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The nuclear cap-binding complex (CBC) is a heterodimer composed of CBP20 and CBP80 subunits and has roles in
the biogenesis of messenger RNAs (mRNAs), small nuclear RNAs (snRNAs) and microRNAs. CBP20 is a phylogenetically
conserved protein that interacts with the 7-methyl guanosine (m’G) cap added to the 5’ end of all RNA polymerase Il
transcripts. CBP80 ensures high affinity binding of the cap by CBP20 and provides a platform for interactions with other
factors. Here we characterize an alternative splice variant of CBP20, termed CBP20S. The CBP20S transcript has an in-
frame deletion, leading to the translation of a protein lacking most of the RNA recognition motif (RRM). We show that
CBP20S is conserved among mammalian species and is expressed in human cell lines and bone marrow cells. Unlike the
full-length CBP20, CBP20S does not bind CBP80 or the m’G cap. Nevertheless, CBP20S does bind mRNA, is localized to an
active transcription site and redistributed to nucleolar caps upon transcription inhibition. Our results suggest that this
novel form CBP20S plays a role in transcription and/or RNA processing independent of CBP80 or the cap.

Introduction

A characteristic feature of most eukaryotic genes is their
discontinuity: protein-coding sequences (exons) alternate with
non-coding regions (introns). The process of intron removal and
exon ligation—pre-mRNA splicing—is conducted by a multi-
component complex, the spliceosome. Prior to splicing catalysis,
splicing factors recognize exon-intron boundaries, i.e., the 5" and
3' splice sites. In higher eukaryotes, splice sites are highly degen-
erate and additional sequence elements recognized by regulatory
splicing factors are required.! This can lead to the phenomenon
of alternative splicing, in which exon extension, shortening or
skipping modifies the mRNA product of a single gene. It is now
estimated that 95-100% of human intron-containing genes are
alternatively spliced.? Although the functional significance of the
majority of splicing events is not known, genetic switches based
on alternative splicing have been shown to be important in many
cellular processes, such as sex determination in Drosophila mela-
nogaster.> Changes introduced by alternative splicing can lead to
three types of effects: introduction of a premature termination
codon (PTC), variable untranslated regions (UTRs) and changes
in the protein coding sequence.*® Alternative splicing-based
introduction of PTCs leads to downregulation of gene expression
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through nonsense-mediated decay of transcripts; interestingly,
this mechanism broadly affects the expression of regulatory splic-
ing factors, such as polypyrimidine tract binding protein (PTB)
and serine/arginine-rich (SR) proteins.’” Through changes in
the coding region, several structurally and functionally distinct
protein isoforms can be derived from a single gene. Alternative
protein isoforms can act as dominant negative regulators, as in
the case of Fox proteins, a family of factors controlling neuronal
alternative splicing.® Thus, alternative splicing-mediated regu-
lation of splicing factor function is a common mechanism for
modulation of gene expression.

The cap-binding complex (CBC) binds the 7-methyl guano-
sine (m’G) cap, a modification added to the 5' end of all RNA
polymerase II transcripts, including mRNAs, pre-snRNAs and
primary microRNA transcripts. The CBC has been implicated in
several RNA processing events: pre-mRNA splicing,” mRNA 3'
end formation,'*" nonsense-mediated decay,'>" export of mRNAs
and pre-snRNAs from the nucleus""” and miRNA process-
ing.!"® The CBC is a heterodimer composed of two subunits—
CBP20 and CBP80. CBP20 is a protein of 156 amino acids
that interacts directly with the m’G cap. It contains a classical
RNA Recognition Motif (RRM), comprising RNP1 and RNP2
motifs, flanked by N- and C-terminal domains (Fig. 1A and B).
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Figure 1. Human CBP20 isoforms. (A) Schematic representation of the NCBP2 gene and the CBP20L and CBP20S transcripts resulting from alternative
splicing. Annotated introns and exons are depicted as lines and boxes, respectively. CBP20S mRNA is produced by an alternative combination of 5 and
3' splice sites embedded within exons 2 and 3, as indicated (Suppl. Fig. 1D). (B) Comparison of CBP20 protein isoforms. Tyrosine residues involved in
m’G cap binding (Y20, Y43 and Y138) are marked in green and boxed. The RNA recognition motif (RRM) is marked in orange. In CBP20S, a tyrosine co-
don is introduced at the alternative exon-exon junction (marked in blue). (C) Detection of CBP20 isoforms in human culture cells and human tissue by
RT-PCR. A dilution series of one of the RT-PCR reactions is included. (D) Detection of CBP20 isoforms by western blotting. Cells transiently transfected
with CBP20S for overexpression (CBP20S o/e) provide a reference for CBP20S band localization. Two different polyclonal a-CBP20 antibodies (1: Abgent

