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Summary :

The nuclear cap-binding complex (CBC) stimulates multiple steps in several RNA maturation
pathways, but how it functions is incompletely understood. For snRNAs, the CBC recruits the
exportin CRM1 through the adaptor protein PHAX. Here, we identify the CBCAP complex,
composed of CBC, Ars2 and PHAX, and we show that both CBCAP and CBC-Ars2 complexes can
be reconstituted from recombinant proteins. Ars2 stimulates PHAX binding to the CBC as well as
snRNAs 3'-end processing, hereby coupling snRNA maturation with export. In vivo, CBC and Ars2
bind a similar set of capped non-coding and coding RNAs, and stimulate 3’ processing at
polyadenylation (pA) sites. Interestingly, strongest effects are displayed for cap-proximal pA sites,
thereby favoring premature transcription termination. Ars2 functions through the mRNA 3’-end
cleavage factor CLP1, which binds elongating Pol-II through the CTD-binding protein PCF11. Ars2

is thus a major effector of the CBC that stimulates real and cryptic 3'-end processing signals.
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Introduction

Production of mature, functional RNAs requires a large number of steps, the coupling of which

'3 The m7G cap is a crucial element that is

has become an intense subject of investigation
present on all RNA polymerase II transcripts (Pol-II *). It is added co-transcriptionally after the
synthesis of the first 20 nucleotides °, by a complex of enzymes that directly binds the S5
phosphorylated C-terminal domain of Pol-II 67 As such, it is the hallmark of successfully
initiated transcripts. The cap protects RNAs from exonucleolytic degradation and has numerous
other functions. In the nucleus, it is bound by the nuclear cap-binding complex (CBC), which
consists of CBP80 and CBP20 ®. The CBC has been shown to promote splicing of cap-proximal

112 and translation . Tt is thus a

introns ®, 3'-end formation °, intra-nuclear transport 10 export
central node in RNA metabolism, which potentially integrates and couples these steps.

Most interestingly, the CBC elicits distinct effects for different RNA families. For
snRNAs, the CBC promotes nuclear export of their precursors through the adaptor PHAX, which

in turns recruits the exportin CRM1 '

. For polyadenylated mRNAs, the CBC also stimulates
export, but in this case acts by bridging the cap to the export receptor TAP through the adaptor
ALY ''. The CBC further promotes mRNA splicing, 3'-end formation and it facilitates the
pioneer round of translation by recruiting CTIF **'*!'*. In the case of non-polyadenylated
histone mRNAs, the CBC has also been shown to promote 3'-end formation, and this was shown
to involve an interaction with NELF and SLBP "°. These observations raise several important
questions. First, despite its importance in RNA metabolism, only PHAX, NELF, and CTIF have
been formally shown to directly contact the CBC in humans, leaving some important effectors of
the CBC yet to be discovered. In particular, the factors that mediate the effects of the CBC on
splicing and on cleavage and polyadenylation still remain elusive. Second, although it is clear

that the CBC has different effects depending on the type of RNA it binds, the basis for such

discrimination of different classes of RNAs is not well understood. This is however critical
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because the CBC must activate the proper machinery to correctly process the RNAs and to route
them to the correct biogenesis pathways '°. One important feature that discriminates families of
capped RNAs is their length, with short RNAs being specifically associated with PHAX and
long ones with ALY '®. The third question relates to coupling. This occurs when one processing
event stimulates the following one '~*. Because the CBC stimulates several processing steps, it is
ideally placed to couple them, but whether this occurs, and how, is not known.

A useful paradigm to study both the coupling and the specificity of CBC action is
PHAX, because this factor appears to act specifically on small-sized RNAs like pre-snRNAs and
capped pre-snoRNAs, and not on long RNAs like mRNAs '*'®. Here, we purified PHAX from
nuclear extracts and identified the CBCAP complex, which also contains CBC and Ars2. We
show that Ars2 couples snRNA 3'-end processing with export through the CBC. Surprisingly,
CBC and Ars2 also stimulate 3'-processing of polyadenylated sites, and they preferentially act on
cap-proximal sites. Ars2 thus appears to be a general adaptor that links the cap to 3'-end

maturation, and that favor the production of short RNAs.
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Results

The CBCAP complex contains CBC, Ars2 and PHAX.

To better understand PHAX function, we purified it from Hela nuclear extracts and characterized
its associated proteins by mass spectrometry. To this end, we generated highly specific
monoclonal antibodies, which revealed a single band in western blots (Supplementary Figure
1A). Proteins immuno-precipitated from control beads or beads coated with anti-PHAX
antibodies were separated by gel electrophoresis and stained with coomassie blue. Several bands
were present in high and roughly stoichiometric amounts in the PHAX immuno-precipitates (IP;
Figure 1A). Mass-spectrometry indicated that two of the major bands corresponded to CBP20
and CBP80 as expected, while the third one was a protein of an apparent molecular weight of
120 kD and identified as Ars2. The similar abundance of these proteins in the IP suggested that
PHAX forms a stoichiometric complex with both CBC and Ars2.

Ars2 has been previously shown to co-purify with the CBC ', and our results thus
indicated that at least a fraction of this complex also contains PHAX. To investigate this
possibility, we attempted to co-IP the two proteins. As expected, Ars2 was co-precipitated with
anti-PHAX antibodies from both nuclear and cytoplasmic S100 extracts (Figure 1B), and this
interaction was resistant to RNAse treatment, indicating that it is due to protein-protein contacts
rather than being mediated by RNA. Given that association of proteins can occur in extracts,
after cell lysis, we performed live cell experiments using a co-recruitment assay . PHAX was
fused to Laci-mCherry and co-expressed with GFP-Ars2 in U20S cells containing a large LacO
array inserted in their chromatin, and forming a large nucleoplasmic spot in interphasic cells
(Figure 1C). PHAX-Laci-mCherry accumulated at the LacO array and recruited GFP-Ars2,
while a non-interacting protein like GFP-KPNA2 remained diffusely distributed in the

nucleoplasm. Likewise, KPNA2-Laci-mCherry failed to recruit GFP-Ars2 to the spot
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(Supplementary Figure 1B), thus demonstrating a specific interaction between PHAX and Ars2
in live cells.

