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Abstract

Background: Adipogenesis is an essential process in organismal development and plays a significant role
in adipose tissue homeostasis. Post-transcriptional regulation of gene expression plays a key role in
adipogenesis and involves many RNA-binding proteins (RBPs). In mammals, Staufen1 (STAU1) is a
conserved RBP(RNA Binding Protein )consisting of several dsRBP (double strand RNA). STAU1 plays an
important role in the Stau1-mediated mRNA decay (SMD) pathway, which is related to adipocyte
formation, myocyte development, and neural differentiation. KIf16 (Kruppel like transcription factor 16) is
a negative regulator that inhibits adipocyte differentiation. AIM:This study was conducted to determine
the role of KIf16 in adipocyte differentiation in the context of the SMD pathway.

Methods: 3T3-L1 cells were induced and cultured in vitro by cocktail method, Knockdown

and Overexpression of STAU1 and KLF16. Then, adipocyte differentiation andexpression of adipogenic-
related genes (STAU1, KLF16, PPARYy, and Lipin1) were measured by RT-qPCR and Western blot.RNA
immunoprecipitation (RIP) method verified that STAU1 protein can bind to KLF16.

Results: The results revealed that STAU1 regulates KIf16 expression at the post-transcriptional level
during the adipogenic differentiation of 3T3-L1 cells.STAU1 candirectly bind the 3'UTR of KIf16 mRNA.
KIf16 mRNA was found to be degraded through the SMD pathway, thus promoting adipocyte
differentiation.

Conclusions: In this study, the mechanism of adipocyte differentiation regulation at the post-
transcriptional level is demonstrated, and KIf16 is shown as a substrate of the SMD pathway, thus
providing new insights into adipogenesis.

Introduction

Obesity, as one of the main components of metabolic syndrome, is closely related to various diseases
such as type 2 diabetes, dyslipidemia, hypertension, heart disease, and cancer. Abnormal differentiation
and excessive proliferation of fat cells can lead to obesity [1, 2]. Adipocyte differentiation is a complex
process that is largely regulated by the activation of many transcription factors [3, 4]. Among these,
CCAAT/enhancer binding proteins (C/EBPs) and peroxisome proliferators (PPARYy) are important
transcription factors in adipocyte differentiation [5, 6].

Adipocyte differentiation is regulated mainly at the epigenetic, transcriptional, post-transcriptional,
translational, and post-translational levels [7]. Recently, post-transcriptional regulation has been shown to
play an important role in adipocyte differentiation [8]. Primary RNA, which is produced at the
transcriptional level, must undergo a series of modifications to become mature RNA [9]. The 3'UTR region
is an important part involved in its post-transcriptional regulation [10], which is in turn regulated by the
trans-acting element, RNA-binding protein (RBP), and cis-acting sequence element. The 3'UTR can
regulate the stability and degradation rate of mMRNA [11], and can degrade useless mRNAs and some
functional mMRNAs [12]. The 3'UTR region of RBP plays an important role in post-transcriptional regulation
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during the growth and development of eukaryotic cells. For example, some mRNAs have local double-
stranded structures that can be bound by RBPs [13], which can affect the stability of the mRNAs, resulting
in their degradation [14—16]. STAU1 is highly expressed during the differentiation of 3T3-L1 adipocytes,
and the number of adipocytes is increased after overexpression of STAU1. STAU1 is a kind of double-
stranded RBP involved in the Stau1-mediated mRNA decay (SMD) pathway [13]. Thus, STAU1 recruits
pUPF1 phosphate to activate the SMD pathway, which leads to degradation of its substrate. SMD
substrates are characterized by a complex double chain structure in their 3'UTR regions and Alu sequence
insertion [17]. STAU1 promotes adipocyte differentiation by reducing the stability of mRNAs that are
negatively associated with adipocyte differentiation [18].

KIf16 is a member of the Kruppel like factor (KLF) family, which includes very important transcription
regulators [19]. KIf16 plays an important role in adipogenesis and tumor growth [20, 21]. KLFs are
transcription factors with a zinc finger structure. The typical structure shows 3 C2H2 zinc finger structures
at the carboxyl terminal [22]. KIf16 is highly expressed in preadipocytes, but its level gradually decreases
after adipocyte differentiation [23]. In this study, we examined the role of KIf16 in adipocyte
differentiation in the context of the SMD pathway.

