15 min of incubation on ice with occasional vortexing
cellular debris were removed by centrifugation for 5min at 14,000
rpm in an Eppendorf 5417R centrifuge at 4°C. Cleared lysate was
incubated on ice for 20 min in the absence and presence of 0.1 M
EDTA, respectively. An amount of 250 μL of the treated lysate was
layered onto 2150 μL of 0.5 M sucrose in lysis buffer in poly-
allomer tubes. Centrifugation was done at 34,000 rpm at 4°C
for 1 h using the TLS-55 swing-out rotor in a Beckman Coulter
TL-100 benchtop ultracentrifuge. Following centrifugation,
200 μL of the supernatant was collected from the very top of
the tube and the pellet was resuspended in 200 μL lysis buffer.
The sucrose cushion fraction was not analyzed. An amount of
30 µL of supernatant and pellet fractions (∼30 µg total protein)
was separated on 4%–12% NuPAGE gels and transferred on
PVDF membrane as described above.

For RNA analysis 1 mL TRIzol was added to 150 μL supernatant
and pellet samples and total RNA was prepared using the Direct-
zol RNA Miniprep Kit (ZYMO RESEARCH) and concentration was
determined with nanodrop ND-1000 spectrophotometer. An
amount of 150 ng of RNA was reverse transcribed using
SuperScript III (Invitrogen) following the TVN-PAT assay method
(Janicke et al. 2012). Genes were amplified and reactions were re-
solved on 2% high-resolution agarose gels, prestained with SYBR
safe. Amersham Imager 680 was used to image gels against a
100-bp ladder (New England Biolabs). Primers used were: H.s
ELP5_PPA_PAT CCCTCTGCCAAGGAGTGTG, H.s ELP5_DPA_
PAT GCGTCTCATCAGGACAGAAGG, H.s PHTF1_PPA_PAT CC
ATTGAGTTGCTTTTGTTCTC, H.s PHTF1_DPA_PAT CTCTATC
AAAGAGAGATCAAGCG, H.s MALAT_PAT CGCAGACGAAA
ATGGAAAG, H.s NEAT1_PAT GTACTGGTATGTTGCTCTGTAT
GG, H.s ERO1A_PPA_PAT GCATAATAGCAATGACAGTCTTAA
GC, H.s ERO1A_DPA_PAT CAAGGGTCAGTAGAGTCCCAAG,
TVN-PAT primer GCGAGCTCCGCGGCCGCGTTTTTTTTTTTTVN.

PAT-seq library preparation

For RNA-sequencing analysis, 1 µg of total RNA was processed
for 3′end focused RNA-seq by the poly(A) tail sequencing (PAT-
seq) approach as described in Harrison et al. (2015). All data
has been uploaded to GEO, accession number GSE133473.

Sequencing, data processing, and statistical
methods

Next-generation sequencing for the PAT-seq was performed at
the Monash Health Translation Precinct medial genomic facility
in Clayton, Victoria, on the Illumina HiSeq 1500 instrument.
Reads were processed using the Tail Tools pipeline (Harrison
et al. 2015). Read counts were produced at the level of whole
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genes and at the levels of peaks detected by the pipeline. The ref-
erence annotation used was Ensembl Homo Sapiens version 93.
These counts were then used to test for differential gene expres-
sion and APA.

Differential gene expression was tested for between experi-
mental groups, using the Fitnoise library (https://github.com/
pfh/fitnoise) as part of the Tail Tools pipeline, after log transform-
ing and weighting peak counts with voom (Law et al. 2014) from
the limma R package after TMM library size normalization
(Robinson and Oshlack 2010). Fitnoise is an implementation of
Empirical Bayes moderated t-tests on weighted linear models
as described in Smyth (2004). Genes for which no relevant sample
had at least 10 reads were removed before testing.

To detect shifts in APA usage, peaks were first assigned to
genes. Peaks up to 2 kb down-strand of the gene (but not pro-
ceeding into another gene on the same strand) were counted
as belonging to that gene. Next, peak counts were log2 trans-
formed and linear models were fitted for each peak, using TMM
normalization, voom, and limma, producing as coefficients esti-
mates of the log2 abundance of reads at each peak in each of
two experimental conditions. For each gene, a “shift score” was
then estimated using these fitted coefficients, as follows.

Considering a single gene, for two conditions i=A, B, and n
peaks j=1.n, there is a fitted coefficient βi,j, and the proportion
of reads for each peak within a condition is

pi,j = 2bi,j

∑n
k=1 2

bi,k
.

A shift score s is then calculated, ranging from−1 to 1 where−1
indicates all reads in condition B are up-strand of condition A and
1 indicates all reads in condition B are down-strand of condition A.

s =
∑n

i=1

∑n

j=1

sgn( j − i)pA,i pB,j .

The fitted coefficients βi,j have an associated error covariance
matrix, which can be propagated through these steps by the delta
method to obtain an approximate standard error associated with
s. Shift scores and associated standard errors are calculated for
each gene with two or more peaks, then the topconfects R pack-
age (Harrison et al. 2019) is used to provide “confect” inner con-
fidence bounds on the shift scores with correction for multiple
testing. Confect values are only given for significantly nonzero
shifts, with a False Discovery Rate of 0.05. Ordering results by ab-
solute confect values and reading down this list only as far as is de-
sired, a False Coverage-statement Rate of 0.05 is guaranteed for
these confidence bounds.

Gene ontology analysis

Pathways and gene ontology were analyzed using DAVID (https
://david.ncifcrf.gov) and GO-Rilla (http://cbl-gorilla.cs.technion
.ac.il) website tools.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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