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Obesity is a significant global health risk that can cause a
range of serious metabolic problems, such as type 2 diabetes
and cardiovascular diseases. Adipose tissue plays a pivotal
role in regulating energy and lipid storage. New research
has underlined the crucial role of splicing factors in the
physiological and functional regulation of adipose tissue. By
generating multiple transcripts from a single gene, alternative
splicing allows for a greater diversity of the proteome and
transcriptome, which subsequently influence adipocyte
development and metabolism. In this review, we provide an
outlook on the part of splicing factors in adipogenesis and
thermogenesis, and investigate how the different spliced
isoforms can affect the development and function of adipose
tissue.
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INTRODUCTION

Adipose tissue is a vital metabolic organ and plays a critical
role in energy homeostasis by coordinating lipogenesis, lip-
olysis, and fatty acid oxidation. Adipose tissue also functions
as an endocrine organ by secreting adipose tissue-derived
hormones, such as leptin and adiponectin (Hui et al., 2015;
Trayhurn et al., 1999). There are at least three major adipose
tissues, distinct anatomically and physiologically: white ad-
ipose tissue (WAT), brown adipose tissue (BAT), and beige

adipose tissue. While WAT is specialized for modulating lipid
storage, beige and BAT contribute to energy expenditure
through Ucp1-dependent and -independent thermogenesis
(Sakers et al., 2022).

Adipose tissue dysfunction underlies the development of
many metabolic disorders such as obesity, insulin resistance,
type 2 diabetes, atherogenic dyslipidemia, non-alcoholic fatty
liver disease and cardiovascular diseases (Gesta et al., 2007).
Adipose tissue can increase its mass through two mecha-
nisms: hyperplasia (increased adipocyte numbers) and hyper-
trophy (increased adipocyte size). The hyperplastic WAT has
a relatively mild detrimental effect on metabolic health, as
adipocytes maintain normal metabolic function. In contrast,
the hypertrophic WAT is often accompanied by adipocyte
dysfunction and contributes more to metabolic abnormalities
(Morigny et al., 2021). Beige and BAT, known as thermogen-
ic adipocytes, are distinguished from WAT in their multilocu-
lar lipid droplets, higher mitochondrial activity, and abundant
expression of the uncoupling protein 1 (UCP1). Beige adipo-
cytes are dispersed in subcutaneous WAT and resemble white
adipocyte morphology under a dormant state. However, they
are activated upon cold or adrenergic stimulation to take on
brown adipocyte-like appearances and functions (Sakers et
al., 2022). It was reported that a reduced mass and activity of
thermogenic adipose tissues could contribute to the develop-
ment of obesity (Becher et al., 2021).

To date, an increasing number of studies indicate that al-
ternative splicing plays an essential role in adipocyte biology
(Chao et al., 2021). Most transcripts in mammals undergo
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Fig. 1. Schematic representation of splicing mechanisms in
precursor messenger RNA (pre-mRNA). The 5’ splice sites are
recognized by U1, the branch points by SF1, the polypyrimidine
tract by U2AF2, the 3’ splice sites by U2AF1. Tri snRNP (U4/U6
and U5) acts as the core catalytic machinery. Splicing factors
regulate the spliceosome components recognition of 5” and 3’
splice sites through binding to ESE, ESI, ISE, and ISI cis elements
on pre mRNA. snRNP, small nuclear ribonucleoprotein.

splicing, a post-transcriptional mechanism that has evolved
to expand protein diversity. Splicing can be largely classified
into a few types, including exon inclusion/exclusion, intron
retention, mutual exclusion of adjacent exons, or alternation
in 5" or 3’ splice sites (Pan et al., 2008). Alternative splicing
is executed by spliceosome (U1, SF1, U2AF1, U2AF2), the
core machinery of splicing (U4/U6 and U5), together with
splicing factors (Chao et al., 2021; Ule et al., 2019) (Fig. 1)
that often modulate the core splicing machinery by affecting
their site specificity (Hang et al., 2015; Lim et al., 2011; Liu et
al., 2017). Splicing factors are RNA binding proteins that act
as activators or repressors of splicing by binding to pre-mR-
NA exonic or intronic enhancer or silencer elements (Fig.
1). Splicing factors are reported to play essential roles in cell
differentiation, tissue identity, and organ development (Bar-
alle and Giudice, 2017), and their functions in adipocytes are
being increasingly appreciated. Some excellent reviews have
been covered on implication of splicing in adipogenesis and
obesity (Chao et al., 2021; Wong et al., 2018). This review
will focus on the splicing factors involved in adipogenesis and
thermogenesis. These studies are providing important new
insights into the mechanism of obesity and related metabolic
abnormalities.

SPLICING FACTORS IN ADIPOGENESIS

SRC associated with mitosis of 68 kDa (Sam68)

Sam68 recognizes the 5'-[AU] UAA-3 rich regions and pro-
motes exon inclusion (Feracci et al., 2016; Lin et al., 1997,
Ray et al., 2009). Sam68 has been reported to promote
mTOR splicing by interacting with U1 snRNP (small nuclear ri-
bonucleoprotein) in mouse embryonic fibroblast (Subramania
etal., 2019). It also contributes the exon 7 skipping of surviv-
al of motor neuron 2 (SMN2) in spinal muscle atrophy and
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regulates alternative exon splicing in neurogenesis (Chawla et
al., 2009; Pedrotti et al., 2010).

Several recent studies have shown that Sam68 regulates
adipogenesis via alternative splicing of mTOR and S6K1
mRNA (Huot et al., 2012; Song and Richard, 2015). Huot
et al. (2012) showed that Sam68” mice developed lower
body mass with fewer adipogenic progenitors. The deletion
of Sam68 protected mice from diet-induced obesity due to
increased energy expenditure and impaired white adipocyte
differentiation with reduced Ppary expression and lipid ac-
cumulation (Huot et al., 2012). The phenotypes of Sam68
knockout may be partially explained by the influence of
Sam68 on mTOR splicing in WAT. Huot et al. (2012) reported
an increased retention of intron 5 in MTOR transcript (mTO-
R®) and a decreased mTOR protein expression in WAT of
Sam68 deficient mice. Mechanistically, the intron retention
of intron 5 can produce a premature stop codon and unsta-
ble mTOR transcripts (Figs. 2A and 2B, Fig. 3). Knockdown
of Sam68 using RNA interference in 3T3-L1 preadipocytes
impaired insulin-stimulated Akt phosphorylation and inhib-
ited adipocyte differentiation. Ectopic expression of a full-
length mTOR transcript in the Sam68-depleted 3T3-L1 cells
partially rescued the impaired adipogenesis, supporting that
the dysregulated mTOR splicing is a key downstream event of
Sam68 deficiency (Huot et al., 2012).

However, the full-length mTOR protein could not fully
rescue the effects from Sam68 ablation on adipogenesis
as Sam68 also regulates the alternative splicing of many
other transcripts including S6K1 (Song and Richard, 2015).
Rpsbkb1, the gene encoded for S6K1 proteins, produced
three isoforms: p70S6K, p85S6K, and p31S6K (Tavares et al.,
2015). Song and Richard (2015) showed that knockdown of
Sam68 in 3T3-L1 cells and Sam68 knockout in WAT increased
the expression of p31S6K (Rpsbkb1-002), a truncated pro-
tein lacking the region of mTOR- and PDK-phosphorylation
(Ben-Hur et al., 2013) (Figs. 2C and 2D, Fig. 3). Interestingly,
ectopic expression of p31S6K in 3T3-L1 impaired adipogen-
esis by lowing lipid storage and inhibiting the expression of
Ppary, CEPBa and Glut4. To further support this, the author
proved that p31S6K depletion by siRNA in Sam68-deficient
3T3-L1 cells enhanced the lipid accumulation and the expres-
sion of differentiation markers. Thus, the reduced adipogen-
esis in Sam68 deficient cells was partially rescued by the loss
of p31S6K expression (Song and Richard, 2015). Using cross
linking and immunoprecipitation (CLIP) assays in preadipo-
cytes, the authors showed Sam68 can bind to the intron 6 of
Rpsbkb1 transcript, preventing Serine/arginine-rich splicing
factor 1 (SRSF1) from this region and facilitating the canoni-
cal Rpsbkb1 splicing. In the absence of Sam68, SRSF1 recog-
nizes exon 6 and promotes the inclusion of three extra exons
to generate the p31S6K-encoding isoform (Song and Rich-
ard, 2015). Taken together, Sam68 regulates adipogenesis at
least partially via alternative splicing of mTOR and S6K1 mR-
NAs. However, whether Sam68 regulates other mRNAs and
how other targets influence adipogenesis remains unclear.

