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The members of the SR family of splicing regulators were initially characterized for their critical roles
in constitutive and regulated splicing. They are implicated in different aspects of gene expression pro-
cesses, including transcription, RNA stability, mRNA transport, and translational control. While knock-
out studies have demonstrated their essential functions during animal development, the pathway(s)
leading to a specific cellular phenotype remains poorly understood. We report here that the SR protein
SC35 controls cell proliferation during pituitary gland development but is completely dispensable in
terminal differentiated mature cardiomyocytes in mice. We show that loss of SC35 in mouse embryonic
fibroblasts induces G,/M cell cycle arrest and genomic instability, resulting at least in part from p53
hyperphosphorylation and hyperacetylation. While p53 hyperphosphorylation appears related to ATM
activation, its hyperacetylation has been attributed to the increased expression of the acetyltransferase
gene p300 and the aberrant splicing of the deacetylase gene SirTI. These findings reveal the involvement
of SC35 in specific pathways in regulating cell proliferation and genomic stability during mammalian

organogenesis and suggest its potential function in tumorigenesis.

More than half of the protein-coding genes undergo alter-
native splicing in humans, suggesting that regulated splicing
plays a fundamental role in cellular physiology and organ de-
velopment (5). In addition, pre-mRNA splicing is not only an
essential intermediate step in gene expression but also con-
nects upstream transcriptional events and downstream mRNA
export, degradation, and even translation (20). Given the im-
portance of pre-mRNA splicing in gene expression and in
various developmental and disease processes (12), we are still
at the beginning of understanding the roles of distinct splicing
regulators in cell proliferation and cell cycle progression that
lead to specific cellular and developmental phenotypes.

The present study focuses on the role of the SR family of
splicing regulators. SR proteins are a family of RNA binding
proteins characterized by one or two RNA recognition motifs
and a signature RS domain enriched with arginine and serine
repeats, hence the name for this family. SR proteins play crit-
ical roles in both constitutive and alternative splicing (14, 17,
31, 35). It is generally assumed that they play important house-
keeping roles in most, if not all, cell types. Indeed, knockout of
individual SR genes in mice resulted in early embryonic lethal-
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ity (21, 46, 48). Similarly, in experiments using chicken DT40
cells or mouse embryo fibroblasts (MEFs) derived from con-
ditional knockout embryos, ablation of SR protein ASF/SF2
gave rise to a cell-lethal phenotype (32, 47). In the case of
DT40 cells, cell mortality induced by ASF/SF2 depletion ap-
pears to be caused by multiple defects, including genomic
instability triggered by elevated double-strand DNA break and
subsequent apoptosis (26, 27, 29).

Here, on the basis of experiments using conditional mouse
knockout and inducible somatic genetic complementation sys-
tems, we report that the SR protein SC35 plays a critical role
in cell proliferation during pituitary development, but surpris-
ingly it is dispensable in terminal differentiated mature cardio-
myocytes in the heart. Using the conditional knockout MEF
model, we found that depletion of SC35 induced cell cycle
arrest at the G,/M phase. Remarkably, such a defect in cell
cycle progression could be partially relieved by inactivation of
the p53 tumor suppressor gene, indicating a key role of p53 in
the SC35-mediated cell proliferation pathway. Analysis of the
p53 activation mechanism revealed hyperphosphorylation of
p53 at the site known to be modified by activated ATM (1),
consistent with the double-stranded DNA break observed in
SC35-deficient MEFs. We also detected p53 hyperacetylation,
which was linked to the increased expression of the p53 acetyl-
transferase gene p300 (4, 18, 23, 33, 39) and the aberrant
splicing of the p53 deacetylase gene SirT! (2, 9, 34, 45). These
observations provide evidence for a general role of SR proteins
in maintaining genomic stability and cell proliferation in ver-
tebrates. The ability of SR proteins to modulate p53 functions
in cell growth control suggests a novel mechanism for overex-
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pressed SR proteins detected in various tumor types (13, 16,
43) to contribute to cancer progression.

MATERIALS AND METHODS

Generation of Pit-Cre/AP transgenic mice. Standard molecular biology proce-
dures were used to generate the Pit-Cre/hpAP transgene construct. In brief, the
15.5-kb endogenous Pit-1 promoter and enhancer region was cloned in front of
the mini-B-globin intron region and the full-length Cre cDNA, which was fol-
lowed by human placenta alkaline phosphatase (hpAP) and a poly(A™) signal.
The hpAP c¢DNA is fused with internal ribosomal entrance sites, which allows
Cap-independent translation (25, 30). The transgenic mice were generated by
direct injection of fertilized eggs with the linearized transgene construct.

AP and B-galactosidase staining. Transgene expression was analyzed by mon-
itoring the hpAP enzymatic activity as described previously (25, 30). In brief,
staged embryos were dissected and fixed in 10% buffered formalin at 4°C for 30
min. The cryosections from each embryo were postfixed for 30 min and rinsed
with phosphate-buffered saline (PBS) twice before heat inactivation of endoge-
nous AP activity (25). The hpAP activity was then assayed at room temperature
overnight using BM purple substrate from Roche. The Cre recombinase function
was analyzed by crossing the transgenic mice with the ROSA26 reporter mice,
followed by 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside staining for 3-ga-
lactosidase activity, essentially by the method described previously (42).

