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Genome stability is ensured by multiple surveillance mechanisms that monitor the duplication, segregation, and
integrity of the genome throughout the cell cycle. Depletion of components of the spliceosome, a macromolecular
machine essential for mRNA maturation and gene expression, has been associated with increased DNA damage and
cell cycle defects. However, the specific role for the spliceosome in these processes has remained elusive, as different
cell cycle defects have been reported depending on the specific spliceosome subunit depleted. Through a detailed cell
cycle analysis after spliceosome depletion, we demonstrate that the spliceosome is required for progression through
multiple phases of the cell cycle. Strikingly, the specific cell cycle phenotype observed after spliceosome depletion
correlates with the extent of depletion. Partial depletion of a core spliceosome component results in defects at later
stages of the cell cycle (G2 and mitosis), whereas a more complete depletion of the same component elicits an early cell
cycle arrest in G1. We propose a quantitative model in which different functional dosages of the spliceosome are
required for different cell cycle transitions.

Introduction

The mechanism of heredity relies on the accurate conservation
of the genome throughout generations, at both the organismal
and cellular levels. At the cellular level, the genome is transmitted
through the faithful replication of genomic DNA during S phase,
followed by accurate partition of the sister chromosomes during
mitosis. Failures in any of these mechanisms compromise geno-
mic integrity and result in genomic instability and aneuploidy, a
common feature of cancer cells.1,2

Multiple surveillance mechanisms termed checkpoints moni-
tor errors and pause cell cycle progression to allow time for error
correction.3 These cell cycle checkpoints include the spindle
checkpoint, whose role is to prevent premature chromosome seg-
regation during mitosis,4 and multiple DNA damage checkpoints
that monitor DNA integrity.1,5 Several genome-wide small inter-
fering RNA (siRNA) screens designed to identify genes with roles
in genome maintenance and cell cycle progression have reported
a role for spliceosome components in these processes.6-12 Muta-
tions in multiple spliceosome subunits have been found in leuke-
mia, myeloid neoplasms, and some solid tumors,13,14 suggesting
that spliceosome defects might promote tumorigenesis perhaps
through its roles in genome maintenance and cell division.

The spliceosome is a highly dynamic ribonucleoprotein
(RNP) complex required for the generation of mature mRNAs

by removal of introns during a process termed splicing.15 In
higher eukaryotes, splicing is required for the expression of
most genes. Furthermore, it has been estimated that over 95%
of human genes can be alternatively spliced, resulting in
increased proteomic diversity through the generation of multi-
ple mature mRNAs and eventually proteins from a single pre-
mRNA.16 The process of splicing involves 2 transesterification
reactions that first generate a free 50 exon which is then ligated
to a 30 exon, leading to excision of the intervening intron.17,18

During the splicing reaction, spliceosomes are assembled by
recruitment of spliceosome subcomplexes onto pre-mRNAs in
a stepwise manner, where they recognize the 2 intron-exon
boundaries and catalyze the splicing reactions.17,18 In humans,
the major spliceosome consists of 5 uridine-rich small nuclear
RNAs (snRNAs), termed U1, U2, U4, U5, and U6, and over
300 different proteins.18 These snRNAs form a scaffold for
assembly of small-nuclear RNPs (snRNPs), the major building
blocks of the spliceosome. During the splicing process, spliceo-
somes form by the stepwise recruitment of snRNPs onto the
pre-mRNA and this assembly is in part directed by the sub-
strate pre-mRNA.17 Different snRNPs and accessory proteins
are recruited or excluded at different steps of the splicing pro-
cess, resulting in a very dynamic composition of the spliceo-
some machine and the generation of extensive rearrangements
during different stages of splicing.17,18
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A connection between the spliceosome and cell cycle progres-
sion has been found in many organisms including budding
yeast,19-24 fission yeast,25-27 Drosophila,9,28 chicken,29 mouse,30

and human cells.6,11,12,29,31,32 In human cells, depletion of dif-
ferent spliceosome components with siRNAs results in multiple
cell cycle defects, with most siRNAs analyzed eliciting mitotic
defects6,11,12,31 although accumulation of cells in S phase32 has
also been observed. The mitotic defects observed after spliceo-
some depletion have been linked to splicing defects affecting the
chromosome cohesion protein sororin11,12 and Apc2,11 a subunit
of the anaphase-promoting complex/cyclosome (APC/C)
required for mitotic progression.

