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Coordination of RNA Polymerase II Pausing and 3’ End Processing
Factor Recruitment with Alternative Polyadenylation

Becky Fusby,? Soojin Kim,? Benjamin Erickson,® Hyunmin Kim,? Martha L. Peterson,” David L. Bentley?

Department of Biochemistry and Molecular Genetics, University of Colorado School of Medicine, Aurora, Colorado, USA?; Department of Microbiology, Immunology &

Molecular Genetics, University of Kentucky Medical Center, Lexington, Kentucky, USA®

Most mammalian genes produce transcripts whose 3’ ends are processed at multiple alternative positions by cleavage/polyade-
nylation (CPA). Poly(A) site cleavage frequently occurs cotranscriptionally and is facilitated by CPA factor binding to the RNA
polymerase II (Pol IT) C-terminal domain (CTD) phosphorylated on Ser2 residues of its heptad repeats (YS,PTSPS). The func-
tion of cotranscriptional events in the selection of alternative poly(A) sites is poorly understood. We investigated Pol II pausing,
CTD Ser2 phosphorylation, and processing factor CstF recruitment at wild-type and mutant IgM transgenes that use alternative
poly(A) sites to produce mRNAs encoding the secreted and membrane-bound forms of the immunoglobulin (Ig) heavy chain.
The results show that the sites of Pol II pausing and processing factor recruitment change depending on which poly(A) site is
utilized. In contrast, the extent of Pol II CTD Ser2 phosphorylation does not closely correlate with poly(A) site selection. We
conclude that changes in properties of the transcription elongation complex closely correlate with utilization of different
poly(A) sites, suggesting that cotranscriptional events may influence the decision between alternative modes of pre-mRNA 3’

end processing.

NA 3’ end formation by cleavage/polyadenylation (CPA) is an

essential maturation step for most mRNAs and many long
noncoding RNAs. The AAUAAA and GU-rich components of the
consensus poly(A) site are recognized by the CPSF and CstF com-
plexes, and endonucleolytic cleavage is catalyzed by CPSF (1-3).
The cleavage reaction exposes a 3' OH terminus that is polyade-
nylated and a 5" phosphate end, which is degraded. CPA usually
occurs cotranscriptionally and is necessary for RNA polymerase I
(Pol II) transcription termination, probably coupled to exonu-
cleolytic degradation of the cleaved nascent RNA by a torpedo
mechanism (4, 5). Efficient CPA requires the C-terminal domain
(CTD) of the Pol II large subunit, which comprises conserved
heptad repeats with the consensus sequence YS,PTSsPS (6,7). The
CTD is reversibly phosphorylated at different positions within the
heptad repeats, in a manner that is coordinated with the initiation,
elongation, and termination phases of the transcription cycle (8—
10). Phosphorylation of CTD Ser2 residues on Pol II during the
elongation phase enhances RNA 3’ end processing and binding to
CPA factors (11-13). Pol II pauses approximately 1 to 5 kb down-
stream of poly(A) sites in human cells, in a state that is hyperphos-
phorylated at CTD Ser2 residues and associated with the cleavage/
polyadenylation factors CstF and CPSF (14-19). We have
speculated that cleavage of the nascent transcript is carried out by
CPSF within the paused transcription elongation complex (17),
but the relationships between pausing, Ser2 hyperphosphor-
ylation, and cleavage factor recruitment are poorly understood. It
is not known whether the poly(A) site in the nascent RNA is nec-
essary or sufficient to induce Pol II pausing, Ser2 phosphorylation
(Ser2P), or 3’ end processing factor recruitment. However, on a
human B-globin reporter gene, mutation of the AATAAA poly(A)
site consensus sequence inhibited both Pol II pausing and Ser2
hyperphosphorylation at the normal position 1 to 2 kb down-
stream of the gene (20, 21). Knockdown of the cleavage factor
CPSF73 also inhibited Ser2 hyperphosphorylation downstream of
the B-globin gene. These results suggest a model in which Ser2
phosphorylation promotes recruitment of 3" end processing fac-
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tors that in turn reinforce Ser2 phosphorylation in a positive-
feedback loop (20).