Serine arginine rich splicing factor 1 (SRSF1)

SRSF1, also referred to as SF2/ASF, has multiple functional
impacts, including nonsense-mediated mMRNA decay (NMD),
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Fig. 2. Schematic representation of canonical and alternative splicing of mTOR, ribosomal Rps6kb1, Ppary, lipin1, and PKCs in WAT.
(A) Sam68 binds to intron 5 and U1 binds to exon 5. Canonical mTOR transcript is produced. (B) mTOR"is produced without Samé8. (C)
Sam68 blinding to intron 5 blocks SRSF1 binding and canonical Rps6kb1 mRNA is expressed. (D) SRSF1 binds to exon 6 in the absence
of Sam68 and Rps6kb1-002 transcript is produced. (E) SRSF1 binds to exon 6 of Ppary and Pparyd5 mRNA is produced. (F) Canonical
Ppary mRNA is formed in the absence of SRSF1. (G) SRSF10 binds to exon 8 and Lipin1a is produced. (H) Lipin1 mRNA is formed in the
absence of SRSF10. (I) Tra2b binds to exon 9 of PKC§ and PKCsl is produced. (J) PKCSll is produced in the absence of Tra2b.

mMRNA nuclear transport, mRNA translation, miRNA process-
ing, genome stability, chromatin association, protein sumoy-
lation, and nuclear stress (Das and Krainer, 2014; Karni et
al.,, 2007; Loomis et al., 2009; Pelisch et al., 2010; Pradeepa
et al., 2012). SRSF1 plays a pivotal role in adipocyte biology
by regulating the alternative splicing events of Rpsékb1 and
Ppary (Aprile et al., 2018; Karni et al., 2007; Song and Rich-
ard, 2015) (Figs. 2C-2F, Fig. 3). As discussed above, SRSF1
enhances the inclusion of three extra exons between exons 6
and 7 and favours the formation of Rps6kb1-002 transcript
which encodes p31S6K, a truncated S6K1 lacking the region
of mTOR and PDK-phosphorylating (Fig. 2D, Fig. 3). SRSF1
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knockdown with siRNA in both HEK293 and 3T3-L1 cells re-
duced the P31S6K expression. Overexpression of P31S6K in
3T3-L1 cells impaired adipogenesis with decreased lipid accu-
mulation and lower expression of Ppary, C/EBPa. and GLUTA4.
Conversely, siRNA knockdown of P31S6K enhanced the lipid
accumulation in 3T3-L1 cells where Sam68 was knocked
down (Song and Richard, 2015).