In contrast, inactivation of the splicing factor ASF/SF2 in
chicken cells29 results in genomic instability, formation of RNA-
DNA loops (R-loops), and arrest in the G2 phase of the cell cycle
in a splicing-independent manner. Similarly, mouse cells with
the spliceosome component PLRG1 deleted show an increase in
DNA damage with no evidence of major splicing defects.30 How-
ever, unlike the G2 arrest observed after ASF/SF2 depletion,29

PLRG1 deficiency causes an earlier cell cycle arrest, as cells can-
not progress through S phase.30

Hence, a connection between spliceosome depletion and cell
cycle defects has been observed after depletion of many different
spliceosome subunits. However, the specific cell cycle phenotype
observed varies depending on the spliceosome subunit targeted
and the type of cells used. Here, we report that the spliceosome is
required for progression through multiple phases of the cell cycle
in human cells. Spliceosome depletion results in arrests in G1, S,
G2, and mitosis. More importantly, we show evidence of a corre-
lation between spliceosome dosage and the specific cell cycle
phase affected. That is, partial spliceosome depletion leads to
defects in later stages of the cell cycle (mitosis and G2), while a
more complete depletion results in early cell cycle arrest (G1).
Our results support a global requirement for the spliceosome
throughout the cell cycle, likely due to its role in the expression
of multiple cell cycle proteins.

Results

Depletion of spliceosome components induces cell cycle
delays

We recently reported a genome-wide siRNA screen designed
to identify regulators of the response to mitotic arrest elicited by
taxol.10 Taxol arrests cells in mitosis by disrupting microtubule
dynamics and triggering activation of the spindle checkpoint, a
surveillance mechanism that monitors chromosome attachment
to the spindle during mitosis.4 Once the cells are arrested in
mitosis, 2 fates are possible: a cell can escape the mitotic arrest
and exit mitosis abnormally (adaptation) or it undergoes apopto-
sis.33 Our screen revealed that siRNAs against several spliceosome
components resulted in increased cell survival in the presence of
taxol.10 The spliceosome components uncovered in our screen
included: SNRPB (SmB/B’), one of 7 core structural spliceosome
proteins that directly assemble on the U-rich snRNAs;34 P14
(SF3B14), a protein that directly contacts the adenosine at the

branch point and carries out the first transesterification reaction
during splicing;35 as well as the spliceosome associated compo-
nents CWC2236 and CRNKL1.37

To understand how depletion of these spliceosome compo-
nents increased cell survival in taxol, we transfected HeLa cells
with a pool of 4 siRNAs designed against each of the indicated
spliceosome components. At 24 h after transfection, taxol was
added at a final concentration of 220 nM. Samples were analyzed
by flow cytometry after 42 h in taxol (Fig. 1A). Under these con-
ditions, the majority of mock-depleted cells had already under-
gone apoptosis after the prolonged mitotic arrest,10 as evidenced
by the shift in DNA content to subG1 levels. In contrast, cells
transfected with pooled siRNAs targeting CRNKL1
(siCRNKL1), SNRPB (siSNRPB), or P14 (siP14) had a marked
reduction in subG1 cells and clear peaks of live cells with a 4C
DNA content (G2/M). These results confirmed that depletion of
several spliceosome subunits from HeLa cells decreased apoptosis
and increased cell survival.