Alternative polyadenylation (APA) is a major regulator of
mRNA isoforms that affects the expression of most human genes
(22-24). The first example of APA was discovered for IgM heavy
chain mRNA, whose 3’ end is processed in a cell-type-specific way.
Mature plasma cells use a poly(A) site (uS) in the intron between
the Cp4 and M1 exons (Fig. 1A) to produce an mRNA coding for
the secreted isoform. Immature B cells, on the other hand, use a
more distal poly(A) site (wM) in the M2 exon (25, 26) to produce
an mRNA coding for membrane-bound IgM. The cell-type-spe-
cific selection of alternative immunoglobulin (Ig) . poly(A) sites
is regulated by differential expression of the CstF64 subunit (27,
28), splicing factors (29, 30), and transcription elongation factors
(31). Competition between splicing of the Cu4-M1 intron and
processing at the S poly(A) site that lies within it is a major
determinant of the decision between alternative Ig p poly(A) sites
(32). Thus, strengthening the weak 5’ splice site of this intron
inhibits S poly(A) site processing and favors the alternative uM
site (33). A putative pause site where Pol II density accumulates
has been identified downstream of the wS poly(A) site, and the
delay associated with transcription elongation through the
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FIG 1 Pol II pausing in the C4-M1 intron is coupled to nS poly(A) site use. (A) Diagram of the WT IgM transgene showing the locations of the uS and M
poly(A) sites. The plasmid (pR-SP6) also contains a convergent SVNeo gene. The dashed box indicates the region of the transgene shown in panel C. The intronic
Ep enhancer is marked. (B) Results of 3’ RACE with RNAs from $194 and M 12 cells with the WT IgM transgene. Oligo(dT)-primed cDNA was amplified using
nested forward PCR primers (red arrows) (see Materials and Methods). PCR fragments were visualized by ethidium bromide staining. *, unidentified reverse
transcription-PCR (RT-PCR) product specific to $194 cells. (C) Anti-Pol II ChIP-seq of IgM transgenes in S194 plasmacytoma and M12 B cells revealed a Pol II
pause (shaded box) specific to S194 cells, centered ~500 bp downstream of the S poly(A) site (green arrow). A UCSC genome browser screen shot is shown. The
“masked repeats” track is a UCSC track indicating highly repetitive DNA regions. Note that the dip in ChIP-seq reads in the center of the pause region is due to
the presence of repeated sequences that were masked out during mapping. (D) Biological replicates of the anti-Pol II ChIPs used for panel C were analyzed by
qPCR with primers specific to the uS + 500 pause site (amplicons 8303 and 8903) and normalized to upstream amplicons (amplicons 2453 and 2743). Values
are expressed relative to those for the M12 line for each pair of amplicons. Means and standard errors of the means (SEM) for =2 PCRs are shown. The standard
deviation of the ratios was calculated using the BRR formula to calculate the SEM, which is represented by error bars. Note the increased pausing in the S194 WT

cells.

Cp4-M1 intron appears to provide a competitive advantage for
the wS over the uM poly(A) site (32, 34).

In principle, the decision between alternative poly(A) sites
could be made by cotranscriptional and/or posttranscriptional
mechanisms. It is not well understood whether alternative
poly(A) site usage is associated with changes in the state of Pol II
transcription elongation complexes, such as their pausing, CTD
Ser2 phosphorylation, or recruitment of 3’ end processing factors.
In this study, we examined several features of the transcription
elongation complex at IgM transgenes modified such that either
wS or wM poly(A) site utilization is favored. We report that sites of
Pol II pausing and CstF recruitment to the transcription elonga-
tion complex correlate closely with which poly(A) site is utilized,
whereas CTD Ser2 phosphorylation does not. These results sug-
gest that cotranscriptional events make an important contribu-
tion to the decision regarding processing at alternative poly(A)
sites.

MATERIALS AND METHODS

IgM transgenes and cell lines. M12 B cells and S194 plasmacytoma cells
stably transfected with the wild-type (WT) Ig Cp gene were described
previously (33). The S194 cells were also transfected with Ig C pA21 (34)
and with Ig Cp. 5-SP (33). To minimize any effects of individual integra-
tion sites on gene expression, multiple individual transformants were
pooled. Quantitative PCR (qPCR) analysis of genomic DNAs from the
stable polyclonal cell lines (see Fig. S1C in the supplemental material)
relative to those from parental S194 cells revealed average transgene copy
numbers of 1 to 5, assuming that the S194 parent is diploid. It was previ-
ously shown that multiple gene copies do not disrupt normal regulation of
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transiently transfected IgM reporter genes (32). CHO Flp-in cells with
integrated WT and AAGAAA (A2GA3) mutant human (-globin genes
were described previously (21).