Ablation of SC35 in the pituitary and heart. The conditional SC35 knockout
allele was generated by flanking both axons of the entire SC35 locus with two
loxP sites as described previously (46). Homozygous type II SC35 mice were
crossed with the Pit-Cre/hpAP transgenic mice to generate pituitary-specific de-
letion of the SC35 gene. To ablate SC35 in the adult heart, the conditional SC35
knockout mice were similarly crossed to the tamoxifen-inducible MHC-Cre trans-
genic mice (41). To induce gene deletion, tamoxifen was intraperitoneally in-
jected into 3-week-old mice once a day for 5 days, as described previously (41).
Deletion efficiency was determined by Southern blot analysis, and echocardio-
graphic analysis was performed as previously described (11).

Cell type determination by immunohistochemistry, BrdU labeling, and
TUNEL assays. All pituitary-specific antibodies and the immunohistochemistry
procedure used were described previously (28). 5-Bromo-2-deoxyuridine (BrdU)
labeling and terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end labeling (TUNEL) assay were performed according to the manufacturer’s
suggestions and as described previously (28). Briefly, staged pregnant females
and newborn pups were labeled for 2 h with BrdU-PBS at 0.1 mg/g of body
weight. Incorporated BrdU was detected on 10-wm cryostat sections as recom-
mended by the manufacturer (ICN, Irvine, CA). All sections were counterstained
with 4',6'-diamidino-2-phenylindole (DAPI) before being photographed.

Plasmids, Tet-off-inducible system, and TAT-Cre protein transduction. The
pRevTRE-SC35 plasmid was constructed by subcloning hemagglutinin (HA)-
tagged SC35 ¢cDNA into the pRevTRE vector (Clontech), which was used to
produce a retrovirus. T-antigen-immortalized MEFs carrying floxed SC35 alleles
were coinfected with RevTRE-SC35 and RevTet-OFF-IN viruses, followed by
single-cell cloning and removal of the endogenous SC35 gene to establish the
inducible SC35 expression cell line as described for ASF/SF2 (32). The SC35
Tet-off cell line was verified by PCR genotyping (primers used were F, 5’AAA
ATG TCT TGC CAT CTC CCT CCC C3'; R1, 5’GGT CTT GGT TAT TTG
GCC AAG AAT CAC3’; and R2, 5'TCC ATG GAC CGA TGG ACT GAG
TTT GT3’; the PCR conditions were 35 cycles of 94°C for 30 s, 65°C for 30 s, and
72°C for 60 s) and characterized by Western blotting. Complementation was
carried out using wild-type (wt) and mutant SC35 expressed as a Myc-tagged
fusion protein from the retrovirus.

Cell proliferation and cell cycle analyses. Cells were cultured in 12-well plates.
The culture medium was changed 24 h before the MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] assay; 100 wl of MTT stock solution (5
mg/ml in PBS) was added to each well, which contained 1.0 ml of medium, and
the plate was incubated at 37°C for 1 h. After the medium was removed, the
converted dye was solubilized with 1 ml of acidic isopropanol (0.04 M HCI in
absolute isopropanol) and, within 1 h after the addition of isopropanol, the
reaction in a 12-well plate was measured at 570 nm with a background subtrac-
tion at 670 nm. BrdU uptake studies were also performed using an in situ cell
proliferation kit (Roche). The short interfering RNA (siRNA) microinjection
assay was essentially the same as that previously described (37).

To profile the cell cycle in SC35-depleted MEFs, doxycycline (Dox) was in-
cluded in the media for 5 days. Induced cells and similarly treated wt controls
were harvested, washed with PBS, and fixed in 70% ethanol-PBS for 30 min at
4°C. Cells were washed with PBS and stained with propidium iodide solution for
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30 min at room temperature in the dark before fluorescence-activated cell sorter
(FACS) analysis on an LSR flow cytometer (Becton Dickinson).

Western blotting and immunofluorescence staining. Whole-cell protein was
extracted in sodium dodecyl sulfate loading buffer for polyacrylamide gel elec-
trophoresis. After being blotted onto nitrocellulose, the membrane was probed
with anti-«HA (Roche). To detect p53 modifications, the cells were lysed in a
Flag lysis buffer (34) and were analyzed by Western blotting using anti-total p53
(FL-393; Santa Cruz Biotechnology), anti-phospho-p53 serine 18 (16G8; Cell
Signaling), and anti-acetyl-p5S3K379 and anti-acetyl-p53K317 (2271-PC-050;
Trevigen). Anti-SirT1 was from Upstate (07-131).

For immunofluorescence staining, cells were fixed with 4% paraformaldehyde
in PBS for 20 min at room temperature and permeabilized in 0.5% Triton X-100
for 5 min. The fixed cells were incubated for 1 h at room temperature with
anti-phospho-histone yH2AX-ser139 (2F3; Biolegend) in PBS plus 1% fetal
bovine serum. After being washed, the cells were developed for 1 h at room
temperature with Alexa Fluor 594-conjugated donkey anti-mouse immunoglob-
ulin G (1:500; Molecular Probes) and Alexa Fluor 488-conjugated phalloidin
(1:500; Molecular Probes). Coverslips were mounted with a mounting solution
containing DAPI and were imaged with a Zeiss Axioskop microscope.