Our results provide new insight into the occurrence and development of obesity and dyslipidemia.

Materials And Methods
Culture of 3T3-L1 cells

Mouse 3T3-L1 fibroblasts were grown to the third-generation logarithmic growth phase and the cell
suspension was adjusted to 1 x 10° cells/mLin DMEM containing 100 U/mL penicillin, 100 mg/mL
streptomycin, 1% biotin and calcium pantothenate, and 10% fetal calf serum. The collected cells were
seeded in a 6-well culture plate (2 mL/well) and cultured at 37 °C in an incubator with 5% CO,. After 90%
confluency and cell contact inhibition for 48 h, lipogenic induction solution containing DMEM, insulin
(10 yg/mL), 3-isobutyl-1-methylxanthine (115 pg/mL), and dexamethasone (3.9 ug/mL) was added. The
cells were then cultured until they were completely differentiated.

Oil Red O staining

The cells (approximately 1 x 10°) were washed three times with phosphate-buffered saline (PBS) and
fixed in 4% paraformaldehyde (Sigma) for 2 h at room temperature. The cells were stained with 60% Oil
Red O (Sigma) for 30 min and washed with PBS. For triglyceride quantification, Oil Red O was extracted
with 100% isopropyl alcohol and the absorbance was measured at 500 nm (OD500).
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Overexpression or knockdown of STAU1 and
overexpression of Klf16

Lipofectamine 3000, P3000 2 pg/pl (Invitrogen), and 0.5-5 pg/ul of STAU1 shRNA plasmid were
transfected into 3T3-L1 cells (approximately 5x 10°) and analyzed at 24 h after transfection. For STAUT
and KLF16 overexpression, 3T3-L1 cells were transfected with 1 pg of STAU1 or KLF16-overexpression
plasmid using Lipofectamine 3000 (Invitrogen) and were analyzed at 24 h after transfection. For the
mRNA stability assay, 3T3-L1 cells (approximately 5 x 10°) were treated with actinomycin D (2.5 pg/ml)
for 1 h, and cells harvested at 0, 2, 4, and 6 h were examined by qPCR to determine the mRNA degradation
rate.

qRT-PCR

Cells (approximately 5x 10°) seeded on 3.5-cm dishes were used for RNA extraction with TRIzol reagent
according to the manufacturer’s instructions (Invitrogen, USA). RNA concentration and A260/A280 were
measured by spectrophotometry to ensure the quality of RNA. cDNA was prepared using a Reverse
Transcription Kit (Thermo). qRT-PCR was performed on a 7500 Real-Time PCR System (Applied
Biosystems) using a SYBR-Green PCR Kit (Applied Biosystems). The values obtained were normalized to
those of 28S rRNA. Relative quantification was performed using the comparative cycle threshold (AACt)
method. The results were analyzed using an unpaired Student’s t-test. P-values were calculated for
samples from at least three independent experiments unless otherwise indicated. Primers used for qRT-
PCR were designed using primer design software (https://sg.idtdna.com/pages) and the sequences are
listed in Table 1.

Western blotting

Whole-cell protein extracts were prepared from cells (approximately 1 x 10°) lysed in RIPA buffer. Proteins
were resolved by 8% SDS-PAGE and transferred onto nitrocellulose membranes (Thermo Scientific, USA).
The immunoblots were incubated overnight at 4 °C with the following antibodies: anti-HSP90
(Proteintech), anti-STAU1 (Abcam), anti-KLF16 (Abcam), anti-LIPINT (Abcam), anti-UPF1 (Santa Cruz
Biotechnology), and anti-pUPF1 (Millipore). The membranes were then incubated with horseradish
peroxidase-conjugated secondary antibody (ZSGB-BIO, Beijing, China) at room temperature for 1 h.
Densitometric analysis was performed using Image Lab software (Bio-Rad).