We then dissected the interactions taking place using two-hybrid tests. Surprisingly, no
interaction could be detected between either individual CBC subunits and Ars2 or PHAX, or
between PHAX and Ars2 (Supplementary Figure 1C). In fact, the only positive interaction was
between CBP20 and CBP80. We reasoned that some of the interactions might occur only with
the complete CBC complex, rather than with its individual subunits. To test this, we used a
bridged two-hybrid approach, in which the two CBC subunits were co-expressed in yeast cells
(Figure 1D). With this system, we could detect an interaction between the CBC and both Ars2
and PHAX. Ars2 contains a highly conserved C-terminal domain, which can be found in the
fission yeast homolog of Ars2 (aa 636 to 871; Supplementary Figure 1D). We tested the N- and
C-terminal domains separately in yeast two-hybrid assays, and the results indicated that the
conserved C-terminal domain of Ars2 mediated its interaction with CBC.

The results presented above suggested that CBC, PHAX and Ars2 could form a complex.
To prove this formally, we set out to reconstitute it from proteins purified in vitro. It was
previously demonstrated that CBC and PHAX can associate and form a complex that we refer to
as CBCP '%. Ars2 was shown to interact with the CBC in cell extracts ', but a direct physical
interaction was not demonstrated. This is however an important point because dozens of proteins
co-purify with the CBC even in RNAse treated extracts '°, and identifying the direct CBC
partners is thus an essential step to better understand its mechanism of action. To this end,
recombinant CBC was mixed with recombinant Ars2, and the mixture was added to m7-G resin.
Ars2 and both CBC subunits co-purified on the resin, and when the eluate was analyzed by gel
filtration, a major peak containing the CBC in complex with Ars2 was observed (Figure 2A).
This demonstrates that CBC and Ars2 associate together to form a complex that we named

CBCA. We then repeated a similar experiment using Ars2 and a preformed CBCP complex
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(Figure 2B; *%). All the four proteins co-purified on the m7G column. Upon gel-filtration, the
eluted material migrated as a major peak that contained the four proteins in similar amounts, and
which was well separated from the peaks produced by Ars2 alone or by the CBCP complex.
Altogether, these results indicated that PHAX was associated with CBC and Ars2 in cells, and
that a stable protein complex could be formed in vitro with recombinant proteins. This complex
was thus referred to as CBCAP, for CBC, Ars2 and PHAX.

In vitro, Ars2 and PHAX bind independently to the CBC. In vivo however, PHAX
appears to bind CBC together with Ars2. We thus tested whether Ars2 was required for the
binding of PHAX to the CBC using the sensitive and quantitative LUMIER assay *'. PHAX was
fused to Renilla luciferase, co-transfected in HeLa cells together with Flag-CBP20 in presence of
siRNAs against Ars2 or control siRNAs. Anti-Flag immunopurification was performed, and
luciferase activity was measured on the extracts and beads (Figure 2C). Depletion of Ars2
reduced the luciferase activity in the pellets relative to the input by more than 2 fold, indicating

that in vivo, Ars2 stimulated the binding of PHAX to the CBC.

CBC and Ars2 associate with a similar set of capped RNAs, including pre-snRNAs, capped
pre-snoRNAs and mRNAs

CBC and PHAX associate with m7G-capped snRNA and snoRNA precursors '*'%, raising the
possibility that Ars2 would do the same. To test this possibility, we performed a metabolic
labeling in Hela cells, in which we pulse-labeled RNAs with **P for optimal visualization of
snRNA precursors. Extracts were then subjected to immunoprecipitation with anti-PHAX or
control anti-HIV-1-p24 antibodies, and with a GST-tagged version of Ars2 or GST-MAp12 as
control (Figure 3A). As expected, PHAX antibodies immuno-precipitated U3, U2, U1, U4 and
U5 precursors, but not uncapped small RNAs like U6 and SRP. Although generally less

efficient, GST-Ars2 immuno-precipitated a similar set of RNAs, including precursors of U2 and
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Ul. Mature U1, U2 and U5 were weakly detected in the GST-Ars2 pellets, but they were also
present in the control IP and we were unable to demonstrate a specific association with these
species (Figure 3A and unpublished data). To confirm the association of Ars2 with pre-snRNA,
we created stable cell lines expressing tagged proteins. Single copy genes containing 3xFlag-
tagged versions of Ars2 and CBP20 were introduced in the genome of Hela cells by homologous
recombination with the Flp-In system (Figure 3B). Western blots with anti-Flag antibodies
revealed the presence of tagged proteins in the Flag cell lines (Supplementary Figure 2A).
Furthermore, analysis with anti-Ars2 antibodies revealed that the amount of proteins was similar
to that of the parental cells (Supplementary Figure 2A), indicating that the tagged proteins were
expressed at near endogenous levels. To confirm the association of Ars2 with pre-snRNAs, we
prepared extracts from the stable cell lines, immuno-precipitated the tagged proteins with anti-
Flag beads, and analyzed the precipitated RNAs by RT-qPCR with amplicons specific for U2
precursors. The IP was efficient since the tagged protein was depleted from the extracts
(Supplementary Figure 2B). In addition, when compared to the parental cells that have no tagged
proteins, the Flag-Ars2 pellets were highly enriched in pre-U2 RNAs (40 fold; see below Figure
3E), confirming the results of the metabolic labeling experiment. Since it was previously
demonstrated that CBC and PHAX bind capped pre-snRNA and pre-snoRNAs, these results
demonstrated that the entire CBCAP complex associates with these RNA species.

PHAX is known to bind to small, capped non-coding RNAs '*'?, while Ars2 has been

also involved in the biogenesis of miRNAs and histone mRNAs "%

. It was thus likely that Ars2
would bind other RNAs besides pre-snRNAs and capped pre-snoRNAs. To define the entire set
of RNAs associated with Ars2 and to determine whether these RNAs are bound in the context of
CBCA, we analyzed the RNAs associated with Ars2 and CBC with microarrays and compared

the two IPs. We first tested whether the capped RNAs were specifically enriched in the two IPs

by comparing two equivalent groups of small non-coding RNAs, the m7G capped group that
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contained mostly snRNAs and scaRNAs (68 species, median size of 201 nucleotides), and the
uncapped group that contained intronic snoRNAs, pre-miRNAs and various pol III transcripts
(408 transcripts, median size of 232 nucleotides). The enrichment in the IP was calculated by
subtracting the log, values of the specific IP to the log, values of the control IP performed in the
parental cells with no tagged protein. The "capped" group was enriched in the Ars2 and CBC IPs
(median enrichment from 2.0 to 3.8 fold in linear scale, Supplementary Figure 2C), while the
"uncapped" group was not enriched. These results indicated that both CBC and Ars2 bind
specifically to capped RNAs.