RESULTS

Reduced pituitary gland cell proliferation in SC35 condi-
tional knockout mice. To understand the specific function of
SC35 during mammalian development, we genetically engi-
neered tissue-specific SC35 ablation in the well-characterized
anterior pituitary gland primordium at embryonic day 9.5
(€9.5) with the Pitx/Cre transgenic mouse (37). Histological
analyses revealed growth arrest of the anterior pituitary gland
at €10.5 and el5.5, but the Cre expression-negative posterior
pituitary gland was unaffected (Fig. 1A and data not shown).
This result demonstrates the essential role of SC35 in pituitary
development, but the severe anterior pituitary gland growth
arrest phenotype precluded further analysis of SC35 function
during pituitary cell differentiation and proliferation at later
developmental stages. We therefore generated another trans-
genic line, Pit-1-Cre/hpAP, to express the Cre recombinase at
later pituitary development stages, starting at e13.5, using a
15.5-kb Pit-1 promoter. This promoter contains all the regula-
tory information of the Pit-1 gene and is capable of driving
specific transgene expression in all three Pit-1 cell lineages: the
somatotrophs, lactotrophs, and thyrotrophs (Fig. 1B) (10, 38).
The dicistronic transgene expresses both the Cre recombinase
and a separate hpAP by using an internal ribosomal entrance
site (Fig. 1B) (25). The spatiotemporal expression pattern of
the transgene was analyzed initially based on the hpAP enzy-
matic activity, demonstrating the early transgene activity at
e13.5 that coincided with the initial expression of the endoge-
nous Pit-1 gene and the onset of the pituitary gland cell type
differentiation (Fig. 1C). Immunohistochemical analysis using
a Pit-1-specific antibody on the adjacent section showed that the
hpAP activity colocalized with the Pit-1 expression pattern (Fig.
1C), and strong transgene expression persisted in the adult pitu-
itary (Fig. 1D). The enzymatic activity of Cre was further con-
firmed on the basis of the expression of 3-galactosidase using the
ROSA26 Cre reporter mice (data not shown) (42).

Conditional deletion of SC35 using Pit-1-Cre/hpAP trans-
genic mice produced apparently normal adult mice according
to their Mendelian frequency, and the mutant mice exhibited
body weights comparable to those of wt littermate controls
(data not shown). Gross analyses of the pituitary gland, how-
ever, revealed that the SC35-deficient gland was only 1/5 to
1/10 the size of those of wt littermate controls (Fig. 1D). A
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FIG. 1. Pituitary agenesis in SC35 conditional knockout mice.
(A) Early deletion of SC35 by the Pitx/Cre transgene resulted in severe
anterior pituitary gland (labeled “A”) agenesis. The Cre-negative poste-
rior pituitary gland (labeled “P”) is not affected. (B) Schematic diagram of
the Pit-1-Cre/hpAP dicistronic transgene. IRES, internal ribosome en-
trance site. (C) Expression of the transgene (AP staining) and Pit-1 pro-
tein (immunostaining) on adjacent sections of a pituitary gland from the
transgenic mouse. (D) AP staining revealed hypoplastic adult pituitary
glands in SC35 conditional knockouts. The insert shows Cre immuno-
activity.
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small population of Cre-positive cells persisted in the mutant
pituitary gland on the basis of the positive AP enzymatic activity
(Fig. 1C) and Cre immunoactivity (Fig. 1D, inset). The severe
hypolastic pituitary phenotype potentially could be due to defects
in Pit-1 cell lineages, including increased cell death, reduced cell
proliferation, and/or lack of cell differentiation. Because loss of
SR proteins has been shown to induce apoptosis in DT40 cells
(29), we examined potential increases in programmed cell death
in the mutant pituitary gland by using a TUNEL assay. We could
not detect any significant increase in the number of apoptotic cells
in the mutant pituitary gland either during embryonic stages
(el13.5, el4.5, el5.5, and el7.5) or during postnatal stages (post-
natal day 2 [p2], p8, p15, p21, p28, and p35) (data not shown).
These results indicate that cell death may not account for the
severe hypoplastic phenotype caused by SC35 deletion.

