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SRSF10 Regulates Alternative Splicing and Is Required for Adipocyte
Differentiation
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During adipocyte differentiation, significant alternative splicing changes occur in association with the adipogenic process. How-
ever, little is known about roles played by splicing factors in this process. We observed that mice deficient for the splicing factor
SRSF10 exhibit severely impaired development of subcutaneous white adipose tissue (WAT) as a result of defects in adipogenic
differentiation. To identify splicing events responsible for this, transcriptome sequencing (RNA-seq) analysis was performed
using embryonic fibroblast cells. Several SRSF10-affected splicing events that are implicated in adipogenesis have been identi-
fied. Notably, lipinl, known as an important regulator during adipogenesis, was further investigated. While lipin1 {3 is mainly
involved in lipogenesis, its alternatively spliced isoform lipinla, generated through the skipping of exon 7, is primarily required
for initial adipocyte differentiation. Skipping of exon 7 is controlled by an SRSF10-regulated cis element located in the constitu-
tive exon 8. The activity of this element depends on the binding of SRSF10 and correlates with the relative abundance of lipinla
mRNA. A series of experiments demonstrated that SRSF10 controls the production of lipinla and thus promotes adipocyte dif-
ferentiation. Indeed, lipinla expression could rescue SRSF10-mediated adipogenic defects. Taken together, our results identify

SRSF10 as an essential regulator for adipocyte differentiation and also provide new insights into splicing control by SRSF10 in

lipin1 pre-mRNA splicing.

Iternative splicing is a major mechanism that controls gene

expression and increases protein diversity in mammalian
cells. Increasing evidence indicates that precise regulation of alter-
native splicing is responsible for tissue type and developmental
stage determination (1-4).

Adipose tissue is an important organ for energy storage and the
endocrine system, which is comprised mostly of adipocytes (5, 6).
During adipocyte differentiation, significant alternative splicing
changes occur in association with the implementation of the adi-
pogenic program. More importantly, different splice variants can
exert different and even opposing effects on adipogenesis. For
example, transcriptional corepressor NcoR has multiple splice
variants, of which the NcoRw variant inhibits adipogenesis, but
the NcoR8 variant promotes adipogenesis (7). However, examples
of splicing factors that regulate alterative splicing during adipo-
genesis are rarely reported. Only a recent study suggested that
splicing regulator Sam68 is involved in this process (9). Using
genome-wide exon usage profiling in white adipose tissue (WAT),
Huot and coworkers reported that Sam68 deficiency activates
mTOR intron 5 retention, producing a noncoding mRNA iso-
form. This alteration leads to reduced mTOR protein and conse-
quently reduced adipogenic capability.

Splicing factor SRSF10 (previously known as SRp38) is an
atypical SR protein that can function as a sequence-dependent
splicing activator (10). Consistent with this, SRSF10 was also
shown to be a key regulator of alternative splicing, influencing
selection of GluR-B mutually exclusive exons or activating triadin
3’ alternative exon inclusion (2, 10). Significantly, SRSF10 knock-
out (KO) mice died progressively from midgestation until birth
due to multiple cardiac defects (2). These findings suggested that
SRSF10-regulated splicing events play significant roles in certain
physiologically important processes.

In this study, we observed that SRSF10 KO embryos display
significantly impaired development of subcutaneous WAT com-
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pared to that in wild-type (WT) controls. We further observed
severe adipogenic defects in induced differentiation of SRSF10-
deficient mouse embryonic fibroblast (MEF) cells, and those de-
fects can be reproduced in another cell line C3H10T1/2 by knock-
down of SRSF10 expression. To investigate the molecular basis for
this, we used a transcriptome sequencing (RNA-seq) approach to
identify SRSF10-regulated splicing events in MEF cells. Several
SRSF10-affected splicing events which have been implicated in
adipogenesis have been identified, including axinl (11), ACLY
(12, 13), Upfl (14), and lipinl (15).