Next, we analyzed the microarrays to find the entire set of RNAs bound by CBC and
Ars2. Using a threshold equal to the mean plus 1.5 standard deviations (STD), we found that sets
of 2003 and 1713 RNAs were enriched in the CBP20 and the Ars2 IP, respectively (Figure 3C).
Interestingly, 61 % of the RNAs associated with Ars2 were also associated with CBC, indicating
that the two proteins bound similar RNAs. In addition, taken as a whole, the RNAs enriched in
the Ars2 set but not in the CBP20 set were still associated with CBP20, although below the
threshold of 1.5 STD (mean Log2 ratio over control IP of 0.43; pValue 10™°). Likewise, the
RNAs in the CBC set but not in the Ars2 one were also bound by Ars2 (Log2 ratio of 0.39,
pValue 106, Supplementary Figure 3A). To analyze this further, the two IP datasets were
plotted against each other. A strong correlation could be seen (Pearson correlation coefficient of
0.8; Figure 3D), indicating that CBC and Ars2 associated in a very similar manner to RNAs, and
thus that they most often associate in the context of the CBCA complex.

We then examined in detail the RNA families associated with these proteins. Visual
examination revealed a number of small, capped non-coding RNAs such as snRNA, capped
snoRNA and telomerase RNA, but also a high number of mRNAs. No particular GO term was
enriched, many were however abundantly expressed mRNAs encoding housekeeping proteins

such as histones and mitochondrial ribosomal proteins (see Supplementary Figure 3B,
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Supplementary file). We next used RT-qPCR to verify some of the mRNA targets: CKS2,
Cox7A2, RPL9 and RPSI12. In agreement with the microarray data, all these mRNAs were
enriched in the Flag-Ars2 IPs, albeit to various extent (Figure 3E). We then analyzed the Flag-
Ars2 immuno-precipitates by RNAse protection assays. A representative histone RNA,
Hist1H4b, was enriched in the Ars2 IPs (Figure 3F). Since replication-dependent histone
mRNAs follow a particular processing pathway without polyadenylation (reviewed in **) we also
analyzed a canonical mRNA, RPS28. Using a probe covering the polyA tail, we found that
polyadenylated RPS28 mRNAs were present in the Ars2 IPs (Figure 3F).

One surprising result of the microarray data was that we did not detect binding of CBC to
all mRNAs as could have been expected. However, this may be due to technical limitations. The
CBC binds mRNAs transiently, from the time the cap is added to the first round of translation 4,
Thus, long-lived transcripts will spend most of their time without the CBC. Likewise, the CBC-
bound fraction may be difficult to detect for low abundant mRNAs. It is thus possible that CBC
binds all cellular capped RNAs as anticipated, but that we can detect only a subset of these
interactions. Since Ars2 binds similar RNAs as the CBC, this would suggest that CBCA binds
most or all capped RNAs in the cell nucleus. Alternatively, it is possible that Ars2 stabilizes the
binding of CBC to a subset of capped RNAs, and that these are the events that we detect
preferentially. In any case, our results demonstrate that CBC and Ars2 bind a similar large set of

mRNAs, suggesting that these associations occur via the CBCA complex.

CBC and Ars2 depletions lead to transcriptional read-through of snRNA 3'-end processing
sites

To define the function of Ars2 during RNA biogenesis, we knocked it down by RNA
interference and analyzed the resulting changes in RNA abundance with tiling micro-arrays

covering chromosomes 1 and 6, using a random-primed library. We first focused our attention on
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snRNAs. There are four Ul genes on human chromosome 1 and visual inspection of the tiling
arrays revealed an increase in signals downstream the region coding the mature RNA, as
compared to a control siRNA (se below). Because its sequence is repeated over the genome, the
Ul RNA itself was not present on the array. However, inspection of other snRNA loci such as
Ul1 revealed that the increase in signal was specific for the region downstream of the mature
snRNA (Supplementary Figure 4A). To provide a better quantification of this phenomenon, the
Ul genes were aligned by their transcription start site and averaged (Figure 4A). The results
confirmed an increased signal downstream the mature ends of Ul RNA. This suggested a defect
in snRNA 3'-end processing, because the lack of recognition of 3'-processing signals is expected
to lead to increased transcription through downstream sequences. Interestingly, we also detected
an increased signal upstream of the Ul promoter. This is likely due to a promoter-associated
RNA, or PROMPT *** whose degradation is dependent on recruitment of the RNA exosome
by CBC and Ars2 (see discussion and accompanying paper).

To confirm the defect in snRNA 3'-end processing upon Ars2 depletion, we developed a
quantitative transcription read-through assay, in which the Firefly luciferase was inserted
downstream of 3'-processing signals of snRNA genes (Figure 4B-D). The luciferase sequence
possessed its own polyA signal, such that read-through transcripts could be processed and
quantitated by luciferase activity. Variations in transfection efficiencies were corrected by co-
transfecting a Renilla luciferase expression plasmid. This gene had the CMV promoter and SV40
polyA site, as the Firefly luciferase, thus factoring out effects at the level of mRNA 3'-end
processing. This type of assay has been used previously and provides a sensitive and quantitative
measure of read-through transcription % 'We constructed several reporters for snRNA 3'-
processing based on U4. In these reporters, the U4 Sm site was mutated to prevent assembly with
Sm proteins in the cytoplasm. Moreover, the RNA contained an additional short sequence to

discriminate it from the endogenous U4 snRNAs. Because snRNA 3'-end processing requires the
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snRNA promoter, the first plasmid contained the entire U4 gene including its own promoter ’.
The other plasmids were negative controls that either transcribed the luciferase sequence directly
from the U4 promoter, in absence of the U4 snRNA sequences and processing sites, or that
transcribed the U4 snRNA and processing sites from the CMV promoter. These reporters were
expressed in Hela cells and various proteins were knocked-down to evaluate their effect on read-
through transcription. We focused on CBCAP proteins and included some additional controls:
CPSF3L, which is part of the integrator complex and is a positive control as it is the putative
endonuclease that processes snRNAs 3'-ends **; RRP40, which is part of the exosome and co-
purifies with Ars2 and CBC, and should indicate effects at the level of RNA stability *°; NELF-
E, which directly binds the CBC and is part of NELF, a complex that is involved in snRNA 3'-
end processing and also couples the cap with histone 3'-end processing '>*°.