SRSF1 regulates the alternative splicing of Ppary, the mas-
ter regulator of adipocyte biology (Figs. 2E and 2F, Fig. 3).
Aprile et al. (2018) reported that Ppary expresses several
natural isoforms and one of them excludes exon 5, referred
to as PparyA5, which lacks the ligand-binding domain. Over-
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Fig. 3. Splicing factors and their targeted isoforms in adipogenesis.

expressing PparyA5 in hTERT-immortalized adipose tissue-de-
rived human mesenchymal stem cells (hnMSCs) and primary
human adipocyte progenitors negatively impacted adipogen-
esis with decreased lipid accumulation during differentiation,
showing a negative role of PparyA5 on adipogenesis. In ad-
dition, SRSF1 ablation using siRNA alleviated the production
of PparyA5 in hMSCs. The regulation of SRSF1 on Ppary splic-
ing is not limited to adipocytes since siRNAs knockdown of
SRSF1 in HEK293cells can also enhance the exon 5 inclusion
and reduce the production of PparyA5. CLIP-seq in HEK293
cells revealed a SRSF1-binding site in Ppary exon 6, and the
binding was confirmed by RNA immunoprecipitation (RIP)
using anti-SRSF1. Taken together, SRSF1 is likely to negatively
regulate adipogenesis by enhancing the p3156k1 protein and
PparyA5 expression.

Serine arginine rich splicing factor 10 (SRSF10)

SRSF10 plays a critical role in tumour cell growth and glucose
metabolisms (Wei et al., 2015; Zhou et al., 2014). In Hela
cells, the function of SRSF10 is regulated by its phosphoryla-
tion state as its acts as a splicing repressor upon dephosphor-
ylation (Cowper et al., 2001; Shin et al., 2004). Whole body
SRSF10 knockout mice could not survive beyond the embry-
onic stage due to several cardiac defects, highlighting SRSF10
as a vital splicing factor (Feng et al., 2009).

Li et al. (2014) showed an impairment of axillary subcu-
taneous WAT development in SRSF10 knockout embryonic
mice besides heart defects. SRSF10 knockout primary MEF
cells exhibit decreased adipogenic capacity and lowered
PPARy and Adiponectin expressions. Consistently, ShRNA
SRSF10 knockdown in C3H10T1/2 resulted in down-regulat-
ed expression of Ppary and Adiponectin and impaired lipid
accumulation during C3H10T1/2 differentiation (Li et al.,
2014). They further showed that SRSF10 binds to exon 8 of
lipin1 in a sequence specific manner by **P-labeled RNAs -gel
shift assay and causes exon-skipping of exon 7 in primary
MEF cells to favour the production of Lipin1a (Figs. 2G and
2H, Fig. 3). Conversely, knockdown of SRSF10 in C3H10T1/2
cells increased Lipin1p relative to Lipin1a. Overexpressing
Lipin1a and Lipin1p respectively in SRSF10 knockdown

Splicing  Target
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C3H10T1/2 cells showed LipinTa can rescue adipogenesis
more efficiently than Lipin1p, evidenced by more lipid accu-
mulation and higher expressions of Ppary and Adiponectin
in Lipin1o-infected cells (Li et al., 2014). Thus, the decreased
usage of Lipin1a isoform may partially account for the com-
prised adipogenesis in SRSF10-deficient cells.

Transformer 2 (Tra2)

Tra2, a regulator of sex determination in Drosophila, was
reported as a sequence-specific splicing factor in Hela cells
(Tacke et al,, 1998). Mikoluk et al. (2018) showed that siR-
NA-mediated Tra2a knockdown in female Drosophila resulted
in an increased fat body and longer survival rates on starva-
tion. Tra2a deficiency can induce the usage of CPT1-68 over
CPT1-6a (Fig. 3). As CPT1-6B is the less active in catalysing
the formation of acyl carnitines, the Tra2a deficiency-induced
CPT1-6B usage may lead to lower B-oxidation activity, result-
ing in increased lipid storage (Mikoluk et al., 2018).