Next, we investigated whether deregulated splicing of lipinl
might contribute to the adipogenic defects caused by SRSF10 de-
letion. The two alternatively spliced isoforms of lipin1 differ only
in whether exon 7 is included in the mRNA, with lipinla lacking
exon 7 and lipin1 containing it. By performing a sequential order
of deletions within a lipinl minigene construct, we identified an
SRSF10-dependent cis element in the lipinl exon 8 that directly
controls the skipping of exon 7. SRSF10 specifically binds to the
sequence element and governs its activity, as expression of SRSF10
is closely related to the relative abundance of lipinla mRNA. A
series of experiments demonstrated that SRSF10 controls the pro-
duction of lipinla and thus promotes adipocyte differentiation.
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Indeed, exogenous expression of the lipinla isoform has a signif-
icantly greater enhancing effect in driving the differentiation of
C3H10T1/2 cells than lipin13 overexpression. Taken together,
our results identify SRSF10 as an essential regulator for adipocyte
differentiation and also provide new insights into splicing control
of lipin] pre-mRNA by SRSF10.

MATERIALS AND METHODS

Plasmid construction and mutagenesis. For the lipinl minigene con-
struct, a mouse genomic DNA fragment containing lipin1 exon 6 to exon
8 was amplified by high-fidelity PCR and inserted between the HindIII
and Xhol sites of the pcDNA3.1(+) vector. Six deletion mutants, includ-
ing AE6, Al6, AE7, Al7, and AES, were generated by site-directed mu-
tagenesis based on the lipinl minigene plasmid. AE8-SRSF10 and AE8-
random plasmids were constructed based on AE8. Two primer pairs
(F1/R1 and F2/R2) were designed for in vivo splicing analysis, with each
pair containing the forward or reverse primer that is complementary only
to the vector sequences. Full-length lipinla or lipin13 cDNA was cloned
into p3xFLAG-CMV 14 vector. All primer sequences are listed in Table S1
in the supplemental material.

Cell culture, transfection, and adipocyte differentiation. Primary
MEEF cells were isolated from embryonic day 13.5 (E13.5) mouse embryos
following a standard procedure as previously described (16). An immor-
talized culture of MEF cells was acquired by serial passage of primary MEF
cells. Primary/immortalized MEF cells and C3H10T1/2 cells were cul-
tured with Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) (Biochrom). 293GPG cells were main-
tained as previously described (17). All transfection assays were per-
formed with Lipofectamine 2000 (Invitrogen) following the manufactur-
er’s instructions.

Two days after cells reached confluence, primary MEF cells and retro-
virus-infected C3H10T1/2 cells were induced to adipogenic differentia-
tion with medium containing a differentiation cocktail (0.5 mM 3-isobu-
tyl-1-methylxanthine [IBMX], 10 pg/ml insulin, 1 uM dexamethasone,
and 0.5 pg/ml troglitazone [all reagents purchased from Sigma]). Two
days later, differentiation medium was switched to maintenance medium
supplemented only with 10 pg/ml insulin, which was changed every 2
days. Differentiated adipocytes were stained with oil red O (ORO) follow-
ing a standard protocol (18).

Western blotting, RNA extraction, RT-PCR, and qPCR analysis.
Western blotting, RNA extraction, and reverse transcription-PCR (RT-
PCR) were performed as described previously (2). Primary antibody
against tubulin was purchased from Santa Cruz Biotechnology; antibody
against FLAG tag was purchased from Sigma. Anti-FABP4 antibody was
ordered from Abcam. Anti-SRSF10 antibodies were kindly provided by
J. L. Manley (Columbia University, NY) and applied as described previ-
ously (2). The primer sequences used in RT-PCR and quantitative PCR
(qPCR) are listed in Table S1 in the supplemental material. Real-time
PCR was performed with SYBR Premix (TaKaRa) on a StepOne Plus
system (Applied Biosystems).

RNA-seq, mapping of reads, and alternative splicing analysis. Total
RNA from primary MEF cells was collected and extracted using TRIzol
reagent (Invitrogen). High-purity mRNA was obtained after poly(A) bead
enrichment, and then a cDNA library was built. RNA-seq was performed
with the cDNA library and paired-end sequencing adaptors on a HiSeq
2000 system (Illumina). Reads were mapped to a reference mouse genome
and transcriptome using TopHat (19). The Mixture-of-Isoforms (MISO
v0.4.9) program was used to detect the exons differentially regulated be-
tween KO and WT SRSF10. The exon-centric analysis of MISO was per-
formed according to the MISO documentation for paired-end reads. The
BAM alignment files produced by TopHat and the files for alternative
events (for mm10) provided by MISO were used as inputs. To identify
SRSF10-regulated events, we used the following criteria: (i) the abso-
lute value of the difference for percentage spliced in (PSI) between KO
and WT is =0.2, (ii) the sum of inclusion and exclusion reads is greater
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than 10 with both inclusion and exclusion reads =1, and (iii) the Bayes
factor is >10.

