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Obesity has become a worldwide epidemic, and obesity-related problems are becoming
more severe in public health. Increasing brown adipose tissue (BAT) mass or/and activity
in mice and humans has been demonstrated to help lose weight and improve whole-body
metabolism. Studies on the conversion of white adipose tissue (WAT) to BAT under
certain conditions have provided new possibilities for treating obesity and the related
disorders. It has been established that long non-coding RNAs (IncRNAs) play an important
role in the regulation of mouse adipocyte differentiation and thermogenic programs;
however, the function and potential mechanism of INCRNA in the process of human white
adipocyte browning remains unclear. In the present study, we identified a INncRNA called
Forkhead Box C2 antisense RNA 1 (FOXC2-AS1), which was first identified in
osteosarcoma, and it was highly expressed in human adipocytes but decreased during
the white adipocyte differentiation program. FOXC2-AS1 expression was also induced by
the thermogenic agent forskolin. Lentivirus-mediated overexpression of FOXC2-AS1 in
human white adipocytes did not affect lipid drop accumulation, but significantly promoted
the browning phenotype, as revealed by the increased respiratory capacity and the
enhanced protein expression levels of brown adipocyte-specific markers. In contrast,
inhibiting FOXC2-AS1 with small interfering RNA led to attenuated thermogenic capacity
in human white adipocytes. RNA-sequencing analysis and western blot were used to
identify a possible regulatory role of the autophagy signaling pathway in FOXC2-AS1 to
mediate white-to-brown adipocyte conversion. The autophagy inhibitor 3-methyladenine
restored the reduced UCP1 protein level and thermogenic capacity caused by inhibiting
FOXC2-AS1. