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ABSTRACT
Different transcripts generated by alternative splicing have led to new insights 

to reconsider gene functions. Here, by progressively screening 31 candidate genes, 
we detected 3 genes that could be regulated by the peroxisome proliferator activated 
receptor gamma 2 (PPARG2), one isoform of the PPARG that specifically expressed 
in adipose tissue. Alternative splicing events of two genes regulated by PPARG2 - 
cell death-inducing DFFA-like effector c (CIDEC) and tumor suppressor candidate 
5 (TUSC5) — were further investigated. Similar results regarding their subcellular 
localization were observed for two isoforms of CIDEC. We validated the existence and 
coding ability of a novel TUSC5 transcript (TUSC5a). Differences became apparent 
between the two TUSC5 transcript isoforms in terms of expression and subcellular 
localization, possibly caused by a 29 amino acid insertion. The expression of the 
TUSC5a was significantly delayed, and showed that uniquely expressed in adipose 
tissue and differently expressed with TUSC5b during adipocyte differentiation. 
Subcellular localization analyses showed that both TUSC5 isoforms existed in the 
endplasmic reticulum but with different localization and no interaction with CIDEC 
isoforms. In summary, our candidate gene-based approach provides further depth to 
our understanding of the process of adipogenesis, highlighting the functional diversity 
of one gene generated by alternative splicing.

INTRODUCTION

Mammalian adipogenesis—the formation of matured 
adipocytes from precursors—is regulated by complex 
molecular mechanisms [1]. On the one hand, scientific 
interest in the process of adopogenesis is fuelled by the fact 
that obesity, caused by unusually high lipid deposition, has 

become a concern for human health worldwide. Obesity 
can lead to numerous serious diseases, such as diabetes, 
hypertension, and various forms of cancer [2–5]. On the 
other hand, the content of fat tissues in skeletal muscles 
plays a key role in determining meat (e.g., beef) palatability, 
textural quality, and flavor [6, 7]. A considerable number of 
genes related to adipogenesis have been characterized so far 
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[8]. However, it became apparent that transcript isoforms, 
generated from the same gene through alternative splicing, 
provide another level of complexity when trying to unravel 
the regulatory mechanisms underlying adipogenesis [9].

Studies on alternative splicing explore the vast 
proteomic complexity seen in higher eukaryotes, while 
typically focusing on a limited number of candidate genes 
[10–11]. Based on NGS deep sequencing methodologies, 
current estimates suggest that around 95% of human 
genes with multiple exons produce at least two transcript 
isoforms [12, 13]. The diversity introduced by alternative 
splicing highlights the need to explore the biological 
function(s) of multiple transcript isoforms. Indeed, an 
increasing number of studies exemplify how alternative 
isoforms can be functionally very different. For 
example, alternative splicing of the stromal interaction 
molecule 2 (STIM2) gene converts the function of the 
respective proteins from an activator to an inhibitor of 
store-operated calcium channels [14]. Oligonucleotide-
induced alternative splicing of the serotonin 2C receptor 
(HTR2C) was found to reduce food intake in mice [15]. 
In humans, analyses of protein interaction networks 
including isoforms arising from alternative splicing 
found that the majority of isoform pairs shared less than 
50% of interaction partners, and interaction partners 
that were specific to alternative isoforms tended to be 
expressed in a highly tissue-specific manner and belong 
to distinct functional modules [16]. Altogether then, 
studies considering potential novel/additional functions 
of isoforms arising from alternative splicing are highly 
warranted even for well characterized genes [17].

Studies on mammalian adipogenesis have long 
established that one of the key regulators of adipogenesis, 
PPARG, exists in two isoforms in adipocytes, which arise 
from differential promoter usage of the PPARG gene [18–
20]. PPARG1 is widely expressed in different tissues, while 
PPARG2 is uniquely expressed in adipose tissue [19]. A 
PPARG knockdown assay also revealed that PPARG2, but 
not PPARG1, reactivated adipogenesis [17]. Subsequently, 
several other genes related to adipogenesis or adipocyte 
differentiation were reported. For example, only the small 
soluble isoform of the delta-like non-canonical Notch ligand 
1 (Dlk1) can inhibit adipocyte differentiation in mice [21]. 
Moreover, Sam68 was reported to regulate alternative 
splicing of the ribosomal protein S6 kinase (S6K1) during 
adipogenesis in mice [22]. In humans, alternative splicing 
events through the actions of the transformer 2 beta 
homolog (TRA2B), BCL2 associated athanogene 6 (BAG6), 
and mutS homolog 5 (MSH5) contribute to transcriptomic 
and proteomic diversity and could play important roles in 
regulating obesity [23]. Still, a number of mammalian genes 
with alternative transcript isoforms need to be characterized 
regarding their (regulatory) functions.