Recombinant protein purification and gel shift assays. Recombinant
human SRSF1 and SRSF10 proteins were purified as previously described
(2, 10). A DNA fragment containing lipinl exon 7 or exon 8 was PCR
amplified and inserted into the pSP64 vector (Promega) for in vitro
transcription. Gel shift assays were performed as previously described
(20) with recombinant SRSF1/SRSF10 protein and **P-labeled lipin1
exon 7/8 RNA.

Retrovirus package and infection. Plasmids for short hairpin RNA
(shRNA)-expressing retrovirus were constructed based on a pSIREN-
retroQ vector (Clontech); shRNA-targeted sequences were designed by
using Clontech RNAi Target Sequence Selector and are listed in Table S1
in the supplemental material. Plasmids for retrovirus-mediated overex-
pression were constructed by insertion of human SRSF10 cDNA into the
pMSCV-hygro vector (Clontech). Retrovirus packaging was performed
with 293GPG cells as previously described (17). Establishment of stable
cell lines to knock down or overexpress a gene of interest was based on the
manufacturer’s recommendation (Clontech).

Mice and histological analysis. SRSF10 heterozygous mice were
kindly provided by J. L. Manley (Columbia University, NY) and mated as
previously described (2). Embryos were removed from pregnant mice at
E18.5 and quickly frozen. Transverse sections at the heart level were cut at
12 pm and transferred onto polylysine-coated slides. Sections were fixed
with 4% formaldehyde and then subjected to ORO staining followed by
hematoxylin counterstaining (21). Experiments involving the use of ani-
mals were approved by the Institutional Animal Care and Use Committee
of the Institute for Nutritional Sciences.

Statistics analysis. The data represent means * standard deviations
(SD) from at least three independent experiments except where indicated.
Statistical analysis was performed with Student’s ¢ test with a P value of
<0.05 considered significant. Quantification of RT-PCR was done by
using Image] software, version 1.43u.

RNA-seq data accession number. The raw sequence data and pro-
cessed data have been submitted to Gene Expression Omnibus with ac-
cession number GSE54226.

RESULTS
Development of axillary subcutaneous WAT is greatly impaired
in SRSF10 KO mice. WAT mainly develops postnatally; however,
lipid accumulation in axillary subcutaneous WAT can be detected
at mouse embryonic day 18.5 (E18.5) (21). Our previous findings
demonstrated that SRSF10 KO embryos die at various points be-
tween E13.5 and E18.5 as result of multiple cardiac defects (2).
This allows us to examine the physiological impact of SRSF10
depletion on adipogenesis in vivo. To this end, transverse sections
of the fat pad at heart level were stained with oil red O (ORO),
followed by counterstaining with hematoxylin. As shown in Fig.
1A and B, severe impairment of axillary subcutaneous WAT de-
velopment was observed in KO embryos compared to WT em-
bryos, as indicated by red squares. High magnification further
revealed an absence of lipid accumulation in KO sections, in con-
trast to apparent lipid deposition in WT embryos (Fig. 1C and D).
Accordingly, the expression of adipocyte marker FABP4 was de-
tected in WT sections but not in KO sections, as examined by
immunostaining (Fig. 1E and F). These observations suggested
that SRSF10 plays an essential role in the development of WAT. In
addition, there was much less lipid accumulation observed in the
dorsal subcutaneous brown adipose tissue (BAT) of KO embryos
than in that of WT embryos (Fig. 1G and H).

SRSF10 is required for hormone-induced adipogenesis. To
rule out the possibility that this adipogenic defect is caused by the
developmental delays observed in SRSF10 KO embryos, we fur-
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FIG 1 Development of axillary subcutaneous WAT is greatly impaired in SRSF10 KO mouse embryos at E18.5. Transverse sections of subcutaneous adipocyte
tissues from WT and SRSF10 KO mouse embryos at E18.5 were stained with oil red O (ORO), followed by counterstaining with hematoxylin (A, B, C, D, G, and
H). The adjacent sections were also subjected to immunostaining with antibodies to the adipocyte marker FABP4 (E and F). WAT, white adipocyte tissue; BAT,
brown adipocyte tissue. The red squares indicate regions containing axillary subcutaneous WAT.

ther examined the adipogenic potential of primary MEF cells de-
rived from KO embryos, along with differentiation of WT MEF
cells for comparison. As shown in Fig. 2A, loss of SRSF10 resulted
in a marked reduction in the adipogenic capability of KO MEF
cells compared to control cells, which was observed consistently
across multiple preparations. Consistent with the observed phe-
notype, mRNA expression levels of adipogenic markers such as per-
oxisome proliferator-activated receptor y (PPARy) and AdipoQ
were significantly decreased during a time course of differentia-
tion in KO MEF cells compared to WT cells, as analyzed by real-
time PCR (Fig. 2B). These results indicate that SRSF10 is impor-
tant for the adipogenic differentiation of MEF cells.