Residues from all three domains contribute to m’G binding. The
positively charged 7-methyl guanosine ring intercalates between
two aromatic residues—Tyr 20 from the N-terminal domain and
Tyr 43 from the RNP2 motif. Additionally, there are hydrogen
bonds between residues from N-and C-terminal domains and the
m’G moiety as well as stacking interactions between C-terminal
Tyr 138 and the next nonmethylated base.”?' Upon m’G cap
binding, CBP20 undergoes conformational changes, due to its
interaction with the larger subunit, CBP80. The structure of
CBP80 is highly ordered and composed entirely of a-helices and
loops.? Apart from the CBP20 binding site, the CBP80 surface is
poorly conserved across species. In contrast, CBP20 is highly con-
served; 69% of its residues are identical or conservatively substi-
tuted in species from S. cerevisiae to human.'*" Interestingly, two
isoforms of human CBP20 (gene name NCBP2) are reported in
the NCBI database, suggesting that multiple isoforms of CBP20
may be expressed and possess different activities. Here we report
the expression, binding properties and subcellular distribution of
the non-canonical CBP20 isoform.

Results
We have termed the alternative isoform of CBP20 described in

this report “CBP20S”, because it is shorter (103 amino acids)
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than the previously defined longer form (156 aa), which we term
“CBP20L” for clarity. As shown in Figure 1A, CBP20S, arises
through alternative 5" and 3' splice site choice during the excision
of intron 2. CBP20S mRNA is missing a large part of NCBP2
exon 2 and a few nucleotides of exon 3. There is no frame shift
that would lead to either altered amino acid sequence or a PTC(s).
Intriguingly, this alternative splicing event leads to the elimina-
tion of a large part of the RRM. CBP20L RRM domain com-
prises residues 41-114 (based on SMART smart.embl-heidelberg.
de/) and residues 40-93 are excluded from CBP20S sequence.
This part of the sequence corresponds to conserved RNP motifs
1 (residues 81-88) and 2 (residues 41-46).?! Furthermore, a TAT
codon is formed at the new splice junction, introducing a tyrosine
residue in the amino acid sequence (Fig. 1B). These observations
give rise to the following hypotheses. First, CBP20S could poten-
tially have a regulatory function; for example, CBP20S could act
as a dominant negative inhibitor of CBC function, if it inter-
acts with CBP80 but fails to bind the m’G cap. Second, CBP20S
might still retain RNA-binding capacity. Although CBP20S
lacks a part of the RRM, one of the key tyrosine residues involved
in the cap binding is still present (Tyr 20) and a new tyrosine
(Tyr 40) is introduced in a similar position to the deleted (Tyr
43). Third, it is possible that CBP20S function is not related to
cap metabolism but to another cellular process. Finally, the short
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isoform could represent splicing ‘noise’ and have no functional =~ Table 1.Human CBP20S ESTs

significance.”*? We addressed these possibilities by investigating EST Tissue/cells
CBP20S expression, localization and protein- and RNA-binding AL556084 Hela
properties. . BM459785 Leiomyosarcoma
It was of interest to know whether CBP20S is expressed in e RS
human cells and how abundant it is compared to CBP20L. 8754505 v
RT-PCR experiments showed that HeLa cells, A431 cells and
primary cultures of human foreskin fibroblasts (HFF) expressed B1197509 Neuroblastoma
CBP20S (Fig. 1C). From the dilution series of a PCR reaction, AU134209 Ovary, tumor tissue
we estimate that CBP20S is approximately 20 times less abun- BE295628 Rhabdomyosarcoma
dant than CBP20L. Moreover, CBP20S was also detected in CN421262 Embryonic stem cells, cell line h1, h7 and h9
human bone marrow cells (Fig. 1C). The shorter RNA species BQ223411 Large cell carcinoma
corresponded to CBP20S, as determined by sequencing the PCR P — Breast tumor tissue
products (data not shown). Furthermore, the UCSC Genome
Bioinformatics database was searched for CBP20S expression DA042574 Bladder
sequence tags (ESTs). Several ESTs corresponding to the short LS n/a
isoform from different human tissues were found and are sum- BQ435070 Melanotic melanoma

marized in Table 1. Strikingly, the vast majority of CBP20S- CBP20S ESTs found in UCSC Genome Bioinformatics database.
expressing cells or tissues were cancer-derived, suggesting that

CBP20S expression may be either a feature or consequence of

tumorigenesis. 50% of the ESTs in the EST database come from GFP DAPI
cancer cells.?® Interestingly, all CBP20S ESTs were identical with
no variability around the alternative 5' or 3" splice sites, suggest-
ing that they do not result from an unspecific lack of splicing
fidelity within these two exons.

Having established that CBP20S mRNA is present in vari-
ous human cells, the question of CBP20S protein expression
was addressed. CBP20L and CBP20S have predicted molecular
weights of 18 and 12 kD, respectively. Western blot analysis of
HeLa cell extracts showed the presence of a protein band with the
same electrophoretic mobility as CBP20S, which was expressed
from a plasmid as a marker (Fig. 1D). The expression level of the
putative CBP20S protein was lower than that of CBP20L, likely
reflecting the mRNA ratio between the two isoforms. Thus, both
CBP20S mRNA and protein can be detected in human cells.