The quality of beef is largely dependent on the 
intramuscular fat content. Our understanding of the 
regulatory mechanisms involved in bovine adipogenesis 

is clearly limited compared to studies on adipogenesis 
in humans or other model organisms. Moreover, the 
regulation of alternative splicing is highly variable among 
species [24]. In this study, to identify genes functioning 
during adipogenesis of cattle and clarify the differences 
between different isoforms of the genes, we concentrated 
on a set of 31 candidate genes obtained from previous 
RNA sequencing studies in cattle and examined the 
functions of alternative splicing variants [25]. We found 
12 genes to be robustly expressed in bovine adipose tissue. 
Two genes (CIDEC and TUSC5) were up-regulated by 
PPARG2 and were selected for further study. We found 
no difference between alternative splicing isoforms in 
their subcellular localization in the case of CIDEC. By 
contrast, the two transcript isoforms of TUSC5 showed 
different expression patterns and different localizations in 
the smooth endplasmic reticulum. We discuss how both 
isoforms could regulate adipogenesis without interacting 
with CIDEC. Our study supplies resources of candidate 
genes for adipogenesis and promotes the understanding of 
the effects of alternative splicing on gene functions.

RESULTS

Selection of highly expressed candidate genes in 
bovine adipose tissue

One set of candidate genes that could play roles in 
fat deposition were selected according to a previous study 
using RNA sequencing for transcriptomic profiling of 
bovine adipose tissue [25]. We compared expression levels 
of two development stages (fetal and adult bovine adipose 
tissues) and selected 11 candidate genes based on the 
following criteria: (a) expression levels exceeding 10 reads 
per kilobase of transcript per million mapped reads (RPKM) 
and (b) expression levels in adult adipose tissue being at 
least 10 times higher than in fetal tissue (Supplementary 
Table 1). Second, we selected another 20 genes that were 
highly and commonly expressed (all > 500 RPKM) in 
various samples of bovine adipose tissues (fetal, as well 
as adult cow, bull and steer; Supplementary Table 1). We 
used quantitative PCR (qPCR) to quantitatively compare 
expression levels of the 31 genes between different tissues: 
heart, liver, spleen, lung, kidney, fat tissue, skeletal muscle, 
stomach, and intestine of adult Qinchuan cows (Figure 1A 
and Supplementary Figure 1). We thus obtained eight genes 
(TUSC5, SCD, CIDEC, THRSP, LIPE, S100B, GHR and 
ADIPOR2) from the first type and four (SPARC, CST3, 
ANXA2 and VIM) from the second type of candidate genes 
that were robustly expressed in adipose tissue.

Screening genes related to adipogenesis and 
regulated by PPARG2

No study has yet reported different isoforms of the 
bovine PPARG gene, and so we first confirmed the existence 
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and coding sequences of bovine PPARG1 and PPARG2 
isoforms. We successfully cloned the two transcripts of 
the bovine PPARG gene corresponding to the sequences 
NM_181024.2 and BC116098.1 in the GenBank database 
(Supplementary Figure 2B). The NM_181024.2 sequence 
was found to code for an additional 30 amino acids in the 
5’-region of the coding region contained in BC116098.1 
(Supplementary Figure 2A). By consulting previous 
studies [26] and using blast searches against murine 
PPARG1 and PPARG2 sequences, we established that the 
BC116098.1 sequence codes for bovine PPARG1, while 
the NM_181024.2 sequence codes for bovine PPARG2 
(Supplementary Figure 2C and Supplementary Figure 2D).