To provide more evidence that SRSF10 plays an essential role
in adipogenesis, we used another hormone-induced adipogenesis
model of C3H10T1/2 mesenchymal progenitor cells (22). A stable
SRSF10-knockdown cell line was established by retrovirus-medi-
ated shRNA delivery in C3H10T1/2 cells. A control cell line ex-
pressing negative-control oligonucleotides was generated in a
similar manner. After selection with puromycin, the cells were
cultured to confluence and treated with a hormone cocktail.
SRSF10 protein in the shSRSF10 cells was reduced by approxi-
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mately 80% compared with that in the control cell line (Fig. 2C).
ORO staining revealed that shSRSF10 cells accumulated far fewer
lipid droplets than the control cells (Fig. 2D). The results of real-
time PCR confirmed the greatly attenuated expression of adi-
pocyte markers in shSRSF10 cells during differentiation (Fig. 2E).

To exclude off-target effects of the shRNA, the human SRSF10
c¢DNA, which is resistant to shRNA specific for mouse SRSF10,
was reintroduced into the shSRSF10 C3H10T1/2 cell line using
retroviral transduction (see Fig. SIA in the supplemental mate-
rial). Cells with the incorporated gene were selected with hygro-
mycin and then induced to differentiate. Although human
SRSF10 was modestly expressed in the shSRSF10 cells, the defec-
tive adipogenesis could be partially rescued, as assessed by ORO
staining (see Fig. S1B in the supplemental material) and the ex-
pression of PPARy and AdipoQ (see Fig. S1C in the supplemental
material). Collectively, the experiments with both MEFs and
C3H10T1/2 cells confirmed that SRSF10 is essential for hormone-
induced adipogenesis.

In addition, we also observed that C3H10T1/2 cells with mod-
est expression of SRSF10 seemed to differentiate into adipocytes as
well as control cells (see Fig. S2A and B in the supplemental ma-
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FIG 2 SRSF10 is required for hormone-induced adipogenesis in different cell models. (A) WT and SRSF10 KO primary MEF cells were treated with insulin,
IBMX, and dexamethasone plus troglitazone for induction of adipogenesis. At day 9 postinduction, adipocyte differentiation was assessed by ORO staining. (B)
WT and KO primary MEF cells were induced to differentiate as described for panel A. RNAs were extracted from these cells at indicated induction days. Relative
PPARYy or AdipoQ mRNA levels were measured by real-time PCR and normalized to 36b4 mRNA. Values shown are the mean * SD (n = 3). The significance
of each detected change was evaluated by Student’s ¢ test. (C) C3H10T1/2 cells were infected with retroviruses expressing either SRSF10-specific shRNA
(shSRSF10) or control shRNA (shCtrl) and then selected for puromycin resistance. Western blotting was carried out to confirm SRSF10 knockdown efficiency
in selected cells. Antitubulin blotting was used as a loading control. (D) shSRSF10 and shCtrl C3H10T1/2 stable cells were induced to differentiate as for panel
A. Cells were stained with ORO at day 6 postinduction. (E) RNA was extracted from shSRSF10 or shCtrl C3H10T1/2 stable cells at the indicated days and the

relative level of PPARYy or AdipoQ mRNA was measured as for panel B.

terial). Since relative mRNA levels of SRSF10 remained largely
unchanged during adipogenesis of both MEF and C3H10T1/2
cells (see Fig. S2C and D in the supplemental material) and
SRSF10 is indeed detectable in abdominal WAT of adult mice (see
Fig. S2E in the supplemental material), these findings likely indi-
cate that the wild-type amount of SRSF10 is enough to drive the
cells to differentiate.