We next determined whether SC35 ablation could prevent
cell differentiation. Each cell type in the Pit-1 lineage expresses
a distinct terminal hormonal marker (e.g., growth hormone
[GH] from somatotrophs, prolactin from lactotrophs, and
B-unit thyroid-stimulating hormone from thyrotrophs). A
small population of terminal differentiated Pit-I1-dependent
cell lineages was clearly detectable on the basis of immunohis-
tochemical analysis of the mutant adult pituitary gland (Fig. 2A
and data not shown). In contrast, the Pit-/-independent gona-
dotrophs (luteinizing hormone [LH] positive) and cortico-
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trophs (adrenocorticotropic hormone [ACTH] positive) were
not affected (Fig. 2A). The increased density of LH-positive
and ACTH-positive cells likely was due to the reduction of the
Pit-1-lineage cells, and as a result, those non-Pit-1-lineage cells
became dominant cell populations in SC35-deficient pituitary
glands. Alpha glycoprotein hormone subunit («GSU) is a com-
mon a-glycoprotein specifically expressed in both gonado-
tropes (LH and follicle-stimulating hormone positive) and thy-
rotropes (thyroid-stimulating hormone positive). In the SC35
conditional deletion embryos of PitI-Cre/hpAP mice, the num-
bers of thyrotropes are significantly reduced. However, gona-
dotropes are not affected. Therefore, the overall density of
aGSU-positive cells seems to be increased, similar to what was
seen with the LH staining pattern. The presence of GH-secret-
ing somatotrophs is consistent with the observation that the
mutant mice had normal body weights. To ascertain that the
remaining Pit-1-lineage cells were indeed Cre positive, we ex-
amined the expression of the transgene in mutant mice and
found high levels of hpAP activity in the adult pituitary (Fig.
1D and data not shown), ruling out the possibility that the
survival of the remaining population of the Pit-I-lineage cells
was a result of selective expansion of Cre-negative cells.

The results described above suggest the possibility that SC35
is required for cell proliferation. The pituitary precursor cells
undergo rapid proliferation between €9.5 and e€13.5 in devel-
oping embryos. The second wave of pituitary cell proliferation
begins after birth. The proliferating cells were labeled with a
thymidine base analog, BrdU, which is selectively incorporated
into DNA during the S phase of the cell cycle. After 2 h of
labeling, pituitary histological sections were prepared and an-
alyzed for their BrdU incorporation rate. The mutant pituitary
precursor cells had a proliferation rate that was very similar to
that of wt littermate controls between e13.5 and el17.5 (data
not shown), which is consistent with the fact that few Pitl-
expressing cells proliferate during these embryonic stages. In
contrast, the BrdU incorporation rate was significantly reduced
in SC35 mutant mice at p5 (~41% reduction), p11 (~50%
reduction), and p28 (~58% reduction) (Fig. 2B). Together,
these results provide definitive evidence for the requirement of
SC35 in cell proliferation during pituitary organogenesis.

SC35 is dispensable in terminal differentiated mature car-
diomyocytes. The requirement for SR splicing factors in cell
proliferation may result from specific defects in cell growth
pathways or from some general activities for cell survival. To
distinguish between these possibilities, and more importantly,
to closely examine the SC35 requirement in postmitotic cells,
we chose to delete SC35 in terminal differentiated mature
cardiomyocytes by using a tamoxifen-inducible gene targeting
strategy (41). We previously showed that conditional knockout
of SC35 during early cardiogenesis in mice resulted in severe
cardiac hypertrophy (11). However, it remains to be deter-
mined whether the disease phenotype is due to developmental
problems during cardiomyocyte differentiation/maturation or
to cell-autonomous defects in mature cardiomyocytes. In this
study, we crossed the conditional SC35 knockout mouse with
the transgenic mouse in which the expression of Cre was driven
by the cardiomyocyte-specific myosin heavy-chain promoter in
a tamoxifen-inducible fashion (41). By administration of ta-
moxifen at the postnatal stage of 3 weeks, SC35 deletion was
induced in adults with an efficiency comparable to that of



5396 XIAO ET AL.

A

WT

Pit-Cre-hpAP

WT

Pit-Cre-hpAP

WT

Pit-Cre-hpAP

ACTH

GH PRL BTSH
p5 p11 p28
A

MoL. CELL. BIOL.

oGSU

Sc35[ll+

Scssllﬁ- SC35””I

sc35ll}'[l

Sc35II.|’+

Sc35IIJ’II

FIG. 2. SC35 is required for pituitary cell proliferation but not cell differentiation. (A) Immunohistochemical staining of adult pituitary glands
using cell type-specific hormonal markers. The Pit-1-dependent lineages, somatotrophs (GH), lactotrophs (prolactin [PRL]), and thyrotrophs
(B-unit thyroid-stimulating hormone [B-TSH]), were markedly reduced. The Pit-I-independent lineages, gonadotrophs (LH) and corticotrophs
(ACTH), were unaffected, which resulted in the apparent increase in levels of these Pit-I-independent cell lineages in SC35-deficient pituitary
glands. aGSU is expressed in both thyrotrophs and gonadotrophs. (B) Reduced cell proliferation detected by BrdU immunohistochemical staining
(red) in postnatal pituitary gland at days p5S (~41% reduction), p11 (~50% reduction), and p28 (~58% reduction).

MLC2v-Cre-mediated ablation in embryos (Fig. 3A) (11). Sig-
nificantly, the SC35 mutant mice exhibited no difference in
survival compared to that of wt littermate controls during the
period of more than 80 weeks of observation (Fig. 3B). Histo-
logical analysis of hearts from 80-week-old mice detected no
cardiac hypertrophy in the mutant animals (data not shown).

Furthermore, echocardiographic analysis of SC35-deficient
mice revealed no functional defects in heart performance com-
pared to that of wt littermate controls (Fig. 3C). Using the
same strategy, we induced deletion of another SR protein, ASF/
SF2, in adult hearts and observed total mortality in 2 months (Fig.
3B), thus unequivocally demonstrating the differential require-
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LV dimension; %FS: fractional shortening; VCF: velocity of circumferential fiber shortening; HW: heart weight; BW: body weight;

FIG. 3. SC35is not essential in terminal differentiated mature cardiomyocytes. (A) Genomic Southern blot analyses of tamoxifen-induced SC35
deletion in adult hearts. Control DNA was from conditional SC35 knockout (ko) mice mediated by MLC2v-Cre (11). (B) The Kaplan-Meier
survival plot after tamoxifen-induced deletion of SC35 and ASF/SF2 in the adult heart. (C) Echocardiographic analysis of SC35-deficient mice.

bpm, beats per minute; circ, circumferences.

ment for different SR proteins in the adult heart. We conclude
that SC35 is dispensable in mature postmitotic cardiomyocytes.
These results are dramatically different from those for the devel-
oping heart (11) and pituitary (Fig. 1 and 2), suggesting that SC35
may play a specific role in the regulation of cell proliferation
rather than providing a general function for cell survival.

SC35 plays a major role in cell cycle progress through the
G,/M phase in MEFs. We next studied SC35 function in cell
proliferation by using the MEFs as a model. The type II con-
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ditional knockout MEFs (SC35""") exhibited normal cell pro-
liferation compared to that of wt MEFs (data not shown). To
analyze the SC35 function in cell cycle progression, we took a
somatic genetic strategy described earlier for creating condi-
tional ASF/SF2 knockout MEFs (32) by generating an SC35-
null MEF line in which the endogenous SC35 gene was deleted
and the cell was complemented by exogenous, HA-tagged
SC35 (HA-SC35) under an inducible Tet-off promoter (Fig.
4A). In the absence of Dox, the MEFs grew at a rate similar to
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FIG. 4. Genetic complementation of SC35 knockout MEFs. (A) Construction of a Tet-repressible SC35 expression unit and time course
analyses of HA-SC35 expression after addition of Dox. TRE, Tet regulatory element. (B) Growth arrest induced by SC35 depletion in MEFs.
(C and D) Functional rescue of SC35-depleted MEFs by wt and mutant SC35. 570 nM OD, optical density at 570 nm. RRM, recognition motif;
RS, RS domain enriched with arginine (R) and serine (S) repeats; NRS, nuclear retention signal.
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FIG. 5. G,/M cell cycle arrest induced by SC35 deficiency in MEFs. (A) Analysis of proliferating cells by BrdU labeling before and after SC35
depletion (5 days after Dox addition to the media). (B) FACS analysis of the cell cycle in wt and SC35-depleted MEFs (+Dox), showing a reduction
in the number of S-phase cells and a dramatic increase in the number of G,/M-phase cells. (C) Analysis of M-phase cells on the basis of staining
for the mitotic phosphorylated histone H3 (p-Histone H3) marker (+Dox, 4 days). (D and E) Experimental design (D) and time course FACS
analyses (E) of cell cycle progression of SC35-deficient MEFs (+Dox). (F) Immunocytochemical analyses of SC35-depleted cells (5 days after Dox
treatment) by staining with an antibody against phosphorylated yH2AX to detect induced foci accumulated on broken DNA. PI, propidium iodide.

that of wt MEF controls (data not shown). Upon addition of
Dox, levels of exogenous HA-SC35 diminished in 4 days (Fig.
4A), and cell proliferation was arrested almost instantly (Fig.
4B). SC35-depleted MEFs were rounded up in a week to 10
days and then died (data not shown). Analogous to the situa-
tion of the SC35-deficient pituitary, we did not detect any
significant increase in apoptosis on the basis of both TUNEL
assay and staining for annexin V and active caspase-3 (data not
shown), indicating that programmed cell death was not a major
event in MEFs, which is different from the situation for ASF/
SF2-depleted chicken DT40 cells (24, 29). As expected, retro-

viral expression of wt full-length SC35 completely rescued the
proliferation defect in the presence of Dox (Fig. 4C and D).
Interestingly, while the C-terminal nuclear retention signal (8)
was dispensable, the RS domain was essential for SC35 to
function in vivo (Fig. 4C and D), which is in contrast to the
nonessential role of the RS domain of ASF/SF2 of MEFs (32).

Having established the somatic genetic complementation sys-
tem for SC35, we next addressed its requirement in cell prolifer-
ation and cell cycle progression. By BrdU labeling, we found that
the size of the S-phase cell population was dramatically reduced,
from 65% to 9%, in the presence of Dox (Fig. 5SA), suggesting a
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major reduction in cell proliferation, as was as seen in the devel-
oping pituitary gland (Fig. 2B). The dramatic reduction in BrdU
labeling suggests potential G,/S cell cycle arrest triggered by the
activation of the S-phase checkpoint in SC35-deficient MEFs. To
examine this possibility, we determined the cell cycle profile and
found that SC35 depletion induced G,/M arrest (Fig. 5B). Fur-
thermore, the M-phase cell population was increased from 40%
to 53% on the basis of cell staining with an antibody against
phosphorylated histone H3 at serine 10, a marker for mitotic cells,
which was correlated with an overall increase in cell size (Fig. 5C
and data not shown). These observations indicate that the reduc-
tion of S-phase cells is an indirect effect of cell cycle arrest at the
G,/M phase.