Next, we sought to determine whether other species express
CBP20S. A BLAST search was performed, using both RNA
and protein sequences. Six other mammalian species express-
ing both isoforms were identified (Suppl. Fig. 1A). The mRNA
and protein sequences of CBP20S from all seven species were
aligned. High levels of conservation were observed among the
RNA sequence (Suppl. Fig. 1B). The proteins were identical
in human, chimpanzee, rhesus macaque, horse and pig, while
mouse and short-tailed opossum had a few mismatches (Suppl.
Fig. 1C). 5' and 3" splice sites used in the CBP20S alternative
splicing event were also aligned. These splice sites were similar
and, with the exception of single mismatches in the case of Pan
troglodytes and Monodelphis domestica, followed the general mam-
malian splice site profile (Suppl. Fig. 1D). The extremely high
degree of conservation of the CBP20S splicing event and protein
product strongly suggests that this alternative form of CBP20 has
an important function.

CBP20S-GFP CBP20L-GFP

GFP

.. . . Figure 2. Cellular localization of GFP-tagged CBP20 isoforms. HeLa
In or'der to gain insight 1nto the function of'CBP2OS, both | celis were transiently transfected with CBP20L-GFP, CBP20S-GFP or GFP
CBP20 isoforms were tagged with GFP and transiently expressed alone, fixed after 48 hours and imaged. Nuclei were stained with DAPI.

in Hela cells. Microscopy analysis of GFP-tagged isoforms | Projections of z-stacks are shown. Scale bar, 10 um.
revealed similarities and differences in their cellular localization
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Figure 3. CBP20S does not interact with CBP80. HeLa cells were tran-
siently transfected with CBP20L-GFP, CBP20S-GFP or GFP alone and
harvested after 48 hours. Immunoprecipitation was carried out from
cell extracts with a-GFP antibody. The immunoprecipitated and input
material were analyzed by western blotting with a-GFP, a-CBP20 and
«-CBP80. Bands corresponding to endogenous CBP80, CBP20L-GFP,
CBP20S-GFP and GFP are indicated.

(Fig. 2). Both proteins were detected in nuclei, excluding nucle-
oli. However, unlike CBP20L, CBP20S was only moderately
enriched in the nuclei and did not display a speckled distribu-
tion, characteristic for splicing factors. The nuclear localiza-
tion pattern of both CBP20 isoforms clearly differed from that
of GFP alone. The cytoplasmic distributions of CBP20L-GFP,
CBP20S-GFP and GFP alone were indistinguishable, indicat-
ing no specific localization to any cytosolic compartment. These
observations show that CBP20S protein is stable enough to accu-
mulate at readily detectable levels and exhibits specific nucleo-
plasmic enrichment as well as a cytosolic pool.

CBP20L is known to interact directly with CBP80 and the
m’G cap present at the 5" end of RNA polymerase II transcripts.
It was of interest to know whether either of these characteristics
is true for CBP20S. First, we tested whether CBP20S-GFP could
co-immunoprecipitate CBP80 (Fig. 3). As expected, CBP20L
pulled down CBP80. In contrast, CBP20S did not. We con-
clude from this that CBP20S, even when overexpressed, cannot
assemble with CBP80 to produce an alternative form of the CBC.
Second, the capacity of CBP20S to bind the m’G cap was tested
directly in a cap-binding assay, in which HeLa cell extracts were
incubated with 7-methyl-GTP (m’GTP) coupled to sepharose
and the bound proteins analyzed by western blotting. Figure
4A shows that the m’GTP-sepharose specifically binds the cap-
binding complex subunits CBP20L and CBP80 in extracts of
untransfected Hela cells, but not an unrelated protein, glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH). In trans-
fected cells, m’GTP-sepharose selected CBP20L-GFP as well as
endogenous CBP80, representing the canonical CBC complex
(Fig. 4B). In contrast, m’GTP-sepharose failed to bind CBP20S-
GFP and GFP alone. We conclude that CBP20S, unlike CBP20L,
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Figure 4. CBP20S does not bind m’GTP. (A) Extracts of untransfected
Hela cells were incubated with Sepharose 4B or m’GTP-Sepharose 4B.
The selected and input samples were analyzed by western blotting
with a-CBP80, a-CBP20 and a-GAPDH antibodies. Endogenous CBP80
and CBP20 bind to m’GTP-Sepharose 4B. (B) HeLa cells were transiently
transfected with CBP20L-GFP, CBP20S-GFP or GFP alone and harvested
after 48 hours. Cell extracts were incubated with Sepharose 4B or
m’GTP-Sepharose 4B. The selected and input samples were analyzed by
western blotting using a-CBP80 and oa-GFP antibodies.

had no detectable m’GTP-binding capacity in this assay. These
results indicate that CBP20S is not a component of the CBC and
does not bind m’G.

The results of the above m’GTP-sepharose binding assay,
which require high affinity interactions, do not exclude the
possibility that CBP20S associates with capped RNA poly-
merase II transcripts in vivo. Therefore, the binding of CBP20
isoforms to pre-snRNA and mRNA species was analyzed.
First, GFP-specific antibodies were able to immunoprecipitate
CBP20L-GFP together with metabolically labelled Ul and U2
pre-snRNAs, as expected (Fig. 5A). In parallel, immunoprecipi-
tation of labelled snRNAs with a monoclonal antibody (K121)
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specific for hypermethylated (m*?’G) caps shows the gel posi-
tions of Ul and U2 pre-snRNAs (not yet trimmed at their 3'
ends) and mature snRNAs. Neither pre-snRNA was detected in
complexes pulled down with CBP20S-GFP. Second, the ability
of CBP20S to associate with mRNAs was tested by immunopre-
cipitation of CBP20S-GFP or CBP20L-GFP from cell lysates,
followed by RT-qPCR detection of transcripts encoding c-myc
(MYC) and B-actin (ACTB). In the case of CBP20L-GFP, both
MYC and ACTB mRNAs were detected ~30-fold above back-
ground, indicating strong association (Fig. 5B). Interestingly,
CBP20S-GFP immunoprecipitated low but significant levels of
both mRNAs, which were detected ~4-fold above background.
Thus, although CBP20S does not detectably interact with pre-
snRNAs, it appears to associate with mRNA to a significant
extent.

To pursue the detected association of CBP20S with mRNA,
we examined CBP20S-GFP recruitment to a model transcrip-
tion site consisting of a stably integrated gene array (similar to
a previously published array”’). The transcription unit can be
activated by doxycycline and located in the nuclear landscape,
using a lactose repressor (Lacl) fused to a fluorescent protein
(Fig. 6A). Interestingly, both CBP20L-GFP and CBP20S-GFP
isoforms co-localized with RFP-Lacl, indicating that both accu-
mulated on the active transcription site (Fig. 6B). No accumu-
lation was observed under non-induced conditions (data not
shown). To measure the dynamic properties of the different CBC
components in the nucleoplasm, we photobleached the nucleo-
plasmic CBP signal and followed the recovery of fluorescence
over time (Huorescence recovery after photobleaching, FRAP).
These experiments revealed that CBP20L-GFP and CBP80-GFP
show similar recovery kinetics in the nucleoplasm compared to
CBP20S-GFP, which displayed more rapid recovery. This sug-
gests that CBP20L and CBP80 associate in a discrete, larger
complex, while CBP20S diffuses within the nucleoplasm either
alone or in a smaller complex. When we examined the associa-
tion kinetics of these components with the active transcription
unit, once again we identified pronounced and similar residency
of CBP20L and CBP80 on the active transcription site, indica-
tive of specific binding to the nascent transcripts. On the other
hand, CBP20S showed very rapid association and disassociation
rates, implying short-lived binding. This confirmed our previous
evidence that CBP20S is not present in the CBC (Figs. 3 and 4),
while it does have the ability to transiently associate with mRNA
(Fig. 5). We conclude that, although CBP20S-GFP displays
more dynamic mobility than CBP20L-GFP in living cells, it nev-
ertheless accumulates specifically on an active RNA Polymerase
IT transcription unit.

Because CBP20S-GFP associated with mRNAs and localized to
an active transcription site, we postulated that CBP20S might inter-
act with a protein(s) involved in RNA processing. Therefore, we
searched for CBP20S interactors by immunopurification followed
by mass spectrometry (Table 2). CBP80 was not detected, consis-
tent with our data that CBP20S is not a component of the CBC.
Seven factors involved in RNA processing could be identified in
the CBP20S interactome, among them hnRNP A2/B1 and PTB-
associated splicing factor (PSF). Because both of these proteins are
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Figure 5. CBP20S pulls down mRNA. Hela cells were transiently trans-
fected with CBP20L-GFP, CBP20S-GFP or GFP alone and harvested after
48 hours. (A) 3-hour incubation with 3?P-orthophosphate preceded
cell extract preparation and immunoprecipitation. Cell extracts were
immunoprecipitated with a-GFP or a-TMG antibodies; total “input”
and immunoprecipitated RNAs were extracted, run on a 10% urea gel
and detected by phosphorimager. (B) Cell extracts were immunopre-
cipitated with a-GFP or non-immune antibodies; immunoprecipitated
RNAs were extracted and analyzed by RT-qPCR. The data represent the
average of 3 independent experiments. Error bars represent SEM.

known to relocalize to the nucleolus or nucleolar caps upon tran-
scriptional arrest,”® we tested the behavior of CBP20L and
CBP20S after transcription inhibition by Actinomycin D (ActD).
As shown in Figure 7, CBP20L-GFP and CBP20S-GFP relocalize
to nucleolar caps after ActD treatment, adding them to the array
of nucleoplasmic proteins that display this behavior. Both CBP20
isoforms segregated to PSF-positive nucleolar caps (termed dark
nucleolar caps, DNC) but not to fibrillarin-positive caps (termed
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Figure 6. CBP20L and CBP20S accumulate in vivo on an active transcription site. (A) The recruitment of CBP20L-GFP and CBP20S-GFP was monitored
on an active transcription unit driven by a tetracycline-inducible promoter. The gene locus is visualized via the co-integration of a plasmid containing
256 lacO repeats. Expression of RFP-Lacl that binds to the lacO repeats allows the detection of the gene. Transcriptional induction is achieved by the
addition of doxycycline to the medium. (B) U20S Tet-On cells were co-transfected with expression constructs encoding GFP-tagged CBP20 isoforms
and RFP-Lacl; CBP20L and CBP20S accumulated at the transcription site marked by RFP-Lacl in transcriptionally induced cells. Scale bar, 5 um.

DIC, Differential interference contrast microscopy. (C) Cells expressing either CBP80-GFP, CBP20L-GFP or CBP20S-GFP were photobleached in the
nucleoplasm or at the active transcription unit, and the recovery of fluorescence (FRAP) was monitored over time indicating the rates at which these

light nucleolar caps, LNC).? Taken together, the data suggest that
CBP20S has a specific function in nuclear RNA processing.

Discussion

The CBP20 subunit of the CBC is a highly conserved protein
that binds the m’G cap. Here we have shown that CBP20 can
be alternatively spliced, leading to the formation of a previously
uncharacterized isoform (CBP20S) that lacks a large portion of
the RNA binding domain present in the canonical (CBP20L) pro-
tein. CBP20S mRNA and protein were detected in several human
cell culture lines and bone marrow cells. Moreover, this alterna-
tive splicing event is conserved in several mammalian species. The
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conservation of alternative splicing events across species and the
absence of PTCs and/or frame shifts in the alternative isoforms con-
stitute compelling evidence for the functionality of CBP20S.%243
This raised the possibility that CBP20S might act as a dominant
negative regulator of CBC function. Numerous examples of alter-
native splicing-induced changes in binding to RNA, DNA, and/
or interacting proteins have been reported.* Binding affinity can
be either reduced or completely lost, the latter leading to dominant
negative effects. For example, a truncated form of FOS-B retains
the dimerization and DNA-binding capacity but cannot activate
transcription because its trans-activation domain is missing.*"*? So
far, the only reported regulation of CBC activity is the importin-
B-mediated release from mRNA in the cytoplasm.?*3*%
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Table 2. Proteins associated with CBP20S

Protein name Gene name UniPr.ot
accession
Proteins with RNA-related functions
MvP MVP Q14764
RNA-binding protein 8A RBMS8A Q9Y559
hnRNP A2/B1 HNRNPA2B1 P22626
hnRNP A1 HNRNPAT1 P09651
elF-4A-| EIF4A1 P60842
PSF SFPQ P23246
hnRNP A3 HNRNPA3 P51991
Proteins with other or unknown functions
GAPDH GAPDH P04406
Alpha-enolase ENO1 P06733
HD1 HDAC1 Q13547
Peroxiredoxin-2 PRDX2 P32119
cDNA FLJ54957
Fructose-bisphosphate aldolase A ALDOA P04075
TER ATPase VCP P55072
KCTD12 KCTD12 Q96CX2
ATP5A1 ATP5A1 P25705
UPF0027 protein C220rf28
Prefoldin subunit 5 GIM5 Q04493
CPVL CPVL Q9H3G5
Ezrin EZR P15311
Histone H1x H1FX Q92522
IMP dehydrogenase 2 IMPDH2 P12268
V-ATPase subunit D ATP6V1D Q9Y5K8
ALDH16A1 ALDH16A1 Q8lZ83
S29mt DAP3 P51398

MW- kDa UP* 1 UP" 2 Comment
929 5 4 Protein and mRNA transport
20 1 EJC component
37 4 1 mRNA processing
39 2 2 mRNA processing
46 5 1 Translation
76 1 1 mRNA processing
40 2 1 mRNA processing
36 7 2 Glycolysis
47 8 1 Glycolysis
55 2 5 Chromatin remodeling
22 4 3 Redox regulation
69 6 2 Highly similar to Transketolase
39 7 1 Glycolysis
89 6 3 Transport
36 3 1 Potassium ion transport
60 4 2 ATP synthesis
55 2 1
17 3 1 Chaperone
54 3 3 Proteolysis
69 6 1 Cytoskeleton
22 2 1 Chromosomal protein
56 2 4 GMP biosynthesis
28 2 3 lon transport
85 2 2 Oxidation reduction
46 1 2 Mitochondrial ribosomal subunit

Proteins associated with CBP20S were identified by mass spectrometry performed from solution (shot-gun). From the resulting list, we selected those
proteins that were identified with at least one peptide, with more than 99% protein identification probability and that were absent in the control IPs
(RAD51-GFP and GFP alone). *Calculated molecular weight in kDa. °PNumber of unique peptides sequenced for a given protein in two independent

experiments (1 and 2).