RNA-seq and bioinformatic analysis of splicing targets of
SRSF10. Given that SRSF10 functions as a sequence-specific acti-
vator as well as an important regulator of alternative splicing, we
performed RNA-seq analysis using RNA extracted from SRSF10
KO and WT MEF cells (see Materials and Methods) to identify
alternative splicing events regulated by SRSF10. Briefly, WT and
KO cDNA libraries were prepared and sequenced in a 2X 100-bp
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format using an Illumina HiSeq instrument. We then used
TopHat (v2.0.6) to align clean reads against the mouse genome
sequence (GRCm38.fa) and its corresponding annotated genes
(GRCm38.71.gtf). After mapping, approximately 16,310,111 WT
(31.5%) and 16,969,267 KO (32.7%) reads were mapped on splice
junctions (Table 1).

We then performed transcriptome-wide screening to identify
SRSF10-regulated alternative splicing events using the Mixture-
of-Isoforms (MISO) software (see Materials and Methods) (23).
As shown in Table 2 and in Table S2 in the supplemental material,
100 alternative splicing events were significantly altered in the KO
samples compared to WT controls from all splicing events tested. A
majority of the affected splicing events (71) belong to the category of
cassette exon; the remaining events fall into other splicing modes.
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TABLE 1 Summary of RNA-seq data mapping results

TABLE 2 Summary of SRSF10-affected splicing events in MEF cells

No. (%) in: No. of events
Reads MEF control cells MEF knockout cells  Type of splicing event Total Affected by SRSF10
Total clean 53,331,490 (100) 53,333,140 (100) Cassette exon 7,939 71
Alternative 5" splice site 2,341 10

Mapped 51,767,143 (97.07) 518,34,710 (97.19) Alternative 3’ splice site 3,744 10

Unique® 49,940,111 (96.47) 50,183,039 (96.81) Mutually exclusive exon 421 2

Multimapped” 1,827,032 (3.53) 1,651,671 (3.19) Retained intron 1,277 7

Junction® 16,310,111 (31.51) 16,969,267 (32.74)
Unmapped 1,564,347 (2.93) 1,498,430 (2.81)

@ Includes paired-end reads with an unalignable mate.
b With multiple alignments.
¢ All junction reads with =3 threshold alignments were considered to be a real junction.

Validation of SRSF10-affected alternative splicing targets.
To validate potential alternative splicing events regulated by
SRSF10, we designed primer pairs detecting alternative exons in
MISO-predicated target genes and used them to analyze RNAs
isolated from WT and KO cells by RT-PCR. Of 36 target genes
analyzed, 16 revealed significant differences between WT and KO
samples (Fig. 3; see Fig. S3 in the supplemental material). Specif-
ically, cassette exon-containing mRNA isoforms were predomi-
nantly expressed in WT cells, such as for E2f6, Zfp207, Ktn1, and
ACLY transcripts; SRSF10 depletion significantly decreased exon
inclusion to a large extent for each target (Fig. 3A). These results
thus confirm that SRSF10 functions as a splicing activator to pro-
mote exon inclusion in vivo.

On the other hand, an increased inclusion ratio of lipin1 exon
7 or axinl exon 9 was observed upon SRSF10 depletion (Fig. 3B),
suggesting that SRSF10 can also repress exon inclusion in vivo. In
addition, selection of mutually exclusive exons in the PKM and
Atp8al pre-mRNAs was significantly affected by SRSF10 (Fig.
3C). In summary, of the 16 validated exons, 12 regulated exons
were activated by SRSF10, while only three exons were repressed
by SRSF10. These findings suggest that SRSF10 functions pre-
dominantly as a splicing activator to enhance exon inclusion.

Lipin1 alternative splicing is deregulated during differentia-
tion of KO MEEF cells. Among the verified splicing targets, several
SRSF10-affected splicing events have been implicated in adipo-
genesis, such as ACLY (13), axinl (11, 12), Upfl (14), and lipinl
(15). Significantly, two alternatively spliced isoforms of lipinl
have been shown to display distinct functions in adipocyte differ-
entiation (8).

As an initial step to investigate whether deregulated splicing of
lipinl might contribute to the adipogenic defects caused by
SRSF10 deletion, we first measured expression of two lipinl iso-
forms during differentiation of WT and KO MEF cells by RT-
PCR. As shown in Fig. 4A, lipinla was most prominently ex-
pressed at the initial stages of differentiation of WT MEEF cells,
whereas lipin1{ expression significantly increased with differen-
tiation, and this isoform predominated in mature adipocytes
(compare lanes 2 to 4 with lane 1). The expression patterns of the
two lipin] isoforms were similar to that observed during the dif-
ferentiation of 3T3L1 preadipocytes (8). In contrast, the relative
lipin1( levels were higher than those in WT cells due to SRSF10
depletion (Fig. 4A, compare lane 5 and lane 1), but expression of
lipin1B showed only a slight increase during the differentiation of
KO cells (Fig. 4A, compare lanes 5 to 8 with lanes 1 to 4). In
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addition, there were no significant changes observed for other
SRSF10-regulated events during adipocyte differentiation (see
Fig. S4 in the supplemental material). Together, these data sug-
gested that SRSF10 accelerated differentiation probably through
maintaining relatively high levels of the lipinla isoform in MEF
cells by repressing exon 7 inclusion.