In addition to a decrease in apoptosis and presence of cells in
G2/M, cells transfected with the siSNRPB pool also had a small
population of cells in G1 even after 42 h in taxol (Fig. 1A).
These results suggested that SNRPB depletion elicited a cell cycle
delay in G1. To directly test whether depletion of different spli-
ceosome components resulted in cell cycle defects in the absence
of taxol, we transfected HeLa cells with a control siRNA (siCon-
trol) or individual siRNAs targeting the different spliceosome
components, and analyzed the cell cycle distribution of asynchro-
nously growing populations with flow cytometry at 48 h after
transfection (Fig. 1B). Interestingly, at least 2 siRNAs per target
gene produced abnormal cell cycle profiles. Two main pheno-
types were observed: cells transfected with siCRNKL1–3,
siCRNKL1–4, and all 4 siRNAs against CWC22 and siP14–3
showed an increase in S phase cells, while siP14–1, siSNRPB-3,
and siSNRPB-4 caused an increase in the number of cells in G2.
These results indicate that spliceosome depletion results in cell
cycle delays in S and G2 phases. Cell cycle delays in phases prior
to mitosis can explain the increased survival observed in taxol by
preventing mitotic entry and therefore taxol-induced mitotic
arrest and apoptosis.

Spliceosome depletion results in multiple cell cycle
phenotypes

To further characterize the cell cycle phenotypes caused by
spliceosome depletion in more detail, we next synchronized
HeLa cells at the G1/S boundary by thymidine block and then
released them into medium containing taxol to allow for progres-
sion through a single cell cycle (Fig. 2). Cells transfected with
siControl progressed synchronously through S phase and reached
G2/M by 9 h after release. In contrast, cells transfected with
siCRNKL1–3 or siCRNKL1–4 arrested in S phase (Fig. 2A).
Strikingly, cells transfected with siRNAs against SNRPB showed
different cell cycle phenotypes, depending on the specific siRNA
used (Fig. 2B). A majority of the cells transfected with
siSNRPB-1 were not able to enter S phase and remained arrested
at the G1/S boundary, while most of the cells transfected with
siSNRPB-3 progressed to G2/M, albeit with a delay.
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Figure 1. Spliceosome depletion induces cell cycle defects. (A) HeLa cells were transfected with the indicated siRNA pools (4 siRNAs per pool). Taxol
(200 nM) was added at 24 h after transfection. Samples were collected after 42 h in taxol. DNA content histograms obtained by flow cytometry using
propidium iodide (PI) staining are shown. A sample histogram of an asynchronously growing culture is shown as comparison (left). (B) Cell cycle analysis
after spliceosome depletion. Cells were transfected with the individual indicated siRNAs, grown asynchronously, collected 48 h after transfection and
analyzed by flow cytometry. The DNA content histograms obtained by PI staining are shown.
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Furthermore, quantification of mitotic cells by flow cytometry
using the anti-MPM2 antibody, which recognized phospho-epit-
opes present only in mitotic cells, revealed that cells depleted of
SNRPB had a significant delay in mitotic entry. Only 1.3% of
cells transfected with siSNRPB-1 and 2.8% of cells transfected
with siSNRPB-3 reached mitosis by 12 h after release into taxol,
compared to 15.2% in siControl-treated cells (Fig. 2C-D). Con-
sistent with a delay of siSNRPB treated cells to enter mitosis,
Western blot analysis of total lysates from the same time course
revealed less robust cyclin B1 accumulation in these cells
(Fig. 2E). Consistent with an earlier study, depletion of SNRPB
reduced sororin protein levels (Fig. 2F), presumably due to inef-
ficient splicing of sororin mRNA. Taken together, these results
indicate that depletion of different spliceosome components can
lead to cell cycle arrest/delays at the G1, S, and G2 phases of the
cell cycle.

Spliceosome depletion increases DNA damage and elicits a
G2 arrest

A role for spliceosome components in preventing DNA
damage has been reported.7,29 In the presence of DNA damage,
the DNA damage checkpoint is triggered and delays cell cycle