Rosiglitazone, an agonist of PPARG, was used 
to induce bovine adipocyte adipogenesis for 2, 4 and 6 
days and to examine the expression of the 12 candidate 
genes robustly expressed in adult adipose tissues (i.e., 
during lipid accumulation). Lipid droplets appeared after 
two days of induction and became larger by day 4 and 
day 6 (Supplementary Figure 3). Expression of PPARG1 
increased significantly during day 2 and decreased again 
on day 4 and day 6. PPARG2 expression also increased 
on day 2, remained stable during the next two days, and 
increased significantly again on day 6. We used following 
thresholds to select genes for further analysis: (1) the 
gene expression increased in all the day 2, day 4 and day 
6 comparing to day 0; (2) the gene expression increased 
significantly (p < 0.05) comparing to day 0 in at least one 
time point of day 2, day 4 and day 6. Finally, seven genes 
(GHR, THRSP, SCD, LIPE, TUSC5, CIDEC and CST3) 
met the above criteria that had increased expression levels 
after lipid droplets appeared (Figure 1B). 

Previous studies found that unlike PPARG1, 
PPARG2 was exclusively expressed in adipose tissue [27]. 
We over-expressed bovine PPARG2 in bovine adipocytes 
using an adenovirus and examined gene expression after 
2 days (Figure 1C). The expression of PPARG1 did not 
change (p > 0.05) while PPARG2 was significantly over-
expressed (p < 0.05), corroborating that the results of 
our study specifically depict effects caused by PPARG2 
and downstream activated genes. We found three genes 
(CIDEC, TUSC5 and CST3) to be significantly up-
regulated (p < 0.05), probably mediated by PPARG2.

Alternative splicing variants of CIDEC and 
TUSC5 transcripts

All three genes that were up-regulated by PPARG2 
had more than one transcript in our RNA sequencing data-
set [25] or in the GenBank database, suggesting alternative 
splicing events. We selected the cell death inducing DFFA-
like effector c (CIDEC) and tumor suppressor candidate 5 
(TUSC5) genes for further study. In total, we found four 
different transcripts (XM_010817501.2, XM_005222498.3, 
NM_001076031.1 and XM_015459442.1) of the CIDEC 
gene. Considering only coding regions, three different 

isoforms were detected and henceforth referred to as 
CIDEC1 (XP_015314928.1), CIDEC2 (NP_001069499.1) 
and CIDEC3 (XP_005222555.1, XP_010815803.1). 
Only one transcript of the bovine TUSC5 gene 
(NM_001083707.1) was annotated in GenBank. We did, 
however, retrieve one alternative splicing event from our 
previous RNA sequencing data-set, with 87 nt in the 5’-end 
of the third exon alternatively inserted between the second 
and third exons (Figure 2A). The novel TUSC5 transcript 
was confirmed in adipose tissues from three different cows 
by PCR amplification from cDNA and Sanger sequencing 
(Figure 2B). The 87 nt insertion encodes 29 amino acids 
with no frame shift or premature translational termination 
(Figure 2C). Thus, the novel TUSC5 transcript includes 
three exons and codes for 206 amino acids. The novel 
splicing site of TUSC5 also conformed to the GT-AG 
principle at exon-intron boundaries. The two transcripts 
of the bovine TUSC5 gene are henceforth referred to as 
TUSC5a (novel GenBank accession number: KP347628.1) 
and TUSC5b (NM_001083707.1).

Different expression profiles of TUSC5a and 
TUSC5b

We compared the expression profiles of the two 
TUSC5 transcript isoforms in different bovine tissues and 
at different stages of adipogenesis using qPCR. TUSC5a 
was unique to adipose tissue (Figure 3A), while TUSC5b 
was highly expressed in adipose tissue but could also be 
detected in other tissues, such as heart and skeletal muscle 
tissue (Figure 3A). The expression of total TUSC5 (i.e., 
both isoforms) increased by 70-fold (compared to its 
abundance on day 0) on 2 days after differentiation was 
induced and increased to 340-fold during the following 
8 to 10 days. This pattern was largely driven by changes 
in TUSC5b expression, whereas changes in TUSC5a 
expression were much weaker. TUSC5a increased app. 18-
fold after 2 days followed by a continuous decrease during 
the following 4 to 6 days, and increased to 30-fold during 
the 8 days and 10 days comparing to 0 day.