Mapping of SRSF10-dependent sequences for inhibiting li-
pinl exon 7 inclusion. Our results suggested that SRSF10 re-
presses inclusion of exon 7 in lipinl pre-mRNA splicing; this
seems to contradict the proposed activation for the protein in
splicing regulation (10). We next investigated the mechanisms by
which SRSF10 represses splicing of exon 7 and thereby maintains
relatively high levels of the lipinla isoform in WT cells. To this
end, we constructed a lipin1 minigene plasmid in which the genomic
DNA fragment of lipin1 exons 6 to 8 containing the complete inter-
vening intronic sequences was driven under the control of CMV
promoter and followed by a poly(A) site. This plasmid was trans-
fected into immortalized WT and KO MEF cells, and total RNAs
were extracted and analyzed by RT-PCR with two primer pairs
(Fig. 4B). As shown in Fig. 4C, the splicing pattern of the minigene
precisely mirrored the lipinla/@ ratio of the endogenous mRNAs
in WT cells, with a prevalence of products that did not contain
exon 7. This pattern also drastically changed upon deletion of
SRSF10, resulting in an approximately 1:1 ratio between exon
skipping and exon inclusion (compare lane 1 with lane 2 and
compare lane 3 with lane 4).

To identify functional cis-acting elements involved in SRSF10-
repressed exon 7 inclusion, the lipinl minigenomic sequences
were scanned by performing a sequential order of deletions (Fig.
4D). Both the AI6 and AI7 constructs have large intronic se-
quences (approximately 2,000 nucleotides [nt]) deleted from the
middle region of intron 6 or intron 7, respectively. AE6, AE7, and
AES contain short deletions (46 to 110 nt) made in exon 6, exon 7,
or exon 8, respectively. We reasoned that deletion of either
SRSF10-dependent exonic or intronic sequences would likely
minimize the difference of lipinl minigene splicing between WT
and KO cells.

While AE7 has a negligible effect on lipin1 splicing compared
to the WT construct (compare Fig. 4E, lane 5, with C, lane 1), the
other four deletions either significantly increased or decreased the
activation of exon 7 in WT cells (compare Fig. 4F, lanes 1, 3, 7, and
9, with C, lane 1), indicating critical roles for each of the deleted
regions in exon 7 splicing. However, four of the five deletion mu-
tants still remained responsiveness to SRSF10 deficiency: there
was a 2- to 3-fold increase in the E7+/E7 ratio upon loss of SRSF10
compared with the ratio obtained in the presence of SRSF10
(compare lane 1 with lane 2, lane 3 with lane 4, lane 5 with lane 6,
and lane 7 with lane 8). These findings indicate that the genomic
region of lipinl exons 6 and 7 plus intron 7 sequences contains
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FIG 3 SRSF10 depletion causes both exon inclusion and exclusion in vivo. (A) Examples of SRSF10-dependent exon inclusion. The indicated transcripts
containing alternatively spliced exons were analyzed by RT-PCR using RNAs extracted from WT and KO MEF cells. RNA products are indicated schematically
on the left. Quantification of their RNA products measured as inclusion/exclusion (In/Ex) ratios is shown on the right bar graphs. Values shown are the mean =
SD (n = 3). Significance for each detected change was evaluated by Student’s ¢ test. (B) Examples of SRSF10-dependent exon exclusion were analyzed as described
for panel A. (C) Examples of mutually exclusive exons regulated by SRSF10 were analyzed as described for panel A. Note that the PCR products were digested with
either Pstl (PKM) or BglII (Atp8al) to distinguish their isoforms with the same size.

various regulatory elements that are involved in exon 7 splicing,
but they function in an SRSF10-independent way. Interestingly,
the AE8 minigene that comprises only the first 15 bases of exon 8
(i.e., lacking the last 110-bp sequence) was spliced with similar
ratios of exon inclusion to skipping in WT and KO cells. This
suggests that the 110-bp sequences within exon 8 likely function as
an SRSF10-dependent cis element in inhibiting exon 7 inclusion.