progression in G2 to allow time to repair the damage.5 To test
whether the G2 arrest we observed after SNRPB depletion was
due to DNA damage, we first quantified gH2AX, a marker of
DNA double-strand breaks, by immunostaining (Fig. 3A-C).
Compared to siControl-treated cells, SNRPB depletion
resulted in an increase in DNA damage in terms of both the
percentage of cells with gH2AX foci (Fig. 3B) and the overall
intensity of gH2AX signal (Fig. 3C). Next, we tested whether
the G2 arrest observed in cells transfected with siSNRPB-3 was
due to activation of the DNA damage checkpoint by co-trans-
fecting cells with siRNAs targeting components of this check-
point (Fig. 3D-E). We focused on the kinases Chk1, Chk2,
ATR, and ATM, since they are essential for the DNA damage
checkpoint response.5 Cells were co-transfected with siControl
or siSNRPB-3 and siRNAs against the indicated DNA damage
checkpoint kinases. At 24 h after transfection, taxol was added
for another 15 h, and the percentage of mitotic cells was quan-
tified by flow cytometry. SNRPB depletion using siSNRPB-3
resulted in a strong G2 arrest, with only 17.2% of the cells
entering mitosis, compared to 74.8% in siControl-treated cells
(Fig. 3E). Co-transfection with siRNAs against Chk1, Chk2,
or ATM partially alleviated the G2 arrest and increased the

Figure 2. Spliceosome depletion induces interphase delays. (A-B) HeLa cells transfected with the indicated siRNAs were synchronized in G1 by thymidine
block and subsequently released into medium containing taxol. Samples were taken at the indicated time points after release and subjected to cell cycle
profile analysis by flow cytometry using propidium iodide (PI) and anti-MPM2 staining. Overlaid DNA content histograms are shown. (C) Quantification
of mitotic cells (MPM2C) for the experiment in (B). (D) Representative flow cytometry profiles of cells stained with PI and MPM2 at 12 h after release. The
percentage of mitotic cells (MPM2C) is indicated. (E) Western blots of total lysates of cells in (B) blotted with the indicated antibodies. (F) Western blots
of total lysates of cells in (B) at the time of release (t D 0 h) blotted with the indicated antibodies.
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percentage of cells in mitosis, while siRNAs against ATR did
not have any effect. Combination of siChk1 and siChk2 siR-
NAs, together with siSNRPB-3, had additive effects, increasing
the percentage of mitotic cells to 41.4%. Together, these results
indicate that the G2 arrest observed in cells transfected with
siSNRPB-3 is at least partially due to an increase in DNA dam-
age and subsequent activation of the DNA damage checkpoint.
Interestingly, the checkpoint response elicited by SNRPB
depletion requires Chk1, Chk2, and ATM, but not ATR,
although we cannot rule out the trivial possibility that this is
due to incomplete ATR depletion.

Spliceosome depletion also causes mitotic defects
Mitotic defects after depletion of the spliceosome components

SON,31 SNW1,11 and MFAP112 have been reported. To test
whether SNRPB depletion also caused mitotic defects, we per-
formed live cell imaging of HeLa cells stably expressing H2B-
GFP, and analyzed their progression through mitosis (Fig. 4).
Because depletion of SNRPB using siRNAs at a final concentra-
tion of 5 nM resulted in interphase arrest in G1 and G2
(Fig. 2B-D), we decided to reduce the siRNA concentration to
achieve a level of partial SNRPB depletion that allowed the cells
to progress past G2 and into mitosis. Transfection with 1 nM

Figure 3. Spliceosome depletion results in increased DNA damage and checkpoint-dependent G2 arrest. (A) Analysis of DNA damage by immunostain-
ing. HeLa cells were transfected with the indicated siRNAs. Cells were fixed at 48 h after transfection and stained with antibodies against g-H2AX and
DAPI. Sample micrographs are shown. (B) Quantification of the percentage of g-H2AX-positive cells in (A). (C) Quantification of nuclear g-H2AX intensity
in (A). Each dot represents one nucleus. (D) HeLa cells were transfected with Control (siControl) or siSNRPB-3 siRNA together with siRNAs against the indi-
cated DNA damage checkpoint components. Western blots of total lysates blotted with the indicated antibodies are shown. (E) Quantification of mitotic
entry. HeLa cells transfected with the indicated combinations of siRNAs were incubated with taxol at 24 h after siRNA transfection. Samples were col-
lected after 15 h in taxol, and the cell cycle profile was analyzed by flow cytometry using Propidium Iodide (PI) and anti-MPM2 staining. The percentage
of mitotic cells (MPM2C) is indicated.
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siSNRPB-1 for 24 h resulted in 88% of the cells entering mitosis
within the time of our time lapse analysis (30 h), albeit with a
slight delay compared to siControl-transfected cells (Fig. 4A).
Analysis of mitotic progression after transfection with either
siSNRPB-1 or siSNRPB-3 at a final concentration of 1 nM
resulted in an increase in mitotic defects, including multipolar
mitoses, misaligned chromosomes, and lagging chromosomes
(Fig. 4B-C). These results are in agreement with and extend pre-
viously reported roles for other spliceosome components in
mitosis.11,12,31