Antibodies. Rabbit anti-pan-Pol II CTD was described previously
(35). Rat monoclonal anti-Ser2P-CTD (3E10; Chromotek) was used with
rabbit anti-rat IgG (Jackson ImmunoResearch) for immunoprecipitation
(IP). Anti-CstF77 was raised in rabbits against a glutathione S-transferase
(GST) fusion to the C terminus of human CstF77 (amino acids 539 to 717)
and was affinity purified.

ChIP-seq. Chromatin immunoprecipitation sequencing (ChIP-seq),
qPCR, and Illumina library preparation were performed as described pre-
viously (21). IgM primer pairs used for QPCR are listed in Table S1 in the
supplemental material, and those for B-globin were described previously
(21). Amplicons are named by the position of the middle of the amplicon
relative to the start of the gene. Libraries were sequenced on the Illumina
Hi-Seq platform. Single-end 50-base reads were mapped to the mm10
UCSC mouse genome (December 2011) or to a custom genome corre-
sponding to the wild-type IgM SVneo plasmid pR-SP6 (36) by use of
Bowtie, version 0.12.5 (37). Repeats were masked using Repeat Masker.
We generated BED and WIG profiles by using 50-bp bins and 200-bp
windows, assuming a 180-bp fragment size shifting effect. Libraries were
normalized by the total number of aligned reads (reads per bin per million
reads [RPBM]), and results were viewed with the UCSC genome browser.
Reads mapped to the IgM custom genome were normalized to the total
number of reads aligned to the mm10 mouse genome. Higher ChIP sig-
nals obtained for the WT IgM transgene in S194 cells than those for the
pA21 and 5’-SP genes were consistent with the higher average copy num-
ber of the WT transgene (see Fig. SIC in the supplemental material).

RNA preparation and 3' RACE. Total RNA was extracted by use of
TRIzol. cDNA was synthesized using Protoscript II reverse transcriptase
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(NEB) with the dT18-XbaKpnBam primer for 3’ rapid amplification of
cDNA ends (RACE) (38, 39). 3" RACE was carried out using nested for-
ward primers and the XbaKpnBam reverse primer, as previously de-
scribed (38, 39). Oligonucleotide sequences are listed in Table S1 in the
supplemental material.

IgM copy number quantification. Copy number was determined by
real-time PCR analysis of genomic DNA from each cell line, using primer
pair 2743 for the IgM gene (see Table S1), relative to a standard curve
made from the linearized pR-SP6 IgM Cp. plasmid. Copy number was
normalized to that in parental S194 cells.

Accession number. ChIP-seq data sets have been deposited in the
GEO database under accession number GSE75301.