The results showed a 2 to 5 fold increase in read-through signals upon depletion of Ars2,
CBP20, CBP80 or CPSF3L (Figure 4B-D), while knock-downs of PHAX, RRP40 and NELF-E
had no effect. Little effects were seen on the control reporters having the CMV or U4 promoters
directly driving expression of Firefly luciferase (up to 1.5 increase in signal), indicating that
transcription initiation contributed marginally to the effects observed. To confirm the data
obtained with U4, we constructed a similar reporter based on U3. Again, we found that CBC,
Ars2 and CPSF3L depletions induced read-through transcription past the U3 3'-processing
signals (Supplementary Figure 4B). Altogether, these effects indicated a role for CBC and Ars2
in the 3'-end formation of snRNAs and capped pre-snoRNAs.

To confirm these data, we performed RT-qPCR analyses using amplicons located either
upstream or downstream the 3'-end of U4 snRNA, for both the luciferase reporter and the
endogenous U4 RNA (Figure 4E-F). Although the effects varied slightly for each protein, we
consistently observed more read-through transcripts upon knock-downs of CBC, Ars2 and

CPSF3L (1.3 to 3 fold). These data were further supported by Pol-II chromatin immuno-
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precipitation (ChIP) experiments on two endogenous U4 genes, in which 1.2 to 2 fold more Pol-
II could be detected downstream the U4 3'-end upon depletion of Ars2 (Figure 4G). Altogether,
these data demonstrate that CBC and Ars2 stimulate snRNA 3'-end processing and that their

depletion induce transcriptional read-through.

CBC and Ars2 knock-downs lead to read-through of histone 3'-end processing signals

Since Ars2 binds many mRNAs in addition to pre-snRNAs, we analyzed the tiling array data for
defects in mRNA biogenesis upon Ars2 depletion. Visual inspection revealed an increase in
signal in regions downstream histone mRNAs (Figure 5A). Histone genes were aligned with
respect to their TSS and signals from all the 75 histone genes were averaged together. The data
showed a decrease in signal in the coding region of histone genes, while the signal dowstream 3'-
processing sites increased. Most histones mRNAs are not polyadenylated but follow an alternate
U7-dependent 3'-processing pathway where cleavage is not followed by polyadenylation .
Because Ars2 depletion did not affect U7 snRNA levels (data not shown), and because it bound
directly to histone mRNAs, these data suggested a direct role of Ars2 in histone 3'-end
processing. To analyze this further, we selected the processing site of the histone HistlH3b gene
and inserted it between the CMV promoter and the luciferase coding region to create a read-
through reporter similar to the one previously used for U4 snRNA. As a positive control, we
knocked-down FLASH, a protein playing an essential role during histone 3'-end formation *'.
Remarkably, luciferase activity increased 1.8 to 2.8 fold following depletion of CBP20, CBPS80,
Ars2 or FLASH, while the knock-downs of NELF-E, CPSF3L, RRP40 and PHAX had no
effects (Figure 5B). This confirmed that Ars2 was involved in histone 3'-end formation, as

previously proposed *, and it further indicated that this occurred in the context of the CBCA

complex (see discussion below).

Hallais et al. Page 14 of 35



CBC and Ars2 knock-downs lead to read-through of canonical and cryptic polyA sites
The previous experiments indicated a role for CBC and Ars2 in the 3'-end processing of two
types of genes. Since the CBC and Ars2 bind many mRNAs, these data prompted us to test
whether these factors would also be involved in the processing of pA sites. To test this
possibility, we inserted various pA sites between the CMV promoter and the Firefly luciferase
sequence to perform read-through assays. We chose two polyA sequences that were derived
from genes strongly bound by CBC and Ars2: CENPW and CNIH4. When read-through
transcription was measured by the luciferase assay, a 3 to 6 fold increase was seen for the
CENPW and CNIH4 reporters after knockdown of CBC or Ars2 (Figure 5C and S5A). No effect
was observed for PHAX, CPSF3L, FLASH, RRP40 and NELF-E, even though CPSF3L and
FLASH generated a positive signal with the U4 and Hist1H3b reporters, respectively. To assess
the specificity of the effects, we mutated the AAUAAA sequences present in the CENPW polyA
region. The mutations effectively induced transcriptional read-through as they increased Firefly
luciferase activity by about 6 fold. Little or no effect of CBC and Ars2 knock-downs was seen
with this mutant construct (Figure 5C), indicating that the effects of CBC and Ars2 required the
AAUAAA signals.

In addition to functional polyA sites that promote 3'-processing at the end of mRNAs, the
genome contains many cryptic sites that can lead to premature cleavage and polyadenylation
(PCAP). These often occur in the first intron of coding mRNAs and upstream of transcription

. . . . . 234
start sites 1n antisense orientation 323

. This limits antisense transcription whereas the cryptic
sites in the sense orientation are suppressed by splice donor sequences. The NR3C1 gene is a
model for this phenomenon 331t contains a cryptic pA site in its first intron, which is normally
repressed by the binding of Ul snRNP to the splice donor site, but that can be activated by Ul

knock-down or by mutating the splice donor sequence. To test whether CBC and Ars2 would

promote processing at this cryptic polyA sequence, we cloned it in the luciferase system with
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part of the first NR3C1 exon. Upon knock-down of CBP20, CBP80 or Ars2, no effect was
detected with the wild-type sequence in which the cryptic pA site is suppressed (Figure 5D). As
expected, mutation of the splice donor activated the cryptic pA site as this decreased luciferase
activity by 7-fold. With this mutant, knock-downs of CBC and Ars2 induced 2-3 fold increase in
luciferase activity, and this effect was linked to cleavage and polyadenylation because it was
abolished by further mutating the four AAUAAA-like sequences present within the NR3Cl1
intron (Figure 5D and S5B). Next, we confirmed that the increases in luciferase signals were due
to read-through transcription. To this end, we analyzed RNAs by RT-qPCR with amplicons
located upstream and downstream the polyA sites, for both the CENPW and NR3C1 reporter
plasmids (Figure SE and S5C). This analysis was also performed for the endogenous CENPW
gene to exclude the possibility that the effects of CBC and Ars2 were due to the plasmid system
used (Figure 5E). In all cases, a 1.5-2 fold increase in read-through transcripts was measured
upon Ars2 or CBP20 depletion, confirming that the absence of these proteins induced
transcriptional read-through, and thus that they were stimulating 3'-end processing at

polyadenylation sites.