SRSF10 binds to exon 8 sequences and represses exon 7 in-
clusion. SRSF10 is a sequence-specific splicing regulator, so we
next investigated whether SRSF10 binds to the exon 8 sequences
and thus represses exon 7 inclusion. To this end, we prepared
*2P-labeled full-length exon 8 RNA and compared its binding ac-
tivity in gel shift assays with exon 7 RNA prepared in a similar
fashion. The results indicate that SRSF10 strongly binds to exon 8
RNA in a concentration-dependent manner. In contrast, it dis-
plays only weak binding to exon 7 RNA (Fig. 5A, compare lanes 1
to 5 with 6 to 10). SRSF10 bound to exon 8 RNA with an affinity
comparable to its affinity for the GluR-B flop exon (10) (data not
shown). As a control, another SR protein (SRSF1) did not show
significant differences in binding to either RNA (Fig. 5A, compare
lanes 11 to 13 with 14 to 16). We therefore concluded that SRSF10
binds to exon 8 RNA in a highly specific manner.

To provide direct evidence that binding of SRSF10 to the
downstream constitutive exon is responsible for exon 7 exclusion,
we reintroduced SRSF10 binding sequences identified by SELEX
(24) in exon 8 and examined whether they would be sufficient to
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repress exon 7 inclusion. Specifically, two derivatives (designated
AE8-SRSF10 and AE8-random) were made based on the lipinl
AE8 construct to allow for the insertion of three copies of the
SRSF10 consensus motif or random sequences just downstream of
the 3’ splice site in exon 8 (Fig. 5B). When RNA from the trans-
fected cells was analyzed by RT-PCR, approximately 60% of exon
7 was excluded when SRSF10 binding motifs were inserted in exon
8, compared to at most 30% exon exclusion observed with the
control sequence (Fig. 5B, compare lane 1 and lane 3). However,
the differential effects on exon 7 splicing between the two inserted
sequences were completely diminished upon SRSF10 depletion
(Fig. 5B, compare lane 2 and lane 4), confirming the direct in-
volvement of SRSF10 bound to exon 8 sequences in repressing
exon 7 splicing. Furthermore, exogenous expression of FLAG-
tagged SRSF10 in KO MEF cells also inhibits exon 7 inclusion (Fig.
5C). Taken together, these results strongly indicate that binding of
SRSF10 to the downstream constitutive sequences plays a critical
role in repressing exon 7 inclusion (Fig. 5D).

Overexpression of lipinla could partially rescue adipogenic
defects caused by SRSF10 depletion. We next examined whether
the lipinla/B ratio was altered in shSRSF10-transdued
C3HI10T1/2 cells. As shown in Fig. 6A, lipinla is still the major
isoform expressed in C3H10T1/2 cells, and expression patterns of
the two lipin1 isoforms during differentiation were similar to that
observed in WT MEF cells (lanes 1 to 3). Knockdown of SRSF10
could also significantly decrease lipinla while increasing lipin1f3,
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and the latter remained virtually the same in the differentiation
process (lanes 4 to 6). In addition, other splicing changes were also
observed in C3H10T1/2 cells upon SRSF10 knockdown as in the
KO MEEF cells (see Fig. S5 in the supplemental material).

We then examined the ability of the two lipinl isoforms to
complement the adipogenic defect in SRSF10-knockdown
C3H10T1/2 cells, along with differentiation of cells expressing a
control shRNA for comparison. Western blotting and RT-PCR
analysis both confirmed respective overexpression of the two li-
pinl isoforms (Fig. 6B). Compared to the effects of lipinlp,
lipinla isoform expression in these cells could significantly re-
store differentiation as measured by ORO staining (Fig. 6C) and
real-time PCR of two adipocyte markers (Fig. 6D). This finding is
consistent with previous reports that the lipinla isoform is more
necessary for adipocyte differentiation than the lipin1f isoform
(8). Most importantly, this observation provides direct evidence
that SRSF10 promotes adipogenesis by repressing exon 7 inclu-
sion, thus maintaining lipinla as the predominant isoform in
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undifferentiated cells. However, we also observed that shSRSF10
C3H10T1/2 cells with expression of the lipinla isoform do not
differentiate into adipocytes as well as the controls cells (Fig. 6C
and D). This probably indicates that SRF10 works in part through
regulation of lipinla isoform levels.