RNA immunoprecipitation (RIP)

3T3-L1 cells (approximately 1 x 10°) were added to RIP lysis buffer and RIP immunoprecipitation buffer,
and incubated for 1 h at 4 °C. Then, 50 pl Beads (17-701; Millipore) and 10 pl anti-STAU1 (Abcam) were
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added and incubated overnight. The precipitates were washed 6 times with RIP washing buffer. Next,
150 pl proteinase K solution (17-701; Millipore) was added and incubated at 55 °C for 30 min, followed
by washing with RIP washing buffer. Finally, after adding 400 pl of phenol: chloroform: isoprene mixture,
RNA was extracted for PCR analysis.

Chromatin IP (ChiIP)

Cells seeded on a 10-cm dish were cross-linked with 275 pl of 37% formaldehyde at room temperature for
10 min, and 1 ml glycine was then added and incubated at room temperature for 5 min to terminate the
crosslinking. Cells were then lysed and sonicated to shear the chromatin to a manageable size. Next,

450 pl of ChIP dilution buffer, 2.25 ul protease inhibitor mixture, 20 pl of fully suspended beads, and 10 pl
PPARYy antibody were added to each IP, and incubated overnight at 4 °C. DNA was extracted from the
upper column of a 500-ul Bind Reagent A, which was added after cleaning the magnetic beads, and PCR
analysis was then performed.

Photoactivatable ribonucleoside-enhanced crosslinking and
immunoprecipitation (PAR-CLIP)

When the 3T3-L1 cells reached 80% confluence, they were incubated with 100 uM 4-thiouridine (SU) for
16 h, washed with PBS, and irradiated with 150 mJ/cm?, 356 nm ultraviolet light in a crosslinker for
crosslinking RNA to Stau1. Alternatively, samples were harvested and lysed in an equivalent of three
pellet volumes of NP-40 lysis buffer. Cell lysates were then treated with 1 U/ul of RNase T1 (Thermo), and
endogenous Stau1 protein was immunoprecipitated using polyclonal anti-Stau1 antibody (Abcam) bound
to beads. RNA in the immunoprecipitates was further trimmed with 100 U/mIl RNase T1. Beads were
washed in lysis buffer, and DNA and proteins were removed by digestion with DNase | (Thermo) and

0.2 mg/ml proteinase K in proteinase K buffer (Thermo), respectively. RNA was recovered by acidic
phenol/chloroform extraction and ethanol precipitation, and was used for gPCR analysis. Primers for
each section of the KIf16 3'UTR region were designed and the exact binding sites of STAU1 and KlIf16
were detected by qPCR.

Statistical analysis

The data are presented as the mean + standard error of the mean (SEM) from three independent
experiments, and three replicates were evaluated for each experiment. Statistical differences were
measured by a Student’s ttest or two-way ANOVA with Bonferroni’s correction for multiple comparisons,
when appropriate. P < 0.05 was considered to indicate a statistically significant difference. Data analysis
was performed using GraphPad Prism 5.0 software (GraphPad, San Diego, CA, USA).

Results
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Expression of STAU1, KIf16, and PPARYy in adipogenesis

In order to verify the expression of STAU1, KIf16, and PPARy during the induction and differentiation of
3T3-L1 cells, 3T3-L1 preadipocytes were induced using the cocktail method and were analyzed by Oil Red
O staining on day 0, 2, 4, 6, and 8 of differentiation. Two days after cell differentiation, stained red lipid
droplets were observed, their number was gradually increased, and they accumulated on days 4, 6, and 8
(Fig. 1a, b). After induction, the mRNA and protein levels of STAU1 and KIf16 at days 0, 2, 4, 6, and 8 were
determined. After 4 days of induction, the protein (Fig. 1c) and mRNA (Fig. 1d) levels of STAU1 and
PPARy were significantly increased (P < 0.05), whereas the expression of KIf16 protein (Fig. 1c) and
mRNA (Fig. 1d) was significantly decreased (P < 0.05). It was observed that in mature 3T3-L1 adipocytes,
STAU1 and PPARy were highly expressed, whereas Klf16 showed low expression.