Different degrees of SNRPB depletion produce distinct cell
cycle phenotypes

Our analyses thus far indicate that depletion of different spli-
ceosome components can result in diverse cell cycle phenotypes,

including arrest in G1, S, or G2 (Fig. 1–2), increased DNA dam-
age (Fig. 3), and mitotic defects (Fig. 4). Interestingly, depletion
of a single spliceosome component, SNRPB, using 2 different
siRNAs also results in different cell cycle phenotypes: siSNRPB-
1 transfection causes predominantly a G1 arrest while siSNRPB-
3 transfection results predominantly in a G2 arrest (Fig. 2B).
More importantly, reduction of siSNRPB-1 concentration
relieves the G1 arrest, allowing the cells to progress into mitosis
(Fig. 4A). These results suggested that the multiple cell cycle
phenotypes could be due to the specific level of knockdown
achieved by the different siRNAs.

To further test this hypothesis, we compared the phenotypes
and levels of SNRPB depletion obtained by transfection of HeLa
cells with 3 different siRNAs against SNRPB (Fig. 5A-B). HeLa
cells were transfected with siControl or one of the 3 SNRPB

Figure 4. Spliceosome depletion also results in mitotic defects. (A) HeLa H2B-GFP cells were transfected with the indicated siRNAs (1 nM), and live cell
imaging was performed starting at 24 h after siRNA transfection. Cumulative frequency of cells entering mitosis during the time lapse is shown. (B) Quan-
tification of the mitotic phenotypes observed in (A). (C) Representative micrographs of the time lapse imaging in (A). Nuclear envelope breakdown
(NEBD) is set as time 0 h. Arrow points to a misaligned chromosome. Arrowhead marks a lagging chromosome.

1878 Volume 14 Issue 12Cell Cycle



siRNAs at a final concentration of 5 nM in triplicate samples.
Taxol was added to one sample 24 h after the siRNA transfec-
tion, and the sample was collected after 15 h in taxol. The other
2 samples were grown asynchronously (Log) for 29 h and col-
lected for cell cycle analysis. As expected, siControl-treated cells
showed a typical cell cycle distribution in asynchronous culture
and were arrested in mitosis in the presence of taxol, with 78% of
the cells in mitosis (Fig. 5A). Interestingly, the 3 siRNAs against
SNRBP produced different cell cycle phenotypes. Cells trans-
fected with siSNRPB-1 and siSNRPB-2 had a strong G1 arrest,
since many cells were still in G1 even after 15 h in taxol. In con-
trast, siSNRPB-3 caused primarily a G2 arrest that could be
observed both in asynchronous and taxol-treated cultures.

We then compared the degree of SNRPB depletion by
siSNRPB-1 and siSNRPB-3. Lysates of HeLa cells transfected
with different concentrations of siSNRPB-1 or siSNRPB-3 were
analyzed by Western blotting. While both siRNAs effectively
reduced the levels of SNRPB protein, siSNRPB-1 depleted
SNRPB more completely than siSNRPB-3 did (Fig. 5B). Thus,
the efficiency of SNRPB depletion correlated with the severity of
the cell cycle arrest. Cells treated with siSNRPB-1 had less resid-
ual SNRPB protein and underwent the earliest cell cycle arrest
(G1). Cells transfected with siSNRPB-3 had more residual
SNRBP and were arrested at a later stage in the cell cycle (G2).
These results indicated a correlation between SNRPB depletion
and cell cycle progression.