In vitro expression and translation analyses of 
TUSC5a

We confirmed that the novel TUSC5 transcript 
can be translated into a protein by cloning it into the 
pDSred-N1 vector and transfecting it into 293T cells, 
using TUSC5b as a positive control. TUSC5a was 
translated in the form of a fusion protein. However, the 
TUSC5a fusion protein showed obviously translational 
retardation compared to that of the TUSC5b fusion protein 
even though the same dose of pDSred-N1-TUSC5a and 
pDSred-N1-TUSC5b were used to transfect the 293T cells 
using highly standardized procedures (Supplementary 
Figure 4). The TUSC5b fusion protein could be detected 
already 12 hours after transfection, while the TUSC5a 
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fusion protein required almost another 12 hours to emerge. 
After 48 hours, the TUSC5b fusion protein became 
abundant (as evidenced by considerable brightness of 
the fluorescent signal; Supplementary Figure 4), while 
the TUSC5a fusion protein was still less abundant (i.e. 
lighter fluorescent signal; Supplementary Figure 4). We 
also examined mRNA expression levels of TUSC5a and 
TUSC5b at different points in time after transfection 
(Figure 3C). Both mRNA expression levels (TUSC5a 
and TUSC5b) reached peaks within the first 24 hours. 
However, throughout the experiment, expression levels of 
TUSC5a were significantly lower than those of TUSC5b.

Comparing the intracellular localizations of 
CIDEC and TUSC5 transcript isoforms

We examined the localization of two CIDEC 
transcript isoforms (CIDEC2, CIDEC3) and both TUSC5 

transcript isoforms (TUSC5a, TUSC5b) by separately 
cloning them into the pDSred-N1 vector (red fluorescence) 
or the pEGFP-C1 vector (green fluorescence) and co-
transfecting 3T3-L1 cells with the respective pair of 
isoforms. We first examined whether the differently fused 
tags from pDSred-N1 and pEGFP-C1 could affect the 
intracellular localization of the resulting proteins. However, 
we found almost complete congruence of the localizations 
of different fusion proteins containing CIDEC3 and 
TUSC5b (Figures 3D, Supplementary Figure 5). 

Both isoforms of CIDEC and TUSC5 were found 
in the cytoplasma. No obvious difference was observed 
between the intracellular localizations of CIDEC2 and 
CIDEC3 (Supplementary Figure 5). By contrast, TUSC5a 
and TUSC5b appeared to be differently distributed (only 
partially overlapped between the fluorescent signals of 
TUSC5a and TUSC5b; Figure 3D). In the case of TUSC5b, 
we identified a cellular location signal in the C-terminal 

Figure 1: Screening candidate genes for the bovine adipogenesis gene. (A) A summary for the qPCR results of the 31 candidate 
gene using heatmap plot and detail information can be seen in Supplementary Figure 1. (B) displays candidate genes’ expression changes 
during adipogenesis induced by rosiglitazone. The genes with increased expression level in day 2, day 4 and day 6 were compared to day 
0 and were tested for significant differences. *P < 0.05. (C) shows candidate genes’ expression changes induced by PPARG2. The y axis of 
both Figure 1B and Figure 1C showed relative mRNA abundance. *P < 0.05; **P < 0.01.
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end (https://wolfpsort.hgc.jp/), which was altered by the 29 
amino acid insertion seen in TUSC5a. For both isoforms we 
predicted endplasmic reticulum (ER) membrane retention 
signals (KKXX-like motifs: TVPK for TUSC5a and AVPK 
for TUSC5b). The change between threonine (T) and alanine 
(A) could be responsible for the observed differences in 
subcellular localization between TUSC5a and TUSC5b.