RESULTS

Pol II pausing correlates with poly(A) site usage. To investigate
the relationship between transcription and coupled mRNA 3’ end
processing, we examined the mouse IgM gene, in which alterna-
tive poly(A) sites are used to encode the secreted (uS) and mem-
brane-bound (uM) forms of the Ig w heavy chain. WM expressed
in B cells is processed at the downstream membrane poly(A) site,
whereas S expressed in plasma cells uses the upstream poly(A)
site, located in the intron between the Cp4 and M1 exons. The
locations of these poly(A) sites in the IgM gene are diagramed in
Fig. 1A. We compared M12 B cells and S194 plasmacytoma cells,
each containing integrated intact rearranged IgM transgenes
(pR-SP6) (33, 34, 36). 3' RACE confirmed the previously reported
shift in poly(A) site use from almost exclusively nS in S194 plas-
macytoma cells to a mix of pS and wM in M12 B cells (34) (Fig.
1B). To investigate whether Pol I pausing changes when alterna-
tive poly(A) sites are used, we performed Pol II ChIP-seq on these
cell lines. In these experiments, we interpreted an accumulation of
the Pol II ChIP signal at a defined region as a pause. For the S194
plasmacytoma cells, there was a discrete Pol II pause, spanning a
1-kb region downstream of the .S poly(A) site (shaded bar in Fig.
1C), that was absent in the M 12 B cells. A biological replicate Pol IT
ChIP-seq experiment confirmed that this pause was specific to
$194 plasmacytoma cells and was absent or much reduced in M12
B cells (34) (see Fig. S1A, top two tracks, in the supplemental
material). Note that the peak of Pol II ChIP-seq reads at this pause
has a dip in the center due to repeated sequences (Fig. 1C) that
were masked out during mapping. The center of this pause de-
tected by Pol II ChIP is approximately 300 bp downstream of a
pause site mapped previously by nuclear run-on analysis (34). We
refer to this accumulation of Pol II density centered 500 bases
downstream of the poly(A) site as the “pS + 500 pause.” The
previously identified pause is likely represented by the peak of Pol
II density directly downstream of the uS poly(A) site, which is
within the pS + 500 pause region. Large peaks of Pol II density
were consistently observed in the intron between the VD] and
Cu1 exons (Fig. 1C; see Fig. S1A), and we speculate that they may
correspond to paused Pol II at cryptic transcription start sites.
Promoter activity of the Ep enhancer in this intron was docu-
mented previously (40). Substantial Pol IT ChIP signals were also
observed downstream of the uM poly(A) site, but interpretation
of these signals is confounded by the convergent SVneo transcrip-
tion unit in the transgene (Fig. 1A; see Fig. S1A). Our conclusions
are therefore limited to analysis of the pause within the Cpn4-M1
intron, which is well downstream of SVneo. SVneo serves as an
internal control for transgene activity, and as expected, ChIP sig-
nals over the IgM sequences relative to those for SVneo were com-
parable between the different cell lines (see Fig. S1A).
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To validate and quantify pausing at the uS + 500 site within
the Cpn4-M1 intron, we performed independent ChIP-qPCR ex-
periments on the IgM transgene in $194 and M12 cells. Anti-Pol IT
ChIP signals were quantified for two amplicons amplified from
regions near the uS + 500 pause site (Fig. 1A) (amplicons 8303
and 8903) and for control upstream amplicons from the VDJ-Cp1
intron (Fig. 1A) (amplicons 2453 and 2743). qPCR confirmed the
wS + 500 pause site identified by ChIP-seq and showed that its
signal was approximately 5-fold higher in S194 plasmacytoma
cells than in M12 B cells (Fig. 1D). In summary, these experiments
show that use of the S poly(A) site in S194 cells results in an early
and distinct Pol II wS + 500 pause that is diminished or absent
when the downstream membrane poly(A) site is used in B cells.

The S poly(A) site is necessary for the uS + 500 Pol I pause.
Since the S + 500 pause is correlated with the S poly(A) site in
plasmacytoma cells, we asked whether this poly(A) site is neces-
sary to establish Pol II pausing. For these experiments, we used the
previously characterized mutant pA21, with a 21-nucleotide dele-
tion of the uS AATAAA consensus sequence and the surrounding
AU/A-rich sequence (Fig. 2A) (34, 41). We confirmed by 3' RACE
that this mutation causes a profound switch from the pS to the
wM poly(A) site (Fig. 2B, lanes 1 and 2). Anti-Pol II ChIP-seq of
the pA21 and WT IgM transgenes in S194 cells (Fig. 2C) revealed
a marked decrease in the Pol II uS + 500 pause in the pA21 uS
poly(A) site deletion relative to that in the WT (Fig. 2B, shaded
box), which was confirmed in a replicate ChIP-seq experiment
(see Fig. S1A in the supplemental material).

To validate and quantify altered pausing at the uS + 500 site in
the pA21 mutant, we performed independent anti-Pol II ChIP-
qPCR experiments. Pol II ChIP signals for two amplicons ampli-
fied from regions near the S + 500 pause site (Fig. 2C, amplicons
8303 and 8903) were quantified relative to a control amplicon
amplified from an upstream region in the Cu4 exon (Fig. 2C,
amplicon 7036). This analysis showed that the ratio of Pol II at the
WS + 500 site relative to that at the upstream position was approx-
imately 6-fold higher for the WT IgM gene than for the pA21
mutant (Fig. 2D). We concluded that the pS poly(A) site is nec-
essary for Pol II pausing at the intronic pS + 500 site.

The S poly(A) site is not sufficient to induce pausing. We
next investigated whether the wS poly(A) site is sufficient to in-
duce the prominent Pol I wS + 500 pause in the Cp4-M1 intron.
To address this question, we used the 5'-SP mutant, in which the
5’ splice site of the Cu4-M1 intron is mutated to a strong canon-
ical splice site sequence (Fig. 2A). Efficient splicing of the Cpn4-M1
intron in the 5'-SP mutant outcompetes any use of the S poly(A)
site even though the S poly(A) site sequence is left intact (33), as
we confirmed by 3" RACE (Fig. 2B, lanes 1 and 3). We performed
replicate Pol IT ChIP-seq experiments with S194 cells expressing
the 5’-SP transgene (Fig. 2C) and reproducibly observed a loss of
the uS + 500 pause in this mutant relative to the WT (Fig. 2C; see
Fig. S1A in the supplemental material).

To independently verify the reduced pausing in the 5'-SP mu-
tant, we quantified Pol II ChIP signals by qPCR as described above
for the pA21 mutant. Ratios of Pol II occupancy in the S + 500
region (amplicons 8303 and 8903) relative to the control upstream
region (amplicon 7036) were determined for the 5'-SP mutant
and the WT (Fig. 2D). By this criterion, the 5'-SP mutant had a
nearly 5-fold decrease in S + 500 Pol II pausing compared to that
of the WT. Together, the experiments in Fig. 2 show that while the
WS poly(A) site is necessary, it is not sufficient for downstream Pol
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FIG 2 The pS poly(A) site is necessary but not sufficient for the uS + 500 Pol II pause. (A) Diagram of the IgM Cp mutant transgenes, including pA21, which
deletes the S poly(A) site, and 5’-SP, which strengthens the 5" splice site. The dashed box indicates the region of the transgene shown in panel C. (B) Results of
3’ RACE with WT and mutant IgM transgene transcripts in S194 cell lines, as described in the legend to Fig. 1B. *, unidentified RT-PCR product specific to S194
cells. Note that the pA21 and 5'-SP mutants shifted their poly(A) site use in favor of WM. (C) UCSC genome browser screen shot of anti-Pol II ChIP-seq of WT
and mutant IgM transgenes in S194 cells, as described in the legend to Fig. 1C. Note that the pS + 500 pause (shaded gray box) was reduced or absent in the pA21
and 5'-SP mutants (gray arrows). (D) Biological replicates of the anti-Pol II ChIPs used for panel C were analyzed by qPCR with primers specific to the uS + 500
pause site (amplicons 8303 and 8903) and normalized to an upstream amplicon (amplicon 7036). Means and SEM for =3 PCRs are shown. Note the reduced

pausing for both the pA21 and 5’-SP mutants relative to that for the WT.

II pausing. When S poly(A) site usage is outcompeted by effi-
cient splicing of the Cu4-M1 intron, pausing within the intron is
strongly inhibited.

CTD Ser2 phosphorylation is uncoupled from Pol II pausing
at the puS + 500 site. We next investigated the relationship be-
tween Pol II pausing at the uS + 500 site and the Pol II CTD Ser2
phosphorylation (Ser2P) that is associated with cotranscriptional
mRNA 3’ end processing. To measure Ser2P in the Cpu4-M1 in-
tron, we carried out ChIP-seq with an antibody specific to this
phospho-isoform in S194 plasmacytoma cells with the WT, pA21,
and 5'-SP IgM transgenes. As expected, Pol II paused at the pS +
500 site in the WT IgM transgene was associated with a strong
Ser2P ChIP signal (Fig. 3A, top track, shaded box). Unexpectedly,
we also detected clear evidence of Ser2-phosphorylated Pol II at
the same position in the pA21 and 5’-SP mutants (Fig. 3A, shaded
box), even though Pol II pausing at the uS + 500 site was much
reduced in these mutants (Fig. 2C). These results were reproduced
in biological replicates that also revealed Ser2P ChIP signals at the
WS + 500 Cp4-M1 pause site in the WT, pA21, and 5’-SP trans-
genes (see Fig. S2A in the supplemental material).