Functional characterization of CBP20S ruled out two hypoth-
eses concerning its cellular role. CBP20S is not an m’G cap-
binding factor, as it did not display detectable binding to either
m’GTP-Sepharose or m’G-capped pre-snRNAs (Figs. 4 and 5).
Furthermore, CBP20S is not likely a dominant negative regula-
tor of CBC function, because it did not detectably interact with
either CBP80 or the m’G cap in contrast to the CBP20L iso-
form (Figs. 3 and 4). Taken together, these observations suggest
that any activity of the CBP20S isoform must be independent of
CBP80 or m’G binding. Because the role of CBC in nonsense-
mediated decay requires CBP80 activity,'>"* these findings indi-
cate that CBP20S is unlikely to participate in nonsense-mediated
decay. However, other roles for CBP20S in RNA processing are
not excluded by these data.

Further characterization of CBP20S yielded several lines of
evidence that it plays a physiological role in RNA processing.
First, CBP20S displayed specific subcellular distribution, with

418

Nucleus

moderate enrichment in the nucleus except for nucleoli, similar
to many proteins involved in splicing. Second, CBP20S bound
weakly but specifically to two mRNAs tested. Third, CBP20S was
detected on an active transcription site. Fourth, mass spectrom-
etry analysis revealed the association of CBP20S with several pro-
teins involved in RNA processing. Finally, both CBP20 isoforms
specifically relocated to nucleolar caps after transcription inhibi-
tion, similar to several factors involved in RNA processing, like
PSF, U1-70K, hnRNPK, the cleavage and polyadenylation factor
CstF-64 or the SR protein ASF/SF2.% Taken together, CBP20S
has many properties common to RNA processing factors.

We speculate that CBP20S associates with mRNAs and
active transcription sites due to transient interactions with the
transcript itself or with proteins bound to it. A possible protein
linking CBP20S to the mRNA is hnRNP A2/B1, which was
identified among CBP20S-associated proteins by mass spectrom-
etry. hnRNP family proteins have at least one RRM domain and
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Figure 7. CBP20L and CBP20S redistribute to nucleolar caps after actinomycin D treatment. U20S cells were transfected with GFP-tagged CBP20 iso-
forms, incubated with 5 pg/ml actinomycin D for 2 hours and fixed. Cells were stained with a-PSF and a-fibrillarin (Fib) antibodies (shown in red). Scale

assemble on nascent RNA, packaging the RNA into hnRNP parti-
cles.** hnRNTP A2/B1 was reported to redistribute to the nucleolus
upon ActD treatment.”® Similarly, PSF—a factor containing two
RRMs that is involved in pre-mRNA splicing—was also detected
by mass spectrometry.”’” Thus, hnRNP A2/Bl and/or PSF may
bridge CBP20S to mRNA and/or transcription sites and may
also direct it to nucleolar caps upon transcription inhibition. The
precise cellular function of CBP20S remains elusive, yet the data
presented here implicate CBP20S in aspects of RNA polymerase 11
transcription and/or co-transcriptional mRNA processing.

Materials and Methods

Cell culture. Cells were cultured in media supplemented with
penicillin and streptomycin (P/S, Gibco) and 10% fetal calf
serum (FCS, Gibco) at 37°C and 5% CO,. HeLa cells (DSMZ
ACC 57) were propagated in low glucose (1 g/L) DMEM (Gibco)
and Human Foreskin Fibroblasts (HFF) were maintained in
Eagle’s Minimum Essential Medium (EMEM). Metabolic label-
ing of HeLa cells was carried out by incubation in phosphate-
free medium with 1% FCS and 100 wCi/ml P**-orthophosphate
for 3 h. Plasmid transfection of HeLa cells was carried out using
FuGENE 6 (Roche) according to the manufacturer’s guide-
lines; transfected cells were grown for 48 h and harvested for
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experiments. For selection of stable cell lines expressing GFP and
GFP-tagged CBP20 isoforms, HeLa cells were transfected with
pIRESpuro-based constructs and selected with 0.8 pg/ml puro-
mycin (Merck Biosciences). GFP-positive cells were sorted using
FacsAria cell sorter (Becton Dickinson).