Ars2 links the CBC to the cleavage factor CLP1

The CBC has long been known to stimulate cleavage at polyA sites, but its mechanism of action
has remained obscure. In addition, CBC also enhances 3’-end processing of histone mRNAs ',
and results shown here indicate that it also increase 3’-end processing of snRNAs. To understand
how Ars2 could mediate these effects of the CBC on 3'-end processing, we characterized its
partners by quantitative SILAC proteomics. We used a GFP-tagged construct stably expressed in
U20S cells, and the experiment was performed in absence of RNAse treatment in order to also
capture weakly interacting proteins. Analysis of the pull-downs indicated that Ars2 co-purified

with the CBC and PHAX as expected (Figure 6A). About 20 other proteins were also enriched,

Hallais et al. Page 16 of 35



among which a number of chaperones and o-importins. Only three proteins were directly related
to RNA processing: CLP1, nRNPUL1, and EWSRI1. CLP1 was especially appealing because it
has been reported to play a key function during cleavage at polyA sites. First, CLP1 co-purifies
with the TSEN complex, which is involved in both tRNA splicing and cleavage at mRNA
polyadenylation sites *°. Second, CLP1 is present in purified fractions of the cleavage factor
CFII(m), where it interacts with the Pol-II CTD binding protein PCF11 and plays an essential
role by bridging CPSF with CFI(m) *°. To strengthen the link between CBC, Ars2 and CLP1, we
performed a series of co-IP experiments. First, we over-expressed a GFP-tagged version of
CLP1 in Hela cells expressing Flag-tagged versions of Ars2 and CBP20 and immunoprecipitated
CLP1 with anti-GFP antibodies. In both untreated and RNAse-treated extracts, we detected an
association of CLP1 with Flag-Ars2 and Flag-CBP20 (Figure 6B). Likewise, we detected an
RNA-independent interaction between CLP1 and Pol-II (Supplementary Figure 6). Next, we
repeated the experiment using a stable HelLa cell line expressing GFP-CLP1 from a BAC
containing the entire CLP1 gene including all its natural regulatory sequences (Figure 6C). In
these conditions, GFP-CLP1 is expressed at native levels and its interactions thus more likely
reflect the situation of the endogenous protein *’. We could detect a robust signal for both the
endogenous Ars2 and CBP20 in the GFP-CLP1 pellets. However, this interaction was disrupted
by RNAse treatment of the extracts. Altogether, these data suggest that the association between
Ars2 and CLP1 is mediated by protein-protein interaction but is stimulated or stabilized by RNA
under the low expression levels of the endogenous proteins.

To analyze the functional relevance of this interaction, we tested the effects of depleting
CLP1 and PCF11 on read-through transcription using the various luciferase reporters. The
depletion of CLP1 was modest (Supplementary Figure 7). Nevertheless, knock-downs of either
CLP1 or PCF11 induced a two to three-fold increase in luciferase activity as compared to the

control plasmids, for the U4, HistlH3b and CENPW reporters (Figure 6D). CLP1 and PCF11
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were not previously known to be involved in 3'-end processing of snRNAs and histone mRNAs,
and the similarity of the effects between CBC and Ars2 on one side, and CLP1 and PCF11 on
the other, suggests that the interaction between Ars2 and CLP1 is functionally relevant and

mediates at least part of the effect of the cap on 3'-end processing.

The effects of CBC and Ars2 depend on the distance between the cap and the processing
site

The physical interaction between the CBC and CLP1 prompted us to test whether the distance
between the cap and the tested 3'-end processing signals plays a role for the stimulatory effect of
the CBC and Ars2. To test this idea, we created new luciferase reporters in which the distance
between the cap and the processing sites was increased (Figure 7A). For the U4 reporters, the
effects of CBC, Ars2 and CPSF3L knockdowns decreased when the distance moved from 225 to
575 nt, and was abolished when it was 725 nt. Thus, we observed a decrease in both the strength
of the processing signal and the ability of CBC and Ars2 to stimulate it. Similarly, the effect of
CBC, Ars2 and FLASH siRNAs decreased when the distance between the Hist1H3b histone
processing site and the cap increased from 260 to 1260 nt. In the case of the NR3C1 reporter in
which the cryptic pA site was active, the effect of CBP20 and Ars2 siRNAs were decreased by
more than 2 fold when a 1kb spacer was inserted between the cap and the polyadenylation site
(Figure 7A). Surprisingly, the effect of depleting of CBP80 was not significantly affected by the
spacer. Since CBP20 is the subunit that contacts directly the cap, this data suggested that the cap,
together with Ars2, stimulated preferentially cap-proximal polyadenylation sites, while CBP80
could also stimulate cap-distal sites, perhaps by a mechanism independent of Ars2 and that can
be uncoupled from binding to the cap. Altogether, these results indicate that the effects of the cap
and Ars2 are dependent on gene length and that they preferentially stimulate cap-proximal

processing sites.
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DISCUSSION

The CBC has long been known to stimulate mRNA splicing and 3'-end formation. However, its
partners in these processes and its mechanisms of action have remained elusive. Here, we show
that recombinant Ars2 and CBC can form a stable complex in vitro (CBCA), that the CBC and
Ars2 bind very similar sets of capped RNAs in vivo and that they stimulate a variety of 3’-end

processing signals. This indicates that Ars2 is a major effector of the CBC in human cells.