To directly demonstrate that the SC35-deficient MEFs can
successfully progress through the S phase, we analyzed cell
cycle progression by arresting the mutant cells at G, phase via
serum starvation, followed by monitoring cell cycle progression
by FACS after serum stimulation (Fig. 5D). One day after
serum starvation, Dox was added to the culture to deplete
SC35. After 3 days of serum starvation (Fig. 5D and E), cells
were relatively arrested at the G, phase; upon serum addition,
these cells were progressively transited through S phase, and
the majority of cells were arrested at the G,/M phase (Fig. SE).
These results suggest that the DNA replication machinery is
competent in SC35-depleted MEFs and that SC35 may play a
critical role in the regulation of the G,/M cell cycle transition.

These observations are reminiscent of the phenotype ob-
served for chicken DT40 cells, in which the cell cycle defect
was attributed to double-strand DNA breaks induced by de-
pletion of ASF/SF2 (26). To determine whether double-strand
DNA breaks also take place in normal cells, such as MEFs, and
are a general phenotype in response to in vivo depletion of SR
proteins, we stained the cells with an antibody against phos-
phorylated histone YH2AX at serine 139 before and after SC35
depletion, and we detected DNA damage-induced foci in
SC35-depleted MEFs (Fig. 5F). A similar result was also ob-
tained with ASF/SF2-depleted MEFs (data not shown). DNA
damage-induced foci were not observed in wt MEFs treated
with Dox (data not shown). Together, these results suggest a
critical role for SR proteins in maintaining genomic stability in
vertebrates.

SC35-mediated cell proliferation is dependent on p53. The
essential function of SC35 in cell proliferation in cell and
animal models raised the possibility that SC35 is required for
cell cycle progression of all proliferating cells. To test this
hypothesis, we used siRNA to knock down SC35 in tumori-
genic HCT116 colorectal carcinoma cells (Fig. 6A). While non-
specific control siRNA and specific siRNA against U24AF65
had no detectable effect on cell proliferation on the basis of
BrdU labeling, siRNA against SC35 impaired cell proliferation
in those cells. These results suggest a general requirement for
SC35 in cell proliferation.

Because DNA damage is known to activate p53, and more
importantly, because activated p53 has been shown to be es-
sential for cell cycle arrest and apoptosis in response to DNA
damage (6, 44), we asked whether p53 was required for SC35-
dependent cell cycle progression. For this purpose, we took
advantage of an isogenic HCT116 cell line in which p53 was
inactivated by homologous recombination (6). Strikingly, we
found that p53 inactivation was able to partially bypass the cell
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FIG. 6. SC35 is required for p53-dependent cell proliferation. (A
and B) Microinjection of siRNA against SC35 and U2AF65 in wt
HCT116 (A) and HCT116p53~/~ (B) colon rectal carcinoma cells. A
nonspecific (ns) siRNA was also microinjected as a control. Cell pro-
liferation was analyzed by BrdU labeling.

cycle block (Fig. 6B). This observation prompted us to examine
whether deletion of p53 in vivo could rescue the SC35 early
embryonic-lethal phenotype. We crossed the SC35-heterozy-
gous mice with p53-null mice. Mice with the p53~/~/SC35"/~
phenotype were obtained at the expected Mendelian fre-
quency, but p53~/7/SC35~/~ embryos died at early gestation
stages, indicating that the p53 pathway is only part of the
SC35-dependent program in development (J.-H. Ding and
X.-D. Fu, unpublished results). Therefore, SC35 may regulate
cell proliferation in certain cell types in a p53-dependent man-
ner, but the overall requirement for SC35 in animal development
clearly involves both p53-dependent and -independent pathways.

Mechanisms of p53 activation in response to SC35 deple-
tion. The p53 network is essential for a variety of stress-in-
duced cellular responses, including cell cycle arrest, senes-
cence, and apoptosis. To gain insights into the p53-dependent
and SC35-mediated cell cycle arrest, we analyzed the expres-
sion profile of 96 key genes involved in the p53 pathway by
using a commercially available mouse SuperArray (Fig. 7A).
As predicted, a number of p53 target genes were significantly
upregulated, including Cdknla (p21°%'). By Western blot anal-
ysis, we confirmed that the level of p21P! protein was indeed
dramatically elevated in SC35-depleted MEFs (Fig. 7B). We
also observed induction of another cyclin-dependent kinase
inhibitor, p27°’, a well-characterized target for the retinoblas-
toma protein (Fig. 7B). These findings suggest that SC35 de-
pletion may have triggered multiple pathways to inhibit cell
cycle progression.