Overexpression of STAU1 reduces KLF16 expression in
adipogenesis

We then examined whether STAU1 overexpression affected the mRNA and protein levels of KIf16 and key
SMD factors. 3T3-L1 pre-adipocytes were induced to differentiate into mature adipocytes, and
transfected with a STAU1 overexpression plasmid. The mRNA and protein levels of STAU1, KIf16, pUPF1,
and UPF1 were then measured at 0, 1, 2, 3, and 4 days. The results of Oil Red O staining showed that lipid
droplets were more obvious in the STAU1 overexpression group than in the control group (Fig. 2a, b). The
mRNA and protein levels of STAU1 indicated that the STAU1 overexpression efficiency was 65% (Fig. 2c,
d). Compared to that in the control group, the mRNA expression of KLF16 in the STAU1 overexpression
group showed no significant difference (Fig. 2c), whereas its protein expression was significantly reduced
(P<0.05) (Fig. 2d). Expression of the key SMD pathway factor, pUPF1, was significantly increased at the
protein and mRNA levels (P < 0.05), whereas UPF1 showed no difference (Fig. 2d). It was thus observed
that STAU1 overexpression did not affect the mRNA expression of KLF16, but affected the protein
expression of KLF16, STAU1, and pUPF1.

STAU1 knockdown increases KLF16 expression in
adipogenesis

To further examine the mRNA and protein levels of KIf16, pUPF1, and UPF1, 3T3-L1 cells were transfected
with Stau1 shRNA1 and Stau1 shRNA2. The mRNA and protein levels of STAU1, KIf16, pUPF1, and UPF1
were measured at 0, 1, 2, 3, and 4 days. The results of Oil Red O staining showed that the STAU1
knockdown group had less lipid droplets than the control group (Fig. 3a, b). The STAU1 knockdown
efficiency was about 65%, and there was no significant difference in the KIf16 mRNA levels between the
STAU1 knockdown group and the control group (Fig. 3c). However, compared to that in the control group,
the protein level of KIf16 in the STAU1 knockdown group was significantly increased (P < 0.05), whereas
the STAU1 and pUPF1 levels were significantly decreased (P < 0.05), and the total UPF1 levels remained
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unchanged (Fig. 3d). The above results jointly indicate that STAU1 affects the stability of KIf16 mRNA at
the post-transcriptional level, thereby affecting the production of fat and promoting adipocyte
differentiation.

STAU1 specifically binds the 3' UTR of KIf16 mRNA

In order to further study the binding sites between STAU1 and KIf16 RNA during the differentiation of 3T3-
L1 adipocytes, we used RNA co-precipitation experiments to verify the binding of STAUT and KIf16 mRNA,
and PCR confirmed that STAU1 and KIf16 bind at D2 and D4 (Fig. 4a). PAR-CLIP experiments were
performed on 3T3-L1 cells to verify the binding of STAU1 to the KLF16 3'UTR. Ten pairs of primers were
designed according to the length of the fragment. Each primer pair represents the length of a fragment in
the 3'UTR region (Fig. 4b), and gPCR analysis was conducted. We found that KIf16 mRNA contained at
least one identified region and was bound by STAU1. ChIP experiments proved that PPARy could combine
with the promoter region of KIf16 and that its binding ability is increasingly strong (Fig. 4c).

After transfection of 3T3-L1 pre-adipocytes with STAU1 overexpression plasmid for 24 h, the cells were
treated with actinomycin D for 1 h and then collected at 0, 2, 4, and 6 h. KIf16 mRNA expression was
determined by gPCR. The degradation rate of KIf16 mRNA was significantly accelerated after STAU1
overexpression compared to that in the control group (P < 0.05). STAU1 was confirmed to affect the
KLF16 mRNA degradation rate (Fig. 4d). These data provide some evidence that STAU1 could specifically
bind to KLF16 3'UTR and affect its mRNA degradation rate.