Subcellular localization analysis of TUSC5 
isoforms

We conducted analyses of co-localization of TUSC5a 
or TUSC5b focusing on the Golgi apparatus, the rough ER, 
and the smooth ER separately in 3T3-L1 cell lines. The 
TUSC5a and TUSC5b fusion proteins showed overlap in 
their occurrence in the smooth ER—the site of cellular lipid 
(fat) and steroid hormone production—and in the rough 
ER—the site of protein biosynthesis (Figure 4A, 4B). Strong 
accumulation of both isoforms in the smooth ER is consistent 
with their predicted functions during lipid deposition. 

As both TUSC5 and CIDEC were strongly 
expressed during adipogenesis, we next examined whether 
they might interact. We selected CIDEC2 to perform 
co-localization with TUSC5a and TUSC5b, using the 
pDSred-N1 or pEGFP-C1 vectors, separately. However, 
the results showed that the subcellular localization of 
CIDEC2 overlapped with neither TUSC5a nor TUSC5b, 
rendering interactions unlikely (Figure 5). We examined 
the subcellular localization of CIDEC2 in the Golgi 
apparatus, as well as in the rough and smooth ER, and 
inside mitochondria. However, CIDEC2 was found in 
none of the organelle (Supplementary Figure 6). 

DISCUSSION

In our study, we found the expression of seven 
genes to be significantly up-regulated after treatment 
with a PPARG agonist, but not all of them showed 
consistent results when we over-expressed PPARG2 in 
bovine adipocytes. This may be due to several factors: 

Figure 2: Validation of the alternative splicing of bovine TUSC5. (A) TUSC5 alternative splicing patterns and primer positions 
for validating TUSC5a. The grey boxes are the known exons; the white box is the alternative spliced exon. The red and blue imaginary 
lines represent two different exon combination models. F and R represents the forward and reverse primers. (B) Agrose gel electrophoresis 
result and sanger sequencing result for amplifying the partial TUSC5a. The 1-3 lanes are the amplification result for the cDNA from 3 
cows’ adipose tissues, N: Negative control, M: Marker. (C) The alignment between the amino acid sequences of TUSC5a and TUSC5b. The 
amino acid sequences with underline were retention signals predicted by a website tool (https://wolfpsort.hgc.jp/).
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(i) the PPARG agonist could also affect other pathways, 
(ii) the respective gene was up-regulated by the effect 
of other gene products or regulatory elements, (iii) lipid 
deposition was induced directly by the PPARG agonist, 
or (iv) PPARG1 and PPARG2 target different genes. 
Rosiglitazone could influence cell signaling through 
additional mechanisms, such as the induction of a 
number of signaling intermediates number of signaling 
intermediates [28, 29]. In this study, we did not examine 
whether or not PPARG1 and PPARG2 target different 
genes, but previous studies have highlighted obvious 
functional differences between the two PPARG isoforms 

and uniformly reached the conclusion that PPARG2 has 
a greater ability to induce adipogenesis [17, 27]. We 
obtained three bovine genes targeted by PPARG2: CIDEC, 
TUSC5, and CST3. CIDEC was found to be directly 
bound by PPARG2 in mice [30]. We checked the human 
database (http://www.genecards.org/) for the transcription 
factor binding sites of the TUSC5 and CST3 genes, as 
functional studies on bovine genes are currently lagging 
behind studies on human gene functions. Binding sites for 
both, PPARG1 and PPARG2, became apparent within the 
TUSC5 gene promoter region. By contrast, we found no 
binding sites for PPARG1 or PPARG2 within the CST3 

Figure 3: Expression and intracellular localization differences between the TUSC5 isoforms. (A) Tissue expression profiles 
for bovine TUSC5a and TUSC5b. H: heart; Li: Liver; Sp: spleen; Lu: lung; K: kidney; F: fat tissue; M: muscle; St: stomach; I: intestines. 
(B) The expression changes of different transcripts of TUSC5 during differentiation of ADSCs. (C) The mRNA expression of TUSC5a-
pDSred and TUSC5b-pDSred in 293T cell line of different time; the expression level were evaluated using qPCR. *P < 0.05; **P < 0.01. (D) 
Cellular localization analysis of TUSC5a and TUSC5b.