Tra2b, also known as SFRS10, is a vital splicing factor, as
the whole body Tra2b knockout caused embryonically le-
thal in mice (Pihlajamaki et al., 2011). Tra2b was reported
to regulate alternative splicing of Wnt 11b in Xenopus, and
lipin1 alternative splicing in HepG2 cells (Dichmann et al,
2015; Pihlajamaki et al., 2011). Patel et al. (2014) showed
that Tra2b can regulate alternative splicing of PKC§ in 3T3-L1
cells to modulate the usage of PKCs-1 (Patel et al., 2014), an
apoptotic isoform, and PKCs-2, a cell survival isoform (Figs.
2l and 2J, Fig. 3). Tra2b knockdown resulted in a decrease in
PKC8-1 while Tra2b overexpression increased the usage of
PKC8-1 in 3T3-L1 cells. The authors further utilized minigene
and RIP assays to confirm that Tra2b regulated PKCS splicing
by affecting the 5" splice site selection of the intron 9 (Patel
et al, 2014) (Figs. 2| and 2J, Fig. 3). Consistent with these
findings, during 3T3-L1 cell differentiation, the expression
of Tra2b is gradually decreased, concomitant with a switch
from PKC8-1 to PKC§-2. What about the role of PKC§-1 in
adipogenesis? siRNA knockdown of PKCs-1 at day 1 of dif-
ferentiation improved lipid accumulation and the expression
of Ppary and Adiponectin during the subsequent differentia-
tion (Patel et al., 2014). Carter et al. (2013) reported that the
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Fig. 4. Schematic representation of canonical and alternative splicing of Prdm16, MBNL1 and PTBPs in BAT. (A) RBM4a binds to exon
16 and Prdm16S mRNA is produced. (B) PTBP1 binds to intron 16 in the absence of RBM4a and Prdm16L mRNA is formed. (C) RBM4a
binds to exon 5 and MBNL®*" mRNA is produced. (D) Canonical MBNL1 transcript is formed in the absence of RBM4a. (E) RBM4a bind
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RBM4a. BAT, brown adipose tissue.

preadipocytes from subcutaneous and omental adipose tis-
sue of obese individuals showed a decrease in PKCs-1 relative
to PKC§-2, which may partially explain their higher resistance
to apoptosis than the preadipocytes from lean individuals.
Thus, the Tra2b is likely to exert a negative influence on 3T3-
L1 adipogenesis through favouring the generation of PKC§-1
isoform, although the function of Tra2b in adipogenesis was
not tested directly in these studies.

SPLICING FACTORS IN THERMOGENIC ADIPOCYTES

RNA binding motif protein 4a (RBM4a) and polypyrimi-
dine tract binding proteins (PTBP)

RBM4a was reported to regulate alternative splicing events
in malignant cells as well as in cells differentiation. It acts as
a splicing regulator of several other splicing factors such as
MBNL1, PTBP1, PTBP2, NOVA1 and SRSF3 (Lin et al., 2016a;
2016b; Lin and Tarn, 2011; Peng et al., 2018; Wang et al.,
2014). RBM4a whole-body knockout mice displayed low
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insulin production and hyperglycaemia phenotypes (Lin et
al.,, 2013). The expression of RBM4a is gradually increased
along BAT differentiation, implying a role of RBM4a in BAT
development. Indeed, the BAT of RBM4a deficient mice
exhibited lower levels of brown adipocyte markers such as
Myf5, Bmp7, Prdm16, and Ucp1. Furthermore, RBM4a-defi-
cient BAT developed impaired lipid accumulation, decreased
oxygen consumption, and reduced energy expenditure. Con-
versely, RBM4a overexpression in C3H10T1/2 cells enhances
the expression of brown adipocyte markers and oxygen con-
sumption rates (OCRs) (Lin et al., 2014).