To validate and quantify CTD Ser2 phosphorylation relative to
total Pol II at the uS + 500 pause site, we performed qPCR on
independent ChIP samples of three amplicons amplified from re-
gions near the uS + 500 pause (amplicons 8303, 8584, and 8734)
and several others from regions further downstream (Fig. 3B).
Ratios of Ser2P to total Pol IT ChIP signals for each amplicon were
normalized to the Ser2P/total Pol I ratio for the 3" end of the Actb
gene, which served as an internal control. This experiment showed
that the level of CTD Ser2 phosphorylation relative to total Pol II
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was not diminished in the region of the nS + 500 pause in either
the pA21 or 5'-SP mutant (Fig. 3B), even though uS poly(A) site
usage and Pol II pausing were much reduced relative to those of
the WT. Surprisingly, for amplicons 8303 and 8584 from the .S +
500 pause region, the Ser2P/total Pol II ratio was actually higher
for the pA21 mutant than for the WT. Together, these results
suggest that CTD Ser2 phosphorylation can be uncoupled from
poly(A) site processing and Pol II pausing downstream of a
poly(A) site. Furthermore, the maintenance of relatively high
Ser2P/total Pol II ratios near the pS poly(A) site in the 5'-SP
mutant compared to the WT suggests that CTD Ser2 hyperphos-
phorylation is not sufficient to induce processing at the poly(A)
site.

The -globin poly(A) site is necessary for CTD Ser2 hyper-
phosphorylation. Our finding that the level of CTD Ser2 phos-
phorylation downstream of the nS poly(A) site is not well corre-
lated with processing at that site is surprising in light of a recent
study showing that CTD Ser2 hyperphosphorylation at the 3" end
of a human -globin reporter gene is dependent on a functional
poly(A) site (20). To independently assess the relationship be-
tween CTD Ser2 phosphorylation and the use of the B-globin
poly(A) site, we examined single-copy human -globin trans-
genes in CHO cells (21), with the poly(A) site kept WT or mutated
at a single position, from AATAAA to AAGAAA (A2GA3), which
prevents 3" end processing (see Fig. S3A in the supplemental ma-
terial) and causes a downstream shift of Pol II pausing relative to
that with the WT (see Fig. S3B) (21). We analyzed levels of CTD
Ser2 phosphorylation relative to total Pol II by ChIP-qPCR with
the WT and A2GA3 mutant 3-globin genes. These experiments
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FIG 3 Uncoupling of pausing from Pol Il CTD Ser2 hyperphosphorylation in mutants with altered .S poly(A) site usage. (A) UCSC genome browser screen shot
of anti-Ser2P-CTD ChIP-seq of IgM transgenes in S194 cells, as described in the legend to Fig. 2C. Note the CTD Ser2P ChIP signals (arrows) at the uS + 500
pause, marked by the shaded gray box. (B) Biological replicates of the anti-Ser2P-CTD ChIPs used for panel A were quantified by real-time PCR. Ser2P/total Pol
II ratios for each amplicon were normalized to the values for the 3’ end of the Actb gene (see Fig. S2B in the supplemental material). Means and SEM for =3 PCRs
are shown, as described in the legend to Fig. 1D. (C) Poly(A) site mutation reduces CTD Ser2P at the B-globin gene, in contrast to the case at the IgM .S poly(A)
site. Anti-Ser2P/total Pol Il values for each amplicon were normalized to those for position 1063, upstream of the poly(A) site, in the WT and A2GA3 poly(A) site
mutant B-globin transgenes in CHO Flp-in cells. Means and SEM are shown. Note the decreased Ser2P/total Pol II ratio for the A2GA3 mutant (arrow),

consistent with previous results (20).

showed that Ser2P levels were decreased in the A2GA3 mutant, in
agreement with previous results (Fig. 3C) (20). Together, these
observations suggest that the relationship between poly(A) site
use and CTD phosphorylation on Ser2 differs between genes and
may depend on whether a single major poly(A) site or multiple
alternative sites are present.

Alternative poly(A) site use and CstF recruitment. To inves-
tigate the relationship between S poly(A) site usage and recruit-
ment of the cleavage/polyadenylation factor CstF, we conducted
anti-CstF77 ChIP-seq of WT and mutant IgM transgenes in S194
cells. As expected, there was strong recruitment of CstF77 to WT
IgM in the region of the wS + 500 Pol II pause (Fig. 4A). In
contrast, relative CstF77 ChIP signals in the region of the pause
site were lower in the pA21 and 5’-SP mutants than in the WT,
consistent with reduced Pol II occupancy at these positions (Fig.
4A). For comparison, levels of CstF77 recruitment to the Actb
gene were very similar in all three cell lines (see Fig. S4 in the
supplemental material).