Oncotargets293www.impactjournals.com/oncotarget

Figure 4: Subcellular localization analysis of TUSC5a and TUSC5b. (A) Subcellular localization analysis of TUSC5a in 3T3-L1 
cells; (B) Subcellular localization analysis of TUSC5b in 3T3-L1 cells. The antibodies used in this study were GM130 for golgi, KDEL for 
rough ER, AMF-R for smooth ER. The nuclei were stained by DAPI.
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gene promoter region, but we retrieved a binding site in 
the CCAAT/enhancer-binding protein alpha (CEBPa) 
promotor region that could interact with PPARG, with 
a positive cross-regulation loop [31]. Therefore, both 
TUSC5 and CST3 could be regulated by PPARG2 during 
adipogenesis, and future research will need to concentrate 
on the questions of what the exact targets of both PPARG1 
and PPARG2 might be.

We focused on two genes likely to be targeted by 
PPARG2 (CIDEC and TUSC5), both of which show 
alternative splicing events. CIDEC was reported to 
play vital roles in adipogenesis [30, 32–34]. TUSC5 
was reported to show robust expression in both white 
and brown adipose tissues and research has started to 
draw attention to TUSC5 as a novel regulator of insulin 
action in adipocytes in studies on mice and humans 
[29, 35–37]. Our present study is the first to investigate 
potential functional differences between different TUSC5 
transcript isoforms. The cellular localization of CIDEC2 
and CIDEC3 were almost perfectly overlapped in the 
cytoplasm, leaving the possibility that they might have 
similar functions. However, obvious differences were 
observed between TUSC5a and TUSC5b in terms of their 
expression profiles and their intracellular localization.

Alternative sequence insertion or deletion can lead 
to various alterations of gene functions, depending on the 
splicing site(s); on the other hand, gene functions may be 
not changed if the functional domain is not affected. We 
predicted the protein structure of CIDEC2 and CIDEC3, 
using SMART online tools (http://smart.embl-heidelberg.
de/). No structural difference was found between the two 
isoforms. However, one amino acid was substituted in the 
ER membrane retention signals of both TUSC5 isoforms. 
We found their intracellular localizations (especially 
in the smooth, and to a lesser extent in the rough ER) 
to be slightly different, suggesting that they may have 

different functions. Beside potential structure changes, 
alternative splicing may produce isoforms with different 
dosages of expression. In our study, we failed to amplify 
CIDEC1 cDNA, which may be due to exceedingly low 
mRNA abundance. Of both TUSC5 isoforms, TUSC5b 
was more representative of total TUSC5 mRNA content 
in the expressional profiles than TUSC5a, suggesting 
that TUSC5b was more expressed. Moreover, TUSC5b 
transcripts emerged earlier when comparing the expression 
of both isoforms of the TUSC5 gene during adipocyte 
differentiation. Altogether then, TUSC5b appears to be 
the dominant transcript of the bovine TUSC5 gene. Both 
isoforms may have similar functions, act cooperatively, 
independently, or even conversely [38]. Future studies will 
need to elaborate on the potentially divergent function(s) 
of both bovine TUSC5 gene isoforms.

Both TUSC5 and CIDEC were robustly expressed 
in adipose tissue, which led to the hypothesis that they 
might interact. Considering intracellular localizations, we 
excluded the possibility of specific fusion tags effecting 
the localizations of the respective proteins. The CIDEC 
protein is involved in cell apoptosis [39], and accordingly, 
we observed condensation in the nucleus 48 hours 
after transfection into 293T cells, which showed easier 
apoptosis than 3T3-L1 cells in our experiment [40]. 
Therefore, the function of CIDEC was likely not affected 
by the fusion tags. Importantly, we did not observe spatial 
overlap between their fusion proteins regarding their 
intracellular localization: while both TUSC5 isoforms 
were observed especially in the smooth ER, CIDEC was 
not detected in the golgi apparatus, rough and smooth 
ER, or in mitochondria. A previous study found that 
CIDEC was enriched in lipid droplet-contacting sites 
and promoted lipid transfer from smaller to larger lipid 
droplets [41]. CIDEC participated in the lipid synthesis 
process after lipids were produced. TUSC5, on the 