The transcriptome profiling analysis of postnatal RBM4a
KO BATs showed differential alternative splicing patterns of
186 genes (Lin et al., 2016a). One of the RBM4a-regulated
alternative splicing events in adipose tissue occurs in Prdm16
(PR domain containing 16) (Figs. 4A and 4B, Fig. 5). Prdm16
is a BAT-enriched protein and play a key role in brown and
beige adipocytes development (Cohen et al., 2014; Harms
et al., 2014). Prdm16 expresses an exon 16-exclusive iso-
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form (Prdm16S) and an exon 16-inclusive long (Prdm16L)
isoform. Chi and Lin (2018) reported that overexpressing
RBM4a enhanced the usage of Prdm16S while ShRNA knock-
down of RBM4a promoted the usage of Prdm16L isoform
in C3H10T1/2. Prdm16S has a stronger effect on inducing
the expression of PGC1-¢. and C/EBP-B than Prdm16L during
the adipogenic differentiation of C3H10T1/2. Consistently,
Prdm16S is also more effective in promoting OCR, ATP pro-
duction, and lipid droplet formation than Prdm16L. There-
fore, RBM4a-mediated Prdm16 isoform usage may be a
critical mechanism to sustain BAT adipogenesis and thermo-
genesis (Chi and Lin, 2018).

Given the prominent phenotype of BAT defect in RBM4a
knockout mice, it is no surprising to find that RBM4a targets
some key BAT/beige regulators such as Prdm16. However, it
is more intriguing that it also regulates some the splicing of
some other splicing factors such as MBNL1 (Hung and Lin,
2020), PTBP (Lin et al.,, 2016b), and Nova1 (Lin et al., 2016a).
Hung and Lin (2020) reported that RBM4a repressed MBNL1
exon 5 inclusion during BATs development in vivo and 3T3-
L1 differentiation (Figs. 4C and 4D, Fig. 5). RBM4a knockout
enhanced the inclusion of exon 5 of MBNL1 in BAT and siR-
NA-mediated RBM4a knockdown in 3T3-L1 increased the
usage of the MBNL1"°"isoform. Conversely, overexpressing
the MBNL1®°" isoform during 3T3-L1 differentiation, com-
pared to the MBNL1®"™ isoform, induced a more prominent
effect on beige cell-related splicing events, expression of
Prdm16 and UCP1, lipid accumulation, and oxygen con-
sumption (Hung and Lin, 2020). Thus, RBM4a can regulate
brown adipogenesis at least partially by modulating the alter-
native splicing of MBNL1 exon 5 skipping.

PTBP proteins are known to be involved in alternative
splicing of pyruvate kinase in C2C12 cells, NIH-3T3 cells and
Brain Tumour cells (David et al., 2010). PTBP has two paralo-
gous genes PTBP1 and PTBP2. Each of these two genes can
generate an NMD transcript, PTBP1""" (exon 11 skipping)
and PTBP2°"° (exon 10 skipping), respectively, and the
usage of both isoforms increase from embryonic to neonatal
BAT. RBM4a depletion promotes the usage of the canonical
PTBP1 and PTBP2 transcripts during BAT development (Lin et

factors
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al., 2016b), while RBM4a overexpression in C3H10T1/2 cells
represses the usage of PTBP1 and PTBP2 canonical splicing
by promoting exon 11 and exon 10 skipping, respectively,
in C3H10T1/2 (Figs. 4E and 4G). Furthermore, the authors
showed that PTBP2 overexpression reduced the Prdm16
and UCP1 transcripts during adipogenic differentiation of
C3H10T1/2. Conversely, shRNA-mediated PTBP2 knockdown
increased Pdrm16 and UCP1 expression and enhanced the
lipid accumulation, which phenocopies RBM4a overexpres-
sion and suggests that PTBP2 is a major downstream effector
of RBM4a.

A downstream target of PTBP2 is NOVA1. PTBP2 can
bind to the 3" UTR region of NOVA1 to stabilize the NOVA1
transcript, while the PTBP2 ablation destabilizes the NOVA1
mRNA. Overexpressing NOVA1 represses and shRNA-knock-
down of NOVA1 promotes the expression of Prdm16 and
Ucp1 in C3H10T1/2 cells, suggesting a negative role of
NOVAT1 in brown/beige adipogenesis (Lin et al., 2016a).