Figure 5. Different degrees of spliceosome depletion cause different cell cycle phenotypes. (A) Cell cycle analysis of HeLa cells transfected with the indi-
cated siRNAs (5 nM). Top panel: Overlaid DNA content histograms obtained by flow cytometry using PI staining in the absence (Log) or presence of taxol
(Tax)(15 h). Bottom panel: Quantification of mitotic cells in the taxol samples by PI and anti-MPM2 staining. Percentage of mitotic cells is indicated. (B)
Western blots of total lysates from HeLa cells transfected with the indicated siRNAs at the indicated concentrations. Samples were taken at 48 h after
transfection and blotted with the indicated antibodies. (C-D) HeLa cells were transfected with the indicated siRNAs at the indicated concentrations.
Samples were taken at 48 h after transfection and analyzed by Western blotting (C) or flow cytometry using PI (D).
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Because of its central role in mRNA splicing, we reasoned that
variations in the level of spliceosome function could lead to
defects in the expression of cell cycle proteins that would in turn
result in cell cycle progression defects. Consistent with a role for
the spliceosome in gene expression, the levels of several cell cycle
proteins, including Apc2, Mad2, BubR1, and g-tubulin, were
reduced after SNRPB depletion. More importantly, the level of
the decrease for these cell cycle proteins correlated with the level
of SNRPB depletion. Together, these results suggest that spliceo-
some depletion results in cell cycle defects due to decreased
expression of multiple cell cycle proteins. The nature of the cell
cycle defect observed after depletion of spliceosome components
depends on the severity of the depletion, and is likely due to the
specific type of cell cycle proteins affected and the level of their
reduction.

To further confirm this notion, we next tested if the correla-
tion between SNRPB depletion and cell cycle phenotype could
be recapitulated using a single siRNA. HeLa cells were trans-
fected with different concentrations of siSNRPB-1. Samples were
collected 48 h after transfection, and analyzed with Western blot-
ting and flow cytometry. Because the levels of residual SNRPB
did not vary much when cells were transfected with 1–20 nM of
siSNRPB-1 (Fig. 5B), we used a much wider concentration
range, from 1 pM to 5 nM. Remarkably, the different levels of
SNRPB depletion correlated with the cell cycle phenotype. While
high concentrations of siSNRPB-1 (1–5 nM) produced a strong
G1 arrest (Fig. 5A and D), lower siSNRPB-1 concentrations (1–
40 pM) resulted in a G2 arrest (Fig. 5D). These results demon-
strate that different degrees of depletion of a single spliceosome
component (SNRPB) can produce distinct cell cycle phenotypes.

Discussion

Through a detailed cell cycle analysis of human cells depleted
of several spliceosome components, we have defined a global role
for the spliceosome at multiple stages of the cell cycle. Further-
more, by analyzing cell cycle progression in the presence of differ-
ent levels of the core spliceosome component SNRPB, we
identified a correlation between the spliceosome level and the
specific cell cycle stage at which the cells undergo arrest. These
results are consistent with a dosage-dependent model in which
the extent of progression through the cell cycle is dependent on
the level of spliceosome activity (Fig. 6). High spliceosome levels
support progression through multiple phases of the cell cycle,
while low spliceosome levels result in an early arrest.

Previous studies have indicated that depletion of individual
spliceosome components causes splicing defects in only a small
subset of mRNAs, including the chromosome cohesion protector
sororin and the APC/C subunit Apc2.11,12 Two interpretations
were suggested, either the specific spliceosome components
depleted are preferentially required for splicing of these mitotic
pre-mRNAs or the sororin and Apc2 pre-mRNAs are particularly
difficult to splice and require high spliceosome levels. Our results
show that depletion of the core spliceosome SNRPB reduced the
protein levels of sororin (Fig. 2F) and Apc2 (Fig. 5C, E).