Figure 5: Co-localization analysis of TUSC5a, TUSC5b and CIDEC2. First rows: co-localization analysis of pDSred-N1-
TUSC5b and pEGFP-C1 -TUSC5b in 3T3-L1 cells. Second rows: co-localization analysis of pDSred-N1-TUSC5a and pEGFP-C1-
TUSC5b in 3T3-L1 cells. Third rows: co-localization analysis of pDSred-N1-TUSC5a and pEGFP-C1-CIDEC2 in 3T3-L1 cells. Fourth 
rows: co-localization analysis of pDSred-N1-TUSC5b and pEGFP-C1-CIDEC2 in 3T3-L1 cells. The nuclei were stained by DAPI.
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other hand, was found to positively regulate the insulin-
stimulated glucose transport in adipocytes [29]. Given 
that the smooth ER is responsible for producing lipids, we 
argue that TUSC5 is involved in regulating liponeogenesis 
without interacting with CIDEC.

Our study detected potentially functional differences 
between the two isoforms of TUSC5. However, we did not 
find alternative splicing reports for TUSC5 gene in human 
and mouse. The alternative splicing has been proved that 
can be diversity among different species (Pan et al. 2005). 
Thus our study will not only help to understand the effects 
of alternative splicing on TUSC5 gene functions in cattle but 
also promote the further detection of different isoforms of 
TUSC5 gene in other species or the specific functions of the 
TUSC5a if the alternative splicing is only happened in cattle.

MATERIALS AND METHODS

Tissue collection 

All animals used in this study were approved by the 
Institutional Animal Care and Use Committee of Northwest 
A & F University and Qinbao Animal Husbandry Co., Ltd, 
respectively. The methods used in this study were performed 
in accordance with the relevant guidelines in the Shaanxi Key 
Laboratory of Agricultural Molecular Biology of Northwest 
A&F University. Different tissues (heart, liver, spleen, lung, 
kidney, fat, muscle, stomach, and intestines) were collected 
from adult Qinchuan cows (female and aged from 20 to 24 
months) immediately after being slaughtered, snap-frozen in 
liquid nitrogen, and stored at −80°C until use.

Bovine adipocyte culture, rosiglitazone 
induction, and PPARG2 over-expression

Bovine adipocyte-derived stem cells (ADSCs) were 
isolated and cultured as we described previously [42]. The 
ADSCs were plated in 6-well plates (NUNC) containing 
1.5 ml Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum, 100 μg/ml 
streptomycin, and 100 U/ml penicillin at 37°C with a CO2 5% 
atmosphere. Cell culture media was replaced every two days. 
Rosiglitazone (Sigma), at a concentration of 1,000 nmol/L 
was used for inducing adipogenesis. The cells were collected 
every two days (48 hours) from day 0 to day 6. Adenoviruses 
with the bovine PPARG2 gene (supplied by Liushuai Hua 
and Jing Wang, Institute of Animal Science, Henan Academy 
of Agricultural Sciences, Henan 450000, China) were used 
for over-expressing PPARG2 in bovine adipocytes. The 
infected cells were collected after culturing for two days to 
extract total RNAs.

RNA isolation and qPCR

Total RNA was extracted from each tissue or 
collected cells using the Trizol method, according to the 

manufacturer’s instructions (TaKaRa). Total RNA (1.0 μg) 
was reverse-transcribed to cDNA using the PrimeScript 
RT reagent kit with gDNA Eraser. qPCR was performed 
using a Bio-Rad CFX 96 Real Time Detection System and 
SYBR Green PCR Master Mix in a 20 μl reaction with 
three or four replicates. Primers for qPCR were designed 
using the NCBI primer-BLAST webtool (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_
LOC=BlastHome). The primer information was presented 
in Supplementary Table 2. ACTB was used as reference 
gene to calculate the relative gene expression values using 
the 2−ΔΔCt method.

Gene cloning and vectors preparation

Primers for gene cloning and vector construction 
were designed using the NCBI primer-BLAST webtool. 
Restriction enzyme cutting sites and the necessary 
nucleotides, avoiding coding frame shift for gene 
expression vector construction, were added manually. 
The detailed information for primers was presented in 
Supplementary Table 3. 