Based on the results described above, it is postulated that
PTBP1 and RBM4a may play antagonistically roles in regu-
lating BAT development at alternative splicing levels. While
RBM4a is necessary for normal BAT development, PTBP
functions as an adipogenic repressor (Chi and Lin, 2018; Lin
et al., 2016b). However, further biochemistry analysis will
be needed to illustrate the detailed molecular mechanism of
how these factors regulate BAT development program.

Neuro oncological ventral antigen 1 (NOVA1)

NOVA1 recognizes RNA in a 5 -YCAY-3’ sequence-specific
manner and was originally reported to play a critical role in
neuronal viability (Jensen et al., 2000). Vernia et al. (2016)
showed that NOVA is also an important regulator in adipose
tissue thermogenesis. They analysed RNA splicing changes in
adipose tissue during diet-induced obesity and connected the
alternative splicing changes with NOVAT1 splicing factor. To
test the function of NOVA in adipose tissue, they generated
adipose tissue-specific knockout mice to delete NOVA1 and
NOVA2 at the same time. NOVA-deficient mice demonstrat-
ed increased adipose tissue thermogenesis and improved
glycemia. During the cold challenge, high fat diet (HFD)-fed
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NOVA deficient mice had significantly less body and fat mass
and higher core body temperature than the control mice at
HFD (Vernia et al., 2016).

Authors suggested that NOVA may regulate adipose tis-
sue thermogenesis by controlling the alternative splicing of
Mapk8 (JNK1 protein kinase encoded gene) and Mapk9
(JNK2 protein kinase encoded gene) in beige adipocytes (\Ver-
nia et al., 2016) (Fig. 5, Figs. 6A and 6C). The NOVA-binding
motif (YCAY) was found in the sequences around exon 7a
and 7p of both Mapk8 and Mapk9 transcripts. NOVA knock-
out in adipose tissue caused an increase in the Mapk8a/
B ratio and a decrease in the Mapk9a./B ratio, indicating
that NOVA favours the usage Mapk8p (encodes JNK1p)
and Mapk9a, (encodes JNK2qa) over the other isoform.
Enzymic activity analysis using substrate c-Jun supported
that JINK1B and JNK2q are the more active isoforms than
Mapk8a-encoded JNKTa and Mapk9p-encoded JNK2p,
respectively (Figs. 4A and 4C, Fig. 5). Consistently, NOVA
KO adipocytes repressed the usage of Mapk8p (JNK1p)
and Mapk9a (JNK2¢) and showed markedly suppression in
stress-induced phosphorylation of the JNK substrate pSer®
c-Jun. Knock-down of Mapk8p mRNA and Mapk9a mRNA
using shRNA caused increased expression of the Prdm16
and UcpT genes in 3T3-L1 adipocytes, suggesting a negative
role of Mapk8s mRNA and Mapk9a in brown adipogenesis.
Overall, these studies suggest that NOVA is a suppressor of
thermogenesis, partially by promoting the usage of Mapk8p
(UNK1B) and Mapk9a (INK2a) (Vernia et al., 2016).

Another study by Lin et al. (2016a) provides more evidence
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for the negative effects of NOVA on brown adipogenesis.
The authors found that NOVA1 overexpression reduced the
expression of brown adipogenesis markers CEBP, PGC-1,
and UCP1 and reduced the number of mitochondria during
C3H10T1/2 differentiation (Lin et al., 2016a).The authors
showed that NOVA1 can enhance SRSF6 intron2 retention to
silence SRSF6 function in C3H10T1/2 (Fig. 5, Figs. 6E and 6F).
siRNA-mediated SRSF6 knockdown lowered the abundance
of mitochondria and the overexpression of SRSF6 improved
lipid accumulation and OCR during C3H10T1/2 adipogene-
sis (Lin et al., 2016a). Thus, NOVA1 plays a negative role in
brown/beige adipogenesis by regulating multiple targets,
but which targets may play more important roles than others
warrant further investigations.