To quantify CstF77 relative to Pol II, we performed an inde-
pendent ChIP-qPCR experiment and quantified the results for 16
primer pairs spanning the IgM and SVneo transcription units
(Fig. 4B). CstF77/Pol 1I values were normalized to those for a
control region of maximal recruitment downstream of the SVneo
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gene. This experiment showed that, consistent with the ChIP-seq
results, CstF77 recruitment downstream of the uS poly(A) site
was lower in both the pA21 and 5'-SP mutants (Fig. 4B, arrow), in
which processing at this site was sharply reduced. The greatest
reduction in CstF77 recruitment occurred in the pA21 poly(A)
site deletion mutant, consistent with the idea that recognition of
the consensus RNA processing element is important for stable
association of CstF with the transcription complex. These results
also suggest that maintenance of WT or even higher levels of CTD
Ser2 phosphorylation in the pA21 and 5’'-SP mutants (Fig. 3B) is
not sufficient to optimally recruit the CstF77 3’ end processing
factor.

DISCUSSION

In this report, we show that use of the alternative poly(A) sites in
the IgM gene is associated with distinct cotranscriptional events
manifested by different properties of the Pol II transcription elon-
gation complexes on the gene. The salient results are as follows. (i)
Pol II pausing downstream of the S poly(A) site and recruitment
of the 3" end processing factor CstF correlate with processing at
that site, suggesting a functional coupling (Fig. 2 and 4). (ii) A
functional poly(A) site is necessary but not sufficient for pausing.
When the S poly(A) site and the necessary factors in plasmacy-
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FIG 4 Reduced CstF recruitment in mutants with decreased S poly(A) site use. (A) UCSC genome browser screen shot of anti-CstF77 ChIP-seq of IgM
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was normalized to the maximum value for the region between the convergent IgM and SVneo genes. Means and SEM for 2 PCRs are shown. Note the reduced
CstF77 recruitment relative to that of Pol IT in the pA21 and 5'-SP mutants (arrow).

toma cells are present but the site is not utilized, as in the 5'-SP
mutant, pausing is suppressed (Fig. 2). (iii) In contrast to the case
for the B-globin gene, with a single strong poly(A) site, the level of
Pol II CTD Ser2 phosphorylation downstream of the alternative
IgM S poly(A) site did not correlate closely with the extent of
processing at that site.

A previously reported Pol II pause site located 50 to 200 nucle-
otides downstream of the uS poly(A) site was mapped by nuclear
run-on analysis (34). The higher-resolution Pol II ChIP-seq ex-
periments reported here suggest that this pause extends several
hundred bases further downstream, into the middle of the
Cp4-M1 intron, and is centered approximately 500 bases down-
stream of the poly(A) site. Interestingly, both deletion of the uS
poly(A) site (in the pA21 mutant) and reduced processing at this
site without changing its sequence (in the 5'-SP mutant) strongly
inhibit Pol II pausing at the pS + 500 position (Fig. 2). This
paused peak of Pol II in the WT gene is also more prominent in
plasmacytoma cells, where processing at the w.S poly(A) site pre-
dominates, than in B cells, where it is used less frequently (Fig. 1).
We conclude that the 3" end Pol II pause is strongly associated
with functional processing at the S poly(A) site rather than just
the presence of the consensus cleavage/polyadenylation se-
quences. This result is consistent with the hypothesis that poly(A)
site processing within the context of a Pol II transcription elonga-
tion complex causes the polymerase to pause (Fig. 5A). This idea is
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also supported by previous results implicating the cleavage factor
CPSF in promoting pausing in vitro and in vivo (20, 42). In addi-
tion, pausing could feed back to facilitate cotranscriptional pS
poly(A) site processing, as previously suggested (16, 43). It is also
possible that binding of U1l snRNP to the 5 splice site inhibits
pausing within the intron. We are not aware of any evidence for
such a mechanism, but it would be consistent with the proposed
inhibition of premature cleavage polyadenylation by Ul snRNP
(38, 39). Our observations are not easily reconciled with the idea
that pausing is caused by intrinsic, dominantly acting DNA se-
quence elements within the Cu4-M1 intron, because such se-
quences are unaffected by the poly(A) site (pA21) and 5’ splice site
(5'-SP) mutations that severely reduce pausing (Fig. 2).