The CBC and Ars2 couple snRNA 3'-end processing with export

The CBC stimulates many steps of RNA maturation, and it is thus ideally placed to integrate and
coordinate them, but whether this occurs is not known. In this study, we have identified the
CBCAP complex, composed of CBC, Ars2 and PHAX. In vitro reconstitution experiments show
that CBC can form independent complexes with either PHAX (CBCP) or Ars2 (CBCA), but in
vivo data indicate that most of PHAX binds CBC together with Ars2. Our results show that Ars2
stimulates both snRNA 3'-end processing and the association of PHAX with the CBC (see model
in Figure 7B). It thus physically and functionally couples snRNA maturation with export. Ars2
may directly stabilize PHAX on the CBC. Alternatively, PHAX binding may be stimulated by
snRNA 3'-end formation, and Ars2 may thus act indirectly. Export of mRNA was previously
linked to 3'-end processing in yeast **, but this was not known for non-coding RNAs that use a

distinct export pathway.

CBCA stimulates 3'-end processing of many RNA families

We observed that depletion of CBC or Ars2 leads to transcriptional read-through of pA sites,
indicating that CBCA can stimulate mRNA 3'-end processing. Interestingly, we demonstrated
that CBC and Ars2 also stimulated 3'-end processing of snRNAs and replication-dependent

histone genes. These families follow distinct maturation pathways, indicating that Ars2 is a
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general and versatile adaptor that links the cap to a number of RNA 3'-end processing
machineries. This result corroborates a proteomic analysis of the proteins that assemble on a
short RNA carrying a model AAUAAA cleavage and polyadenylation site *°. This study
detected a very large complex containing not only the canonical components of the cleavage
machinery, but also the integrator complex that processes snRNAs. Thus, the 3'-end processing
machinery may exist as a "super complex" able to process different types of RNA. This
machinery may be correctly positioned and stabilized by cis-acting RNA sequences together
with the CBC and Ars2.

Ars2 has been previously implicated in histone 3'-end formation, but it was unclear
whether this effect was related to the CBC as its mechanism of action was not characterized .
Our data indicate that the effect of CBC and Ars2 are linked and that they act through the
cleavage factor CLP1. First, CBC and Ars2 co-purify with CLP1, and second, the depletion of
these three proteins similarly affects 3'-end processing of snRNAs, histone mRNAs, and
polyadenylated sites. Our results thus suggest a model in which the CBC recruits CLP1 through
Ars2 (see Figure 7B). In this regard, it is interesting that the proteomic study cited above used an
uncapped RNA to purify cleavage factors and failed to detect CLP1 9, Possibly, recruitment and
stable binding of this factor requires binding of CBC and Ars2 to capped RNAs. This
mechanism would also be consistent with current data on CBC. Indeed, although the mechanism
of action of the CBC on polyadenylation sites remained unclear for many years °, it was shown
not to involve CPSF or CstF, which are major cleavage and polyadenylation complexes that do
not contain CLP1.

CLP1 is an essential component of the cleavage factor CFII(m), where it interacts with
the CTD-binding protein PCF11 *°. Interestingly, it is also part of the TSEN complex, which is
required for both tRNA splicing and cleavage at mRNA polyadenylation sites *. It is currently

unclear whether TSEN associates with CFII(m) and whether these activities of CLP1 in
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mediating mRNA 3'-end cleavage are related or not. Depletion of PCF11 affected 3'-end
processing of snRNAs, histone mRNAs, and polyadenylated mRNAs, consistent with a role for
this factor in the effects of CLP1. We attempted to deplete TSEN2 but this was inefficient and
the role of this factor could thus not be properly addressed (data not shown). Taken together, our
data indicate a broad role of CLP1 and PCF11 in 3'-processing at a variety of signals, and

suggest that CBC and Ars2 help to recruit these factors.

The CBC stimulates histone mRNA 3'-end formation through multiple partners
The CBC was previously shown to be involved in histone 3'-end formation, and it was
demonstrated to function as part of a ternary complex containing NELF-E and SLBP '°. NELF
induces polymerase pausing at the promoter and is part of the so-called elongation check-point.
Thus, NELF was proposed to recruit the CBC on promoter-paused polymerases to improve
downstream RNA processing once the polymerase is released. We have been unable to detect an
effect of NELF-E depletion in our luciferase read-through assays, perhaps because the CMV and
histone promoters differ in their ability to recruit NELF or to assemble the NELF-CBC-SLBP
complex. This however indicates that the effects of CBC and Ars2 that we observe are
independent from the interaction of the CBC with NELF. It is interesting to note that Ars2 also
interacts physically with FLASH *, a protein that plays an essential role in histone 3'-end
formation. These data thus suggest that the CBC may stimulate histone mRNA processing by
several ways: NELF/SLBP, Ars2/CLP1, or Ars2/FLASH. These factors have different targets
and may thus act synergistically.

SnRNA 3'-processing also requires NELF 0 As proposed for histone genes, the role of
NELF may be to ensure CBC loading before polymerases are released from the promoter. In the
case of short genes such as histones and snRNAs, elongation may take as little as 2 seconds and

it would thus be especially important to ensure that the 3'-processing machinery is loaded when
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polymerases are released from the promoter. Such a rapid kinetic may also explain the

requirement on a cognate promoter for stIRNA 3'-end formation *’.

CBC, Ars2 and discrimination of cryptic transcripts
Recent progresses in sequencing techniques have indicated that a major fraction of the genome is
transcribed. One fundamental question that arose from these studies is to understand the specific
features of the transcriptional events that lead to the production of an mRNA. Premature
cleavage and polyadenylation sites and Ul snRNP appear to be important factors that
discriminate functional from cryptic transcripts. Indeed, polyadenylation sites are present close to
transcriptional start sites and trigger premature transcript termination in the antisense orientation,
while they are suppressed by splice donor sequences in the sense orientation *>**. Interestingly,
Ars2 knock-downs lead to PROMPT stabilization (Figure 4A, see accompanying paper). In
addition, CBC and Ars2 appear to specifically stimulate premature pA signals, since their effect
is sensitive to the distance from the cap and is suppressed by splice donor sequences (this study).
This suggests that CBC and Ars2 may play an important role in selecting functional from cryptic
transcripts, and it further indicates that the distance of the polyA site from the cap is an important
feature that distinguishes mRNAs. Co-transcriptional measurement of gene length would be
analogous to the situation in yeast, where the NRDI complex can trigger transcription
termination only at a short distance from the transcription start site *', thanks to its interaction
with S5-phorphorylated Pol-II CTD *'*2. Here, Ars2 and CBC are recruited by the cap, and
increasing the length of the transcript may for instance simply decrease their probability to
interact with the elongating polymerase (see model in Figure 7C).