Serine arginine rich splicing factor 3 (SRSF3)
SRSF3 is a multifunctional RNA binding protein as it is in-
volved in alternative splicing, transcriptional termination,
alternative RNA polyadenylation, translational regulation, and
RNA export (Guo et al., 2015). SRSF3 can bind to m6A-mod-
ified nucleotides and promote exon inclusion in 293 cells
(Xiao et al., 2016). Interestingly, SRSF3 was reported to
autoregulate its own splicing by enhancing the inclusion of
its exon 4" (an alternative exon between the classic exon 4
and exon 5) with an in-frame stop codon and this inclusion
is impaired in oral squamous cell carcinoma cells (Guo et al.,
2015).

SRSF3 is a negative regulator of brown adipogenesis, as
shRNA-medicated SRSF3 knockdown resulted in elevated
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OCR and ATP production with up-regulated BAT markers
such as Prdm16 and Ucp1, while SRSF3 overexpression re-
duced OCR, ATP, and BAT marker expression in C3H10T1/2
cells (Peng et al., 2018). The authors also observed an in-
crease in SRSF3 exon 4'-containing transcript during BAT
development and C3H10T1/2 differentiation. Interestingly,
the inclusion of exon 4" of SRSF3 is antagonistically catalysed
by RBM4a and PTBP1 in C3H10T1/2 and BAT (Fig. 5, Figs.
7A and 7B). While RBM4a promotes exon 4" inclusion by
binding its intronic UUUCU element in postnatal BAT, PTBP1
represses this inclusion (Peng et al., 2018), which, again, sup-
ports an antagonistic role of RBM4a and PTBP1 in regulating
the isoform usage program during brown adipogenesis. One
of SRSF3’ targets is MAP4K4. SRSF3 binds the intron 17 of
MAP4K4 and enhances its inclusion to form the isoform of
MAP4K4-1so-1 in BAT and C3H10T1/2 (Figs. 7C and 7D).
Overexpression of MAP4K4-Iso-1 impaired OCR and ATP
production during C3H10T1/2 differentiation. Thus, the
SRSF3-mediated MAP4K4-Iso-1 production may partially ex-
plain the negative role of SRSF3 in brown adipogenesis (Peng
etal, 2018).

CONCLUSION

Splicing factors are emerging as an essential class of requ-
lators for adipocyte biology. The studies in the past decade
have identified several splicing factors such as RBM4a,
SRSF10, NOVA1 etc. that play regulatory roles in brown and
white fat development. Moreover, several splicing events
downstream these splicing factors were demonstrated to ex-
ert positive or negative influence on adipocyte differentiation.
As expected, some of the downstream splicing events occur
in known regulators of nutrient metabolism such as mTOR,
Ppary, Prdm16, etc. In addition, a significant portion of the
downstream splicing events are also splicing factors such as
MBNLT1, PTBP2, NOVAT1, etc. The regulated isoform usage of
these splicing factors further affect adipocyte biology. These

findings suggest a tentative model where splicing factors
regulate the splicing of each other to form an interweaved
network to regulate adipocyte development and metabolism,
which is independent from but coordinated with gene ex-
pression-based regulations.

Several limitations were noted in earlier studies. First, most
studies were conducted in cell lines in vitro and lack physio-
logical relevance. Second, a majority of these studies focused
on adipogenesis in white or brown/beige lineage, but the
involvement of splicing factors or isoform usage events in
complicated adipocyte metabolism in physiological and phys-
iological contexts remain poorly explored. Last, while earlier
studies have established the role of several specific splicing
factor and splicing events in adipocytes, but how these fac-
tors and/or events are coordinated with each other and with
the gene expression regulatory cascade in a spatiotemporal
manner are unknown. These outstanding issues will need to
be addressed in the future with more mouse genetic tools,
deeper molecular biochemistry analysis, and more powerful
high-throughput sequencing and bioinformatic analysis.
Nonetheless, the studies about splicing in adipocytes have
revealed important novel insights into the regulatory mech-
anism underlying adipocyte biology and will further provide
the necessary information for developing new therapeutic
approaches for clinical complications caused by adipose tis-
sue dysfunction.
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