However, we also observed reduction in the levels of several other
mitotic and cell cycle proteins. Although it is possible that spe-
cific pre-mRNAs are affected first, as suggested for sororin and
Apc2,11,12 the cell cycle phenotypes observed here are more likely
a result of the reduction of multiple cell cycle proteins.

Our results show that depletion of spliceosome proteins to dif-
ferent levels results in defects in different cell cycle phases, with
mitosis being the most sensitive phase, and G1 being the least
sensitive one. Why does progression through different cell cycle
stages require different levels of spliceosome function? Several
scenarios could explain this graded response to spliceosome
depletion. First, variations in spliceosome function during differ-
ent phases of the cell cycle might result in a need for increased
spliceosome levels during phases when splicing activity is dimin-
ished. This idea is supported by evidence showing that splicing

Figure 6. Graded requirement for the spliceosome during the cell cycle.
Schematic drawing of a dosage model to explain the varying cell cycle
phenotypes caused by spliceosome inactivation. In this model, spliceo-
some is required for pre-mRNA splicing and subsequent expression of
multiple proteins at all stages of the cell cycle. Depletion of spliceosome
components results in cell cycle defects whose severity depends upon
the efficiency of spliceosome depletion. Mild spliceosome depletion
results in defects in the later stages of the cell cycle (e.g. mitosis or G2),
whereas severe spliceosome depletion elicits a block in G1.
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activity in mitotic extracts is reduced, compared to that of inter-
phase extracts, due to activation of the spliceosome inhibitor
SRp38 during mitosis.38 In addition, spliceosome assembly and
maturation occurs at the Cajal bodies, nuclear bodies whose size
and number change during the different phases of the cell cycle
and are disassembled during mitosis.39,40 Thus reduced spliceo-
some activity during mitosis due to inhibition and reduced
assembly/maturation might explain a requirement for higher spli-
ceosome dosage at this stage. Higher spliceosome levels during
mitosis might compensate for the repression and maintain appro-
priate levels of splicing of genes transcribed and translated in
mitosis, such as cyclin B1.41

A related scenario can be envisioned in which the different
requirements for spliceosome dosage are due to cell cycle-regu-
lated changes in spliceosome abundance. Recently, a proteome
study reported a striking decrease in the abundance of more than
50 spliceosome proteins at the G1/S transition.42 This sharp
decrease might explain why late cell cycle phases are more sensi-
tive to spliceosome depletion compared to G1. Further depletion
of spliceosome components during these phases could readily
compromise the already reduced spliceosome levels.

Lastly, it is also possible that the different spliceosome dosage
requirements during the different cell cycle phases are due to
splicing-independent roles for the spliceosome. A direct role for
the spliceosome component PRP19 during in vitro spindle
assembly in Xenopus extracts has been reported.43 This seems to
be a splicing-independent role, since spindle assembly in this sys-
tem does not require transcription and is not inhibited by the
splicing inhibitor spliceostatin A. Similarly, a splicing-indepen-
dent role for the spliceosome-associated protein ASF/SF2 in the
prevention of DNA damage has been reported.29 Depletion of
ASF/SF2 results in increased DNA damage and G2 arrest due to
the formation of DNA-RNA hybrids (R-loops). Formation of
R-loops in ASF/SF2-depleted cells can be reversed by overexpres-
sion of RNaseH, an enzyme that specifically cleaves RNA in
DNA-RNA hybrids, suggesting that the role of ASF/SF2 in
R-loop prevention is independent of its role in splicing. Here,
we have shown that SNRPB depletion also increases DNA dam-
age and elicits a G2 arrest (Fig. 3). Depletion of the DNA
damage checkpoint kinases Chk1, Chk2, and ATM partially alle-
viates the G2 arrest, indicating that the cell cycle arrest in G2 is,
at least in part, due to the increase in DNA damage. However,
the fact that inhibition of the DNA damage checkpoint only res-
cues the G2 arrest in about 50% of the cells indicates the con-
comitant presence of additional cell cycle defects that also
contribute to the G2 arrest.