Human U20S osteosarcoma Tet-On cells were maintained
in low glucose Dulbecco’s modified Eagle’s medium (DMEM,
Biological Industries, Israel) containing 10% fetal bovine serum
(FBS, HyClone, Logan, UT). For imaging experiments, cells were
transfected with 1-5 g of plasmid DNA and 40 pg of sheared
salmon sperm DNA (Sigma) using electroporation (Gene Pulser
Xcell, Bio-Rad, Hercules, CA). For examining recruitment to the
active transcription unit, cells were co-transfected with RFP-Lacl
and CBP20S-GFP or CBP20L-GFP, and then transcriptionally
induced with doxycycline (1 ug/ml) for several hours. To inhibit
transcription, U20S cells were incubated with 5 pwg/ml actino-
mycin D (Sigma) for 2 h as previously described.?”

RNA isolation and RT-PCR. Total RNA was isolated using
TRIZOL (Invitrogen) and treated with DNA-free™ DNase
Treatment and Removal Reagent (Ambion). Reverse transcrip-
tion was performed using the SuperScript III kit (Invitrogen) with
an oligo(dT) , reverse primer. “No RT” controls were included.
c¢DNA samples from human bone marrow were a kind gift of

Dr. Christian Thiede (Universititsklinikum, TU, Dresden).
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The ¢cDNA amplified by conventional PCR with primers flank-
ing the CBP20 coding region (20F: 5-CCC AAG CTT CAC
CAT GTC GGG TGG CCT C-3'and 20R: 5-CGC GGA TCC
TCA CTG GTT CTG TGC CAG-3') was subjected to agarose
gel analysis. Digital images of agarose gels were acquired using a
Biostep trans-illuminator and ArgusX1 v.2 software.

Protein extraction and western blot analysis. Whole cell
extract from Hela cells was prepared in NEST-2 buffer (50 mM
Tris-HCI pH 6.8, 20 mM EDTA, 5% SDS) supplemented with
complete protease inhibitor cocktail (Roche). Protein concentra-
tion was determined using the Amido Black Protein Assay.”” For
western blot analysis, 30 g of total protein extract was resolved on
a Novex® 4-20% Tris-glycine gel (Invitrogen). The following pri-
mary antibodies were used: a-CBP80 serum’ at 1:2,000, o-CBP20
serum' at 1:500, a-NCBP2 (Abgent) at 2.5 pwg/ml, a-GAPDH
(Novus Biologicals) at 0.1 pg/ml and goat a-GFP (a kind gift of D.
Drechsel, MPI-CBG) at 1.5 pg/ml. As secondary antibodies, HRP-
conjugated IgGs o-rabbit (GE Healthcare) at 1:10,000, o-goat
(Sigma) at 1:80,000 and a-mouse (Sigma) at 1:80,000 were used.

Cloning. CBP20L and CBP20S cDNAs were amplified by
PCR with primers flanking the coding region and introducing
BamHI and HindIII restriction sites (20F, 20R and 20RnS:
5-CGC GGA TCC TCT GGT TCT GTG CCA GTT-3").
CBP20 isoforms were cloned untagged into pCS2* (htep://
sitemaker.umich.edu/dlturner.vectors), a kind gift of Andrew
C. Oates (MPI-CBG, Dresden, Germany) and as C-terminally
tagged fusions into pEGFP-N2 (Clontech). To clone EGFP-
tagged CBP20 sequences into pIRES puro (Clontech),
CBP20L-EGFP, CBP20S-EGFP and EGFP were excised from
pEGFP-N2 based plasmids using Eco471Il and NotI (NEB)
and cloned into pIRES puro. Constructs were verified by
sequencing.

Fluorescence microscopy. HelLa cells transfected with
GFP-tagged protein constructs were fixed in 4% formalde-
hyde (PFA), permeabilized and mounted in DAPI/DABCO,
as described.” Images were acquired with a 60x oil immer-
sion objective (NA 1.42, PlanApoN, Olympus), using the
DeltaVision microscope system (Applied Precision) coupled
with Olympus IX70 fluorescence microscope. For each image,
20-30 z-sections were collected in 200 nm steps. Image stacks
were subjected to deconvolution using the SoftWoRx software
(Applied Precision). The images presented are projections of
the deconvolved z-stacks.

U20S cells grown on coverslips were fixed for 20 min in 4%
PFA and permeabilized in 0.5% Triton X-100 for 3 min. After
blocking with 5% BSA, cells were immunostained for 1 h with
anti-PSF (clone B92, Sigma) and anti-fibrillarin (Abcam). Wide-
field fluorescence images were obtained using the Cell*R system
based on an Olympus IX81 fully motorized inverted microscope
(60X PlanApo objective, 1.42 NA) fitted with an Orca-AG CCD
camera (Hamamatsu).