The SuperArray profile also revealed upregulation of several
pS3 modifiers, including p300 acetyltransferase, Chek1 kinase,
and Csnk2p kinase (Fig. 7A). This observation suggests that
pS53 may be activated in SC35-deficient MEFs by some specific
posttranslational modification event(s). To determine the ac-
tivation mechanisms, we examined the expression of p53 and
its posttranslational modifications (Fig. 7C). While the overall
pS3 protein level for SC35-deficient MEFs was similar to that
of wt MEFs, we found that phosphorylation at serine 18 was
elevated, which was somewhat expected, because serine 18 is
the major site for phosphorylation by activated ATM in re-
sponse to double-strand DNA breaks (1, 3, 7, 36, 40), which
were abundantly observed in SC35-depleted MEFs (Fig. 7C).
Interestingly, besides p53 hyperphosphorylation, we also found
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FIG. 7. Analyses of the p53 pathway in SC35-depleted MEFs. (A) Autoradiography of the pS3 pathway gene expression levels using a SuperArray.
WT, wild-type control MEFs; Mut, SC35-negative MEFs; Chkl1, Chekl kinase; CK28, Csnk2p kinase. A schematic representation of the SuperArray
results is presented at the right. Putative upregulated (italic) and downregulated (boldface) genes are listed. (B) Western blot analysis of the cyclin-
dependent protein kinase inhibitors p21°P' and p27%iP!, (C) Western blot analysis of pS3 posttranslational modifications using the indicated specific
anti-pS3 antibodies. p-S18, phosphorylation at serine 18; acK379, p53 hyperacetylation at lysine 379; acK317, p53 hyperacetylation at lysine 317.
(D) Confirmation of induced p300 expression in SC35-depleted MEFs by RT-PCR. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (E) SirT!
downregulation and identification of an aberrant form of SirT1 in SC35-depleted MEFs by Western blotting. (F) RT-PCR analysis of Sir7 alternative
splicing (arrowhead) using a pair of specific primers around exon 8 (arrows) in the SC35-depleted MEFs but not in the ASF/SF2-depleted MEFs.
(G) Proposed mechanisms of SC35 regulation of cell cycle progression. Mut, the absence of SC35 after 5 days of Dox treatment.

p53 hyperacetylation at lysine 379 (Fig. 7C). This posttransla-
tional event is consistent with the increased expression of p300
(Fig. 7A and D), which has been shown to act as a specific
acetyltransferase towards the lysine 379 residue (4, 18, 23,
33, 39).

As p53 acetylation is regulated by both acetyltransferases
and deacetylases, we further characterized this hyperacetyla-
tion event by examining the p53 deacetylase gene SirT1 (2, 9,
34, 45), and we detected a significant reduction in the level of
full-length SirT1 protein compared to that of wt control cells,
along with a concurrent appearance of a truncated protein
form in SC35-depleted MEFs (Fig. 7E). This observation
raised the possibility that SC35 depletion induced alternative
splicing of the SirTI transcript. Reverse transcription-PCR
(RT-PCR) analyses indeed confirmed this, revealing a smaller
SirT1 transcript, and direct sequencing of this PCR product
showed specific skipping of exon 8 from the primary Sir71
transcript (Fig. 7F). This particular alternative splicing event
appears to be specific to SC35 depletion in vivo, because a
parallel analysis of ASF/SF2 depletion in MEFs did not have

the same effect on SirT! splicing (Fig. 7F). Therefore, different
SR proteins may be required for cell cycle progression by
affecting both common (e.g., activated ATM) and distinct (e.g.,
altered SirT1 splicing) pathways. In the case of SC35, p53
hyperacetylation in conjunction with double-strand DNA
break-induced p53 hyperphosphorylation may constitute some
key events that lead to the observed cell cycle arrest (Fig. 7G).

DISCUSSION

The members of the SR family of splicing factors have been
extensively studied at the level of biochemistry for their diverse
roles in RNA metabolism and gene expression (20). However,
few studies have linked their activities to specific pathways to
elucidate their biological functions in vivo because of the lethal
phenotype observed at the cellular and animal levels. Loss of a
specific SR protein may be sufficient to induce some general
effects that ultimately cause cell mortality. Li and Manley re-
cently established such a general cellular response to SR pro-
tein deficiency, demonstrating a remarkable genomic instabil-
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ity phenotype induced by DNA damage, and they linked the
phenotype to a specific defect in the so-called R loop in ASF/
SF2-deficient chicken DT40 cells (24, 26). We observed similar
DNA damage events in normal diploid MEFs depleted of both
SC35 and ASF/SF2, thus establishing the generality of the
DNA damage-induced phenotype in vertebrates. Importantly,
we observed that the DNA damage was not sufficient to pre-
vent cell cycle progression through the S phase, despite the
increased expression of p21?* and p27°!. Instead, SC35-
depleted MEFs were arrested in the G,/M phase, apparently as
a result of the activation of some major cell cycle regulators,
such as p21°P! and p27XiPt,

The functional link between SC35 and cell cycle control is
fully consistent with the essential function of SC35 in prolifer-
ating thymus (46) and pituitary (present study), but it is not an
essential requirement in terminal differentiated mature cardi-
omyocytes (11). It is interesting that induced deletion of SC35
in matured hearts did not cause cardiac hypertrophy, which is
in contrast to our earlier finding that SC35 deficiency in de-
veloping embryos triggered a later onset of cardiac hypertro-
phy in adult mice. As it is well known that a reduction in cell
numbers during cardiogenesis can cause cardiac hypertrophy
in adults, this result strongly supports the role of SC35 in cell
proliferation in developing embryos, and a minor reduction in
cell numbers manifests as a major functional consequence on
adult life in response to an increased workload. Thus, the
present data are consistent with and extend the earlier obser-
vation of the role of SC35 in developing hearts (11). The
requirement for SC35 contrasts with the central role of ASF/
SF2 in adult cardiomyocytes, suggesting an additional and
unique requirement for this SR protein in heart performance,
as we recently demonstrated during a physiological analysis of
ASF/SF2-deficient hearts (48).