We hypothesize that the specific cell cycle phenotypes
observed after spliceosome depletion might be the result of multi-
ple splicing-related and splicing-independent defects, which lead
to complex and diverse phenotypic outcomes. Understanding the
specific contributions of the different spliceosome activities to
the cell cycle and how the cell cycle in turn regulates the spliceo-
some are important questions that need to be addressed. Further
understanding of the link between the spliceosome and cell divi-
sion, may ultimately contribute to our understanding of prolifer-
ative diseases, such as cancer.

Materials and Methods

Mammalian cell culture and reagents
HeLa Tet-On (Clontech) cells were grown in Dulbecco’s

modified Eagle’s medium (Life Technologies) supplemented
with 10% fetal bovine serum (Life Technologies), 10 mM L-glu-
tamine, and penicillin/streptomycin (Life Technologies). siRNA
transfections were performed using Lipofectamine RNAiMAX
(Life Technologies) according to instructions from the manufac-
turer. For arresting cells in mitosis, cells were treated with
220 nM taxol (Sigma) for 14–16 h or as indicated. For cell cycle
synchronization, cells were cultured in medium containing
2.5 mM thymidine (Sigma) for 14 h and released into fresh
medium with taxol for the desired times.

Antibodies and immunoblotting
Cells were lysed in 2 £ loading buffer. Lysates were separated

by SDS-PAGE, transferred to nitrocellulose membranes, and
blotted with the indicated antibodies. Antibodies against Apc2,
Mad2, Mad1, and BubR1 have been previously described.44-46

The following antibodies were purchased from commercial sour-
ces: anti-SNRPB (Sigma), anti-g-tubulin (Sigma), anti-actin
(Millipore) and anti-g-H2AX (Millipore).

Flow cytometry
Cells resuspended in PBS were fixed in cold 70% ethanol,

washed once in PBS, and permeabilized in PBS containing
0.25% Triton-X for 5 min. Anti-MPM2 antibody (Millipore)
was diluted 1:400 in PBS containing 3% BSA (Sigma), added to
the permeabilized cells, and incubated at room temperature for
3 h. After washing with PBS containing 3% BSA, cells were
resuspended in the same buffer containing anti-mouse Alexa-488
secondary antibody (Invitrogen; 1:200) and incubated for
30 min in the dark. Cells were washed in PBS and resuspended
in PBS supplemented with 0.1% Triton-X, 200 mg/ml DNase-
free RNase A (QIAGEN), and 2 mg/ml propidium iodide (PI)
(Sigma). Samples were processed using a FACScalibur flow
cytometer (BD Biosciences). Data were analyzed using the
FlowJo software.

Immunofluorescence
Cells for immunostaining were grown on chamber slides

(LabTek), fixed using cold methanol (¡20�C), blocked in PBS
containing 3% BSA and 0.2% Triton-X, and mounted using
ProLong with DAPI (Invitrogen) after incubation with the
appropriate primary and secondary antibodies. The antibodies
used were: anti-g-H2AX (1:250, Millipore) and Alexa secondary
antibodies (1:500, Life Technologies). Samples were imaged
using a DeltaVision system (Applied Precision) taking z-stacks at
0.2 mm. Images were deconvolved using the manufacturer algo-
rithm and projected using the Sum method. For g-H2AX stain-
ing quantification, nuclei were segmented in the deconvolved
and projected images in the DAPI channel using ImageJ and the
Integrated Density of g-H2AX for every nuclei was measured.
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Live cell microscopy
HeLa cells stably expressing H2B-GFP were cultured on

4- or 8-well chambered coverslips (LabTek) and transfected
with a control siRNA or the indicated siRNAs at 5 nM.
Cells were imaged using a DeltaVision system (Applied Pre-
cision) fitted with a Xenon light source, CoolSnap HQ2
camera, a humidified environmental chamber at 37�C and
5% CO2. Images were acquired using a 40£ objective at 2–
10 min intervals for 12–24 h. Three 5-mm z-stacks per
timepoint were acquired and projected by the maximum
intensity method. The images were further processed in
ImageJ to create time-lapse movies. All images in each
movie were subjected to the same brightness/contrast
adjustment.
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