Fluorescence recovery after photobleaching (FRAP). For
FRAP, cells were maintained in Leibovitz’s L-15 phenol red-
free (Invitrogen) containing 10% FCS at 37°C. FRAP image
sequences were obtained on an Olympus FV1000 inverted scan-
ning confocal microscope equipped with a heated chamber and
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objective heater (37°C) and a 60x, 1.35 NA oil objective. Cells
were scanned using a 488 laser for detection of GFP-labeled CBP
components and a 561 nm laser for the detection of RFP-lacl.
The active transcription site was bleached using the 488 nm
laser. 5 pre-bleach images were acquired. Post-bleach images were
acquired at a frequency of 29 images every 2 sec. For analysis of
the fluorescence recovery, FRAP data were normalized and cal-
culated as previously described.?”

Immunoprecipitation of ribonucleoproteins (RNP IP).
This assay was conducted as described.® Briefly, whole Hela
cell extracts were prepared in NET-2 buffer supplemented
with protease inhibitors (Roche). Immunoprecipitation was
carried out at 4°C with GammaBind™ G Sepharose beads™
(GE Healthcare) coupled to 12 pg o-GFP (gift of David
Drechsel), 1 pg a-TMG (K121, Calbiochem) or control [non-
immune mouse or goat IgG (Sigma)] antibodies. For protein
detection, 33% of the immunoprecipitate and 0.7% of starting
material were analyzed by western blotting. For RNA detection,
the immunoprecipitated RNA was isolated by phenol/chloroform
extraction, precipitated with ethanol, washed twice with 70%
ethanol and resuspended in water. The resulting RNA was either
subjected to reverse transcription (mRNA levels determination)
or resolved on 10% denaturing polyacrylamide urea gel (snRNA
levels determination, P**-labelled samples). Reverse transcription
was performed using the SuperScript I1I kit (Invitrogen) with an
oligo(dT) , reverse primer. “No RT” controls were included. Fold
enrichment of a-GFP antibody-precipitated mRNA over non-
immune IgG IP was determined by quantitative real-time PCR
(qPCR). The following equation was used: 2“8 - C{GFP) | where
Ct stands for threshold cycle value, /gG for non-immune IgG IP
and GFP for GFP IP. Primers used in qPCR were: mycF: 5-GCG
ACT CTG AGG AGG AAC AAG AAG-3', mycR: 5-ACT CTG
ACC TTT TGC CAG GAG C-3), actBF: 5-ACT GGA ACG
GTG AAG GTG ACA G-3' and actBR: 5-GTG GCT TTT
AGG ATG GCA AGG-3'". Urea gel-resolved P??-labelled RNAs
were detected using a Phosphorlmager FLA-3000 film (Fuji).

7-methyl GTP-sepharose affinity assay. Whole HelLa cell
extracts were prepared in NET-2 buffer supplemented with
complete protease inhibitor cocktail (Roche) and pre-cleared
with 30 wl of Sepharose 4B blocked with 0.5 mg/ml BSA. A
1:1 mixture of 7-methyl GTP-Sepharose™ 4B (GE Healthcare)
and Sepharose 4B (GE Healthcare) was used for specific,
i.e., 7-methyl GTD, selection. Sepharose 4B alone was used as
a negative control. Affinity selection was conducted for 4 h at
4°C on a rotary shaker. The beads were then washed 5 times
with NET-2 buffer and bead-selected material was analyzed by
western blot.

Immunopurification and mass spectrometry. Immunopurification
was conducted, using the GFP tag as an epitope,”" omitting the
tobacco etch virus protease cleavage step. Briefly, approximately
8 x 107 HeLa cells expressing CBP20S-GFP, CBP20L-GFP,
RADS51-GFP (kind gift of Mikolaj Slabicki) or GFP were har-
vested in Freezing Buffer (50 mM Hepes pH 7.5, 1 mM EGTA,
1 mM MgCl,, 100 mM KCI, 10% glycerol) and lysed in Lysis
Buffer (75 mM Hepes pH 7.5, 1.5 mM EGTA, 1.5 mM MgClz,
150 mM KCI, 0.075% NP-40, 10% glycerol) supplemented
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with complete protease inhibitor cocktail (Roche) and 90 U/ml
Benzonase (Merck Biosciences). Following centrifugation, cell
extracts were incubated with 40 pl GFP-trap® (ChromoTek),
washed with Wash Buffer (50 mM Hepes pH 7.5, 1 mM EGTA,
1 mM MgCl,, 150 mM KClI, 0.5% NP-40, 10% glycerol) and
eluted in 0.1 M glycine pH 2.0, which was subsequently neutral-
ized with 1.5 M Tris pH 8.5. The eluate was subjected to trypsin
digestion and mass spectrometry analysis, as described.”! LC-MS/
MS analysis of peptide mixtures was performed on an Ultimate
nanoLC system (Dionex, Amsterdam, The Netherlands) inter-
faced on-line to a LTQ Orbitrap hybrid mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) via a robotic nano-
flow ion source TriVersa (Advion BioSciences Ltd., Ithaca, NY)
as described.**# Data validation and organization was carried out

with Scaffold 2 (Proteome Software, Inc., Portland, OR), which
is based on the PeptideProphet'™ algorithm.®
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