Klf16 regulates Lipin1 to affect adipogenesis

In order to study the downstream target of KIf16, Oil Red O staining was performed after KIf16
overexpression, and morphological changes were observed. KIf16 overexpression resulted in significantly
reduced lipid droplets compared to the control group (P < 0.05) (Fig. 5a, b). Compared to that in the
control group, the mRNA and protein expression of Lipin1 in the KIf16-overexpression group was
significantly downregulated as detected by gPCR and western blotting, respectively (P < 0.5) (Fig. 5c, d).
Intracellular triglyceride content was decreased during 3T3-L1 differentiation compared with that in the
control group after overexpression of KLF16 (Fig. 5e). This suggests that KIf16 inhibits the gene
expression of Lipin1, thereby inhibiting adipogenesis.

Discussion

Obesity is defined as the excessive accumulation and/or abnormal distribution of fat in the body. Itis a
chronic metabolic disease caused by the interaction of genetic and environmental factors [1, 24]. A large
number of studies have shown that STAU1 can regulate cell growth and nerve differentiation [25].
However, little is known about the post-transcriptional regulation of adipogenesis by STAU1. STAU1 can
directly bind to the 3'UTR of KIf16 mRNA (Fig. 4), leading to mRNA decay, which results in increased
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expression of LIPINT mRNA and protein, consequently promoting the formation of triglycerides and
improving adipogenesis (Fig. 5). KLF16 is a negative regulator of adipocyte differentiation. KLF16
expression inhibits the synthesis of fatty acids and triglycerides, thus inhibiting the differentiation of
adipocytes. It is known that the regulation of mRNA stability after transcription in the 3'UTR region is
mainly controlled by sequences containing ARE (AU-richelement)elements [26]. In addition to microRNA-
mediated mRNA decay [27] and NMD (nonsense-mediated mRNA decay,inonsense-mediated mRNA
degradation [28], it was first proposed that STAU1 could bind to the 3'UTR region of KIf16 and degrade its
MRNA at the post-transcriptional level in the SMD pathway. In addition to the many biological functions
involving STAU1, there is growing evidence that STAU1 and other INcRNAs can also affect metabolic
homeostasis by influencing target genes. STAU1 is also reportedly involved in lipid formation by
influencing KLF2 [13].

In 3T3-L1 cells, mRNAs with a specific secondary structure and binding to STAU1 were screened by RIP.
Among these mRNAs, KIf2, KIf16, KIf4, and KlIf14 all had high peaks for STAU1 binding and are known to
play an important role in early adipocyte differentiation. After STAU1 knockdown and overexpression, we
found that the protein level of KIf16, a novel negative regulator of adipocyte differentiation, had changed
(Fig. 4). We thus assumed that KIf16 is a new substrate of the SMD pathway. The PAR-CLIP experiment
showed that STAU1 had a high binding peak at the 853-981 bases (128 bases) of the KIf16 mRNA
3'UTR, indicating that this segment had a binding site for STAUT, but studying its exact site more
precisely is required. ChIP validated the effect of PPARy on KLF16 promoter activity (Fig. 4). In 3T3-L1
cells, the expression of PPARy was increased with adipocyte differentiation. ChIP results showed that
PPARYy and KIf16 exhibited a stronger binding capacity, demonstrating that increasingly more KIf16 was
transcribed. However, the mRNA expression of KIf16 was decreased during adipocyte differentiation,
indicating that the degradation of KIf16 during adipocyte differentiation was regulated at the post-
transcriptional level. KIf16 overexpression resulted in a decrease in triglyceride levels and reduced the
mRNA and protein expression of Lipin1, a phosphatidyl phosphatase necessary for the biosynthesis of
triglycerides (Fig. 5). Lipin1 can assist the transcription of PPARy and regulate lipid metabolism gene
expression.

This study also revealed that the expression of C/EBPa mRNA was significantly decreased compared to
that in the control group after KIf16 overexpression. C/EBPa is an important transcription factor, and
KIf16 has a lower expression in late adipocyte differentiation. Previous studies have found that KIf16
suppresses the PPARy promoter to inhibit its expression. PPARy promotes the expression of C/EBPa.
Thus, KIf16 inhibits the expression of PPARy and C/EBPa.