It has been shown that ASF/SF2 ablation in DT40 cells
triggers apoptosis (29). Activation of the apoptotic pathway,
however, may be specific for lymphocytes and other cell types
but not for the developing heart and pituitary, as documented
in a previous study (11) as well as the present study. Further-
more, we did not see any sign of programmed cell death in
MEFs depleted of SC35 or ASF/SF2. Consistent with the ac-
tivation of the DNA damage-responsive pathway, we found
hyperphosphorylation of p53 at serine 18, a major site respon-
sive to activation of the ATM pathway (1, 3, 7, 36, 40). Inter-
estingly, in addition to the phosphorylation event induced by
depletion of both SC35 and ASF/SF2, we detected a p53 hy-
peracetylation event that was uniquely triggered by depletion
of SC35. The activation of the acetyltransferase gene p300,
coupled with the downregulation of the p53-specific deacety-
lase gene SirT1, provided a plausible explanation for the ob-
served p53 hyperacetylation event. It is less likely that the
alternative splicing of SirTI alone is sufficient to cause p53
hyperacetylation, because we could not rescue the SC35 mu-
tant phenotypes with the full-length SirT1, and we could not
mimic the SC35 phenotype by overexpressing the alternatively
spliced version of SirT! (data not shown). These observations
are consistent with the previous finding that genetic deletion of
SirT1 alone has a minimal effect on the level of p53 acetylation,
and only upon the induction of genomic damage did SirT7
mutant cells display p53 hyperacetylation (9, 45). Our obser-
vations are therefore fully consistent with those of the existing
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literature. Together, our results support the model that SC35
deletion resulted in multiple molecular defects, including SirT1
splicing, p300 expression, and genomic instability, which in
combination control cell proliferation (Fig. 7G).

The combined effect of pS3 hyperphosphorylation and hy-
peracetylation may directly and potently regulate its down-
stream targets, including p21°?’, to induce cell cycle arrest.
Because we also observed the upregulation of p27°%7, it is
likely that SC35 also induces other cell cycle regulators besides
those involved in the p53 pathway. Despite potential contribu-
tions by other pathways, however, we found that inactivation of
pS3 was able to partially relieve the cell cycle block in HCT116
colon carcinoma cells, suggesting that activated p53 is func-
tionally responsible, at least in part, for the observed cell cycle
arrest induced by SC35 depletion. However, it is also clear that
the activation of the p53 pathway is insufficient to account for
the full spectrum of SC35 functions in vivo, because the SC35-
null mutation in the p53-null background still causes embry-
onic lethality (J.-H. Ding and X.-D. Fu, unpublished). Like-
wise, it has been shown that overcoming genomic instability
induced by ASF/SF2 depletion is insufficient to prevent cell
death in chicken DT40 cells (26). Together, these observations
suggest that SR proteins contribute to multiple critical path-
ways in the regulation of cell proliferation.

The involvement of SC35, and likely other SR proteins, in
some major regulatory pathways for cell proliferation and cell
cycle progression is fully corroborated by increasing evidence
that the SR family of splicing factors and regulators may di-
rectly contribute to the oncogenic process. Indeed, elevated
levels of expression of SR proteins has been detected in mul-
tiple types of tumors (13, 16, 43, 49). In most cases, however,
their exact roles in tumorigenesis are unknown, although two
recent studies suggest a specific role of ASF/SF2 in tumorigen-
esis. ASF/SF2 appears to be specifically involved in regulated
splicing of the Ron proto-oncogene, and the splicing defect
appears to directly contribute to elevated cellular motility and
invasiveness (15). More recently, overexpression of ASF/SF2
was found to induce cell transformation due to altered splicing
of the p70S6 kinase, a key effector downstream of the mTOR
(mammalian target of rapamycin) pathway (19, 22). Thus, this
and other specific regulatory events may play an important part
in tumor progression in vivo. Furthermore, the ability of SR
proteins to affect genomic stability and integrity may provide a
mechanism to facilitate tumor development, selection, and ex-
pansion. Here, we have shown that SR proteins are involved in
the regulation of the p53 pathway, which is a well-known tumor
suppressor gene. Since ablation of specific SR proteins can
activate p53, it is conceivable that overexpression of SC35 and
other SR proteins in tumors directly or indirectly suppresses
pS3 in addition to modulating other critical cellular genes at
the level of splicing, which together may enhance cell prolif-
eration in a misregulated fashion.
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