CTD Ser2 hyperphosphorylation correlates with Pol II pausing
and recruitment of 3’ end processing factors downstream of
poly(A) sites on human genes (17, 20). However, what this corre-
lation signifies for the mechanism relating 3" end processing, pro-
cessing factor recruitment, and CTD phosphorylation remains
unclear. Deletion of the single major poly(A) site in the human
B-globin gene caused a marked loss of CTD Ser2 phosphorylation
in the 3’ flanking region (20), and we repeated this observation in
independent reporter cell lines (Fig. 3C). These results suggest
some form of coupling between poly(A) site recognition and CTD
Ser2 phosphorylation. In contrast to the case for B-globin, we
found that CTD Ser2 phosphorylation downstream of the IgM S
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II does not pause at the wS + 500 site within the Cu4-MI intron.

alternative poly(A) site was maintained and even enhanced in mu-
tants with severely reduced processing at this site (Fig. 3B and 5B).
These results therefore suggest that maintenance of Ser2 phos-
phorylation can be uncoupled from poly(A) site processing and
pausing, but they do not eliminate the possibility that pausing can
enhance Ser2 phosphorylation. Additionally, we cannot exclude
the possibility that phospho-CTD ChIP signals are affected by
epitope masking in some contexts or that poly(A) site usage could
influence the reactivity of phospho-CTD epitopes. In summary,
the relationship between Ser2 hyperphosphorylation and RNA 3’
end processing can differ between genes and may depend on gene
length and whether a single strong poly(A) site or multiple alter-
native sites are present. It remains possible that inherent poly(A)
site strength might influence the relationship between 3’ end pro-
cessing and CTD Ser2 phosphorylation. It is not known whether
the B-globin and IgM WS poly(A) sites have different strengths,
though both have consensus AAUAAA elements and the WS site
has functional AU- and GU-rich consensus elements (41, 44).
The roles of the poly(A) site consensus sequences, Ser2 phos-
phorylation of the CTD, and transcriptional pausing in recruit-
ment of cleavage/polyadenylation factors to the Pol II elongation
complex remain to be resolved. We observed that cotranscrip-
tional recruitment of CstF to elongation complexes on the IgM
gene changed when different alternative poly(A) sites were uti-
lized. Processing at the S poly(A) site was associated with strong
recruitment of CstF77 to Pol II complexes at the uS + 500 pause
site (Fig. 4A). Inhibition of processing at this site, either by dele-
tion of the consensus AATAAA sequence (pA21) or by strength-
ening of the competing 5" splice site (5'-SP), diminished CstF77
recruitment (Fig. 4B), although CTD Ser2 phosphorylation levels
were maintained relative to those of the WT (Fig. 3B). These re-
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sults argue that recognition of 3’ end processing signals in the
nascent transcript is necessary for maximal association of CstF
with the transcription elongation complex. Recruitment of CstF
may also be enhanced by the Ser2-hyperphosphorylated CTD;
however, Ser2 hyperphosphorylation alone appears not to be suf-
ficient for formation of a stable complex. Although CstF77 re-
cruitment downstream of the S poly(A) site approximately par-
allels the level of processing at this site (Fig. 2B and 4B), we cannot
exclude the possibility that other factors might regulate processing
at a step after CstF binding. For example, it is possible that Ul
snRNP, which inhibits processing at premature poly(A) sites (38,
39), might inhibit uS poly(A) site processing at a stage after
CstF77 recruitment.

In summary, our results show that changes in alternative
poly(A) site choice are associated with changes in Pol II pausing
and 3’ end processing factor recruitment to the elongation com-
plex. The results suggest that the decision between alternative
poly(A) sites is likely made in part at the cotranscriptional level. In
future, it will be of interest to investigate how properties of the Pol
II transcription elongation complex, such as its elongation rate
and CTD phosphorylation state, may influence the decision be-
tween alternative poly(A) sites and to identify factors respon-
sible for CTD Ser2 hyperphosphorylation independent of
poly(A) site use.
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