The mechanism of STAU1 function in the process of adipocyte differentiation has been reported. After
the knockout of STAU1, the differentiation of adipocytes was obviously weakened. The late target gene of
STAU1, KLF16, is involved in the formation of adipocytes; this provides a clearer molecular mechanism
for clinical applications and cellular and molecular basis for targeted gene therapy for the treatment of
obesity. However, this study only draws conclusions from the cellular level, lacking validation by in vivo
data.
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The role of KLF16 in adipocyte differentiation has been reported, but the involvement of the SMD
pathway in neuronal differentiation, muscle generation, and cancer development has not been clearly
reported and still requires further study.
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Expression of STAU1, KIf16, and PPAR in differentiation-induced 313-L1 cells Representative Oil Red O
staining images on days 0, 2, 4, 6, and 8 after adipocyte differentiation in 3T3-L1 cells (a-b). mRNA and
protein levels of STAUT and PPARy were increased on days 2, 4, 6, and 8 compared to day 0 of
differentiation in 3T3-L1 cells. Decreased mRNA and protein expression of KLF16 was seen at days 0, 2,
4, 6, and 8 (c-d) The results are presented as the mean + SD (*P < 0.05, compared with day 0, which was
defined as undifferentiated 3T3-L1)
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Figure 2

Effect of STAU1 overexpression on KIf16 expression Representative Oil Red O staining images of
differentiation-induced adipocytes transfected with STAUT-overexpression plasmid on days 1,2, 3,and 4
(a-b). The effects of STAU1 overexpression on the mRNA (c) and protein levels (d) of STAU1, pUPF1,
UPF1, and KLF16 compared to the control groups on days 0, 1, 2, 3, and 4 of 3T3-L1 adipocyte
differentiation. (*P < 0.05, compared with day 0, which was defined as undifferentiated 3T3-L1)
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Figure 3

Expression level of KIf16 after STAUT knockdown Representative Oil Red O staining images of
differentiation-induced adipocytes transfected with STAUT shRNATand STAUT shRNA2plasmidsondays
1,2, 3,and 4 (a-b). The effects of STAUT shRNA1 and STAU1 shRNA2 on the mRNA (c) and protein levels
(d) of STAUT, KLF16, pUPF1, and UPF1 compared to the control group on days 1,2, 3, and 4 of 3T3-L1
adipocyte differentiation. (*P < 0.05, compared with day 0, which was defined as undifferentiated 3T3-L1)
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Figure 4

STAU1 specifically binds the 3'UTR of KIf16 mRNA RIP analysis of STAU1T and KLF16 mRNA was
performed using IgG as a construct and an anti-STAU1 antibody. Quantification of KLF16 mRNA by PCR
on days 0, 2, and 4 during the differentiation of 3T3-L1 adipocytes (a). The PAR-CLIP assay was
performed in 3T3-L1 cells.The KLF16 3'UTR was divided into ten segments and primers were designed.
The binding sites of STAU1 and KLF16 3'UTR were verified by qPCR. (b). ChIP analysis of STAU1 and
KLF16 mRNA was performed using IgG as a control, INPUT as a positive control, and an anti-STAU1
antibody. The binding ability of KLF16 and PPARy was examined by PCR on days 0, 2, 4, 6, and 8 during
the differentiation of 3T3-L1 adipocytes(c).3T3-L1 were induced for differentiation over 72 h with
transfection for STAU1overexpression for 24 h, and actinomycin D for 2, 4, and 6 h. Levels of KLF16mRNA
expression were determined by qRT-PCR. The results are presented as the mean + SEM (*P < 0.05,
compared with control) (d)
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Figure 5

KIf16 regulates LIPIN1T to affect adipocyte differentiation Representative Oil Red O staining images of
differentiation-induced adipocytes transfected with a KLF16-overexpression plasmid for days 1, 2, 3, and
4 (a-b). Effects of KLF16 overexpression on the mRNA (c) and protein levels (d) of KLF16 and LIPIN1
compared to the control groups on days 0, 1, 2, 3, and 4 of 3T3-L1 adipocyte differentiation. The
triglyceride content in 3T3-L1 cells of the control group and the KLF16 overexpression group was assayed
using a triglyceride kit (e)
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