PPARG1 was cloned using PPARG1-pcDNA-F 
and PPARG-pcDNA-R as primers. PPARG2 was 
cloned using PPARG2-pcDNA-F and PPARG-
pcDNA-R as primers. To validate the existence of 
alternative splicing event for the bovine TUSC5, 
we designed two specific primers (Figure 2A). The 
forward primer (TCTCGAAGTAGCGTGCAACA) 
was designed in the second exon and the reverse primer 
(GCTCAGAACACAGGGTCTCC) was designed in the 
alternative exon. PCR were performed in 25 μL of reaction 
volume containing 1 μL cDNA from adipose tissue, 
1 μmol/L of each primer, 12.5 μL 2× PrimeSTAR Max 
Premix (TaKaRa) for PPARG1 and PPARG2 cloning or 
12.5 μL 2× Taq MasterMix (TaKaRa) for validating the 
TUSC5 alternative splicing event. The PCR regimen for 
PPARG1 and PPARG2 cloning was as follows: initial 
denaturation for 5 min at 95°C; followed by 35 cycles of 
98°C for 10 s; annealing at 59.5°C for 10 s; and primer 
extension at 72°C for 1 min. The final extension was 
performed at 72°C for 10 min. The PCR regimen for 
validating the TUSC5 alternative splicing event was as 
follows: initial denaturation for 5 min at 95°C; followed 
by 30 cycles of 95°C for 30 s; annealing at 58°C for 30 s; 
and primer extension at 72°C for 20 s. The final extension 
was performed at 72°C for 5 min. All the PCR reactions 
were carried out using a PCR System Thermal Cycler Dice 
(TaKaRa, Dalian, China).

The PCR products used to clone in pDSred-N1 vector 
or pEGFP-C1 vector for the different transcripts of TUSC5 
gene and CIDEC gene were amplified using primers with 
specific restriction enzymes. The TUSC5a was cloned 
using overlap PCR strategy and other transcripts were 
used traditional PCR with same PCR reaction system as 
the PPARG transcript cloning. The primers and detail 
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PCR amplification strategies can be see in Supplementary 
Table 3. The digested products were purified using DNA 
gel extraction kits (Sangon Biotech), legated using T4 
DNA ligase (TaKaRa) at 16°C overnight and transformed 
into E.coli DH5α. Single clones were re-cultured, and the 
plasmids were isolated for sequencing identification.

Gene expression and subcellular localization 
analysis

Cells 293T and 3T3-L1 were cultured in DMEM, 
supplemented with 10% fetal bovine serum, 100 μg/ml 
streptomycin, and 100 U/ml penicillin at 37°C with CO2 
5% atmosphere. For the in vitro expression analysis of 
TUSC5 isoforms, 293T cells cultured in 6-well plates 
(NUNC) and were transfected with 2500 ng vectors 
with 5 μl Liposomes 2000 (Invitrogen) for each well. 
For the subcellular localization analysis, 3T3-L1 cells 
were cultured in 24-well plates (NUNC) with seeded 
coverlips inside and transfected with 500 ng vectors 
with 1 μl Liposomes 2000 (Invitrogen) for each well. 
An equal number of vectors (250 ng for each) were used 
for the wells needed to perform co-localization analysis. 
After 24–48 hours, the cells were fixed using cold 4% 
paraformaldehyde for 15 min and stained using DAPI 
(Millipore). The cells for subcellular localization analysis 
contained added antibody, and were diluted using PBS 
(Phosphate Buffered Saline), sitting overnight at 4°C. The 
antibodies used in this study were mouse anti-GM130 
(Sigma) for golgi, mouse anti-KDEL (Santa Cruz) for 
rough ER, anti-AMF-R (Santa Cruz) for smooth ER  
[43–45]. Next, FITC AffiniPure goat anti-mouse 
IgG (Jackson ImmunoResearch) and Alexa Fluor 
568-conjugated donkey anti-mouse IgG (Life technology) 
were used for green and red fluorescence, separately. 
The mitochondria were stained using MitoTracker® Red 
CMXRos (Life technology). We washed the cells three 
times using PBS before and after each step. The fluorescent 
images were obtained using Zeiss microscope (Axio 
Observer Z1, ZEISS, Germany) at 630× amplification.
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