CBC and Ars2 have been recently shown to co-purify with NEXT, a nucleoplasmic co-
factor of the exosome whose interaction is functionally relevant as knock-down of CBC and

Ars2 leads to the stabilization of RNAs normally degraded by the exosome (*’; see
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accompanying paper). CBC and Ars2 thus appear to form a key node in RNA processing, which
physically connects machineries involved in 3'-end formation, degradation and export. This is
remarkable because it places the CBC and Ars2 at the intersection of productive and degradative
pathways, raising the fascinating possibility that they select the fate of newly synthesized RNAs.
For instance, the CBC could ensure that a nascent RNA would be exported when cleaved at the
proper processing site, and degraded when the polymerase would read through this site and
process the RNA at a downstream signal. In agreement with this scenario, Ars2 stimulates the
binding of PHAX to 3’-end processed pre-snRNAs, while NEXT associates with snRNA and
histone mRNA readthrough transcripts and is involved in their degradation (see accompanying
paper). In the future, a key question will thus be to understand the specific features that lead the

CBC to route RNAs for productive or degradative pathways.
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Methods

Plasmids and cell culture

Hela cells were cultivated in DMEM with antibiotics and 10% fetal calf serum (FCS). Stable
Flp-In isogenic Hela cells expressing the Flag-tagged proteins were obtained from pcDNAS
vectors co-transfected with a Flippase expression vector and hygromycin selection of
expressing clones as recommended by the manufacturer (InVitrogen). Hela cells containing

CLP1-GFP-tagged BAC were described previously 3 DNA cloning was performed by

standard techniques and with the Gateway™ system (InVitrogen). Detailed maps and

sequences are available upon requests.

Immuno-precipitation, LUMIER assays and siRNA treatments

For IPs, cells were extracted in HNTG buffer (20 mM HEPES, pH 7.9, 150 mM NacCl, 1%
Triton, 10% glycerol, 1 mM MgCl2, 1 mM EGTA, and protease inhibitors) for 30 min at 4°C.
Cellular debris were removed by centrifugation (10 min at 9000 g). Extracts were put on
antibody-coated beads for 2h at 4°C, washed twice in HNTG and three times in PBS,
resuspended in 1% SDS at RT, and finally in Laemli buffer. When indicated, RNAse A was
added at 60 pg/ml. For SILAC, we used cryogrinded extracts (see Supplementary Methods).
For LUMIER assays, PHAX was fused to Renilla luciferase and co-transfected with Flag-
CBP20. Luciferase activity was measured in extracts and pellets with the dual luciferase kit
(Promega). SiRNA and plasmids were transfected for 48h with JetPrime (Polypus), or with

Lipofectamine and Plus reagent (Invitrogen), as recommended by the manufacturers.

Metabolic labelling and RNA analyses
HeLa cells were washed in phosphate-free DMEM containing 10% dialyzed FCS, incubated

for 1h in this buffer, and then 2.5 h in the same buffer plus 0.5 mCi **P. Cells were lysed in
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HNTG, immuno-purified with the indicated antibodies and RNAs were purified in Trizol
(InVitrogen). RT-qPCR and micro-arrays (Affymetrix) were performed as described

. ]
previously ™.

In vitro reconstitution of CBCAP complex

PHAX (1-318) and CBCACCANLS were produced as previously described *°. His-tagged
ARS2 (residues147-871) was cloned in ProExHTb expression vectors, expressed in E. Coli
BL21Star(DE3) grown at 20°C and purified on Ni2+ resin after induction. Complexes were
formed by mixing purified proteins and then re-purified on m7-G resin. Following elution
with m7-G, proteins were loaded on a Superdex S200 column. Fractions of interest were

analyzed by SDS-PAGE and gels were stained with coomassie blue.
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Figure Legends.

Figure 1: The CBCAP complex contains PHAX, CBP20, CBP80 and Ars2.

(A) Proteins co-precipitated with PHAX from HeLa nuclear extracts were eluted in mild
conditions, separated by 5-20% SDS-PAGE, stained with coomassie blue and analyzed by
mass spectrometry. IP: anti-PHAX immunoprecipitation; Ct: control IP with anti-p24
antibody. Arrows: protein identified by mass-spectrometry. PHAX co-migrated with the non-
specific band indicated with a star. (B) Co-purification of Ars2 with PHAX from nuclear and
cytoplasmic extracts of HeLa cells. Extracts were treated with RNAse when indicated. Input:
5% of pellets. Star: non-specific band revealed by the antibody. (C) Co-recruitment assay to
analyze interaction between PHAX and Ars2 in living cells. U20S cells bearing a large LacO
repeat were transfected with the indicated plasmids and observed by fluorescent microscopy.
The Laci fusions also contained mCherry. (D) Yeast two-hybrid analysis. The indicated
strains were mated and selected on -A-L-T for diploids, and on -A-L-T-H to test for

interactions between the indicated proteins. Ars2-Ct: aa 502-871.

Figure 2: The CBCAP complex can be reconstituted in vitro and Ars2 contributes to the
association of PHAX with CBC in vivo.

(A) Recombinant CBC complex was mixed with recombinant Ars2 and purified on m7G resin
(left part of the gel). FT: flow-through; elution: material eluted with m7G. Eluted material
was loaded on a gel filtration column (top graph). Proteins from each fraction were analyzed
by SDS-PAGE and stained with Coomassie blue. Stars: Ars2 degradation products. (B) Same
experiment as in A, except that a CBC-PHAX complex (bottom left panel) was incubated
with recombinant Ars2. The gel filtration profiles are shown for each complex. Fractions from
the mixture containing CBC-PHAX and Ars2 were analyzed by SDS-PAGE and stained with

Coomassie blue (right gel). (C) LUMIER assays to evaluate the role of Ars2 in the binding of
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PHAX to the CBC in vivo. Left: schematic of the assay. Right: LUMIER IPs. HeLa cells
were transfected with Flag-CBP20 and PHAX-RLuc in presence of the indicated siRNA, and
luciferase activity was measured in extracts and in the anti-Flag pellets. [P/Input ratios were

normalized to that of the control siRNA.

Figure 3: Identification of the RNAs bound by the CBC and Ars2.