DISCUSSION

During adipocyte differentiation, cells undergo dramatic mor-
phological changes and critical modification in gene expression.
Here we have provided evidence that the splicing factor SRSF10 is
required for adipocyte differentiation and maturation and that its
loss leads to changes in splicing of lipinl pre-mRNA and severe
adipogenic defects. We propose a model in which SRSF10 re-
presses exon 7 inclusion and favors generation of the lipinla iso-
form, which, in turn, facilitates adipocyte differentiation (Fig.
6D). Below we discuss how SRSF10 functions as an important
regulator of alternative splicing during adipogenesis and how loss
of SRSF10 leads to deregulated lipin1 splicing in this process.
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hence leading to exon 7 inclusion.

We previously reported that SRSF10 functions as a sequence-
specific splicing activator by directly binding to exonic splicing
enhancers (10). However, this activation model seems unlikely to
explain why SRSF10 represses inclusion of exon 7 in lipinl pre-
mRNA splicing. By using a lipin1 minigene system combined with
a series of mutagenesis and gel shift assays, we demonstrated that
skipping of exon 7 is controlled by SRSF10-regulated cis element
located in the constitutive exon 8. The activity of this element
depends on the binding of SRSF10 and correlates with the relative
abundance of lipinlae mRNA. Therefore, it is reasonable to pro-
pose that when binding occurs in exon 8, SRSF10 could activate
the nearby splice sites and reduce the relative competitiveness of
alternative sites, thereby preventing the exon 7 from inclusion
(Fig. 6D). A similar principle has also been employed by the typ-
ical SR protein SRSF1, as it was shown to activate exon exclusion
of the Ron proto-oncogene by directly binding to an enhancer
element located within the downstream constitutive exon (25).

Lipinl plays a critical role in adipocyte development and mat-
uration by functioning as a critical enzyme in glycerolipid biosyn-
thesis and transcriptional coactivator (15). Our findings demon-
strated that loss of SRSF10 changes the relative ratio of lipinla to
lipin1B, and that expression of lipinla results in visually signifi-
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cant adipogenic “rescue” compared to lipinl expression. This
likely suggests that the balance between lipinla and lipinlf3 ex-
pression levels in undifferentiated cells plays a critical role in driv-
ing preadipocyte differentiation. In addition, lipin1 expression
was found to increase dramatically over the course of adipocyte
differentiation; however, this increase was much repressed in dif-
ferentiation of SRSF10-depleted cells (Fig. 4A and 6A). Therefore,
we reasoned that attenuated adipogenesis of SRSF10-depleted
cells could also be attributed to the modest expression of lipin13
during differentiation, as well as changed levels of the two lipinl
isoforms at the undifferentiated stage. The possible regulation of
lipin1 expression during adipogenesis by SRSF10 is unclear and
will be a focus of future study.

Beyond the involvement of lipinl in mediating effects of
SRSF10 on adipogenesis, other dysregulated splicing targets could
also contribute to this attenuated adipogenesis. Ectopic expres-
sion of axinl in 3T3-L1 preadipocytes promoted their differenti-
ation into adipocytes (11). ATP-citrate lyase (ACLY), an enzyme
that catalyzes the formation of acetyl coenzyme A (acetyl-CoA),
played a central role in adipogenic differentiation (12) (13). Upfl
facilitated adipocyte differentiation by being involved in staufen1-
mediated mRNA decay in adipogenesis (14). It is likely that
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SRSF10 facilitates adipogenesis by controlling normal levels of
these WT splice isoforms during adipogenesis. In contrast,
SRSF10 deletion results in isoform switching in these events,
which in turn could reduce the cells’ capacity for differentiation.
The PKM2 isoform appears to be critical for cancer metabolism,
tumor growth, and C2C12 cell differentiation (26, 27); however,
specific knockdown of PKM2 expression using a retrovirus-medi-
ated strategy did not change the adipogenic capability of
C3H10T1/2 cells (see Fig. S6 in the supplemental material). Fur-
ther evaluation of these splice isoforms resulting from SRSF10
deficiency in adipogenesis will be informative.

In summary, the loss of splicing factor SRSF10 leads to greatly
impaired development of WAT in vivo and severe adipogenic de-
fects in cultured cells. By regulating alternative splicing, SRSF10
was demonstrated to be a key player during adipocyte differenti-
ation and maturation.
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