(A) Metabolic labelling of Hela cells. The lane labelled "PHAX IP" correspond to an extract
that was immunoprecipitated with anti-PHAX monoclonal antibodies (lane “PHAX mABs”)
or an anti-p24 as control (lane “Ct mABs”). Lanes labelled "GST-MAp12" and "GST-Ars2"
were from cells transfected with GST-Ars2 and GST-MAp12 as control, and immunopurified
with gluthathione beads. Input: 5% of pellets. (B) Construction of isogenic Flp-In cell lines
expressing 3xFlag-tagged CBP20 and Ars2, and schematic of microarray experiment. (C)
Comparison of RNAs associated with 3xFlag-CBP20 (2003 RNAs with enrichment greater
than the mean plus 1,5 STD) and 3x-Flag-Ars2 (1713 RNAs with enrichment greater than the
mean plus 1,5 STD). (D) Flag-CBP20 and Flag-Ars2 IPs were plotted against each others and
the Pearson correlation coefficient is indicated in parenthesis. (E) RT-qPCR analysis of RNAs
purified from 3x-Flag-Ars2 IPs. [Ps were normalised over GAPDH mRNA, which is not
enriched in any of the IP in the microarray experiment. Values are fold enrichment over a
control IP performed in the parental cell line that expresses no tagged proteins. (F) RNAse
protection analysis of RNAs associated with 3x-Flag-Ars2, using a probe hybridizing to the 3'
end of HistlH4b mRNA (covering 90 nucleotides, left), or to polyadenylated RPS28 mRNAs
(covering 80 to 110 nucleotides depending on the length of the polyA tail, right). Mock lanes:
probes incubated without cellular RNAs. Ct: control IP from the same extract and with beads

lacking the anti-Flag antibody. Inputs: 5% of pellets.
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Figure 4: CBC and Ars2 are involved in 3'-end processing and transcription termination
of snRNA genes.

(A) Hela cells were depleted in Ars2 and the resulting RNAs were analyzed by tiling
microarrays covering chromosome 1 and 6. Four Ul genes were aligned by their transcription
start site and averaged. Transcription goes from left to right. (B-D) Luciferase assays for read-
through transcripts. Hela cells were transfected with the depicted plasmids and siRNAs, and
Firefly luciferase activity was measured and expressed as ratio over a co-transfected Renilla
reporter plasmid. B: control plasmid with the CMV promoter driving expression of U4
snRNA and processing signals; C: test plamid with the entire U4 gene upstream of Firefly
luciferase; D: control plasmid with the U4 promoter immediately upstream of Firefly
luciferase. (E-F) RT-qPCR analyses. Hela cells were transfected with the indicated plasmid
and siRNAs. Read-through transcripts that passed U4 processing sites were measured by RT-
qPCR and expressed as ratio of an upstream amplicon. Both the U4 luciferase reported
plasmid (E), and endogenous U4 were analyzed (F). (G) Pol II Chip was performed on Hela
cells treated with the indicated siRNA. Fold enrichment were normalized to the values

obtained with the eGFP control siRNA.

Figure 5: CBC and Ars2 knock-downs lead to read-through of 3'-processing site of non-
polyadenylated histone mRNAs and polyadenylated mRNAs.

(A) Hela cells were depleted in Ars2 and the RNAs were analyzed by tiling microarrays. The
75 histone genes were aligned by their transcription start site and averaged. Transcription
goes from left to right. (B) Luciferase assays for readthrough of Hist1H3b processing site.
Hela cells were transfected with the depicted plasmids and siRNAs, and Firefly luciferase
activity was measured and expressed as ratio over a co-transfected Renilla reporter plasmid.

(C) Luciferase assay for readthrough of CENPW cleavage and polyadenylation site. Left:
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Hela cells were transfected with the CENPW reporter plasmid together with the indicated
siRNA. Rigth panel: mutations of the AAUAAA hexamers of CENPW induced read-through
transcription. (D) Same as in C, except that the cryptic polyA sequence of the first intron of
the NR3C1 gene were used. Right panel: mutation of the splice donor sequence reduced read-
through transcription, while further mutating the AAUAAA hexamers increased it. iPAS:
intronic polyadenylation site; SD: splice donor site. (E) RT-qPCR analyses. Hela cells were
transfected with the indicated plasmid and siRNAs. Read-through transcripts that passed
CENPW processing sites were measured by RT-qPCR and expressed as ratio of an upstream

amplicon. The luciferase reporter and endogenous CENPW gene were analyzed.

Figure 6: CBC and Ars2 associate with the cleavage factor CLP1.

(A) SILAC proteomic analysis of Ars2 partners. U20S cells stably expressing GFP-Ars2
were isotopically labelled and immuno-precipitated with anti-GFP antibodies, together with
control cells bearing a different isotopic label. Pellets were analyzed by mass spectrometry.
SILAC ratios of the identified proteins (enrichment over control) were plotted as a function of
protein abundance (in Logl0 scale). (B) Co-IPs demonstrate interaction between CLP1, and
CBC or Ars2. Hela cells stably expressing Flag-Ars2 or Flag-CBP20 were transiently
transfected with GFP-CLP1, extracts were treated or not with RNAse, and immuno-
precipitated with anti-GFP antibodies. Pellets were analyzed by western blot with anti-flag
antibodies. (C) Same experiment as in B, except that a stable HeLa cell line expressing GFP-
CLP1 from a BAC was used, and that anti-GFP pellets were analyzed with antibodies against
endogenous Ars2 and CBP20, indicated with arrows. Star: contaminating band. (D)
Depletions of CLP1 and PCF11 leads to read-through of U4, HistlH3b and CENPW 3'-end
processing sites. HelLa cells were transfected with the indicated plasmid and siRNAs, and

Firefly luciferase activity was measured and normalized to that of Renilla luciferase. For each
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plasmid, ratios of luciferase activity were additionally normalized to values of the control

siRNA.

Figure 7: CBC and Ars2 preferentially stimulate cap-proximal sites

(A) Luciferase assay for readthrough of U4, Hist1H3B and CENPW processing site, with and
without spacer sequences between the cap and the processing site. Hela cells were transfected
with the indicated plasmids and siRNA, and luciferase activity was measured and normalized
as in Figure 6. Left: U4; middle: Hist1H3B; Right: CENPW. (B) Model depicting the
coupling of snRNA processing and export by CBC and Ars2. (C) Model depicting the

stimulation of cap-proximal processing by CBC and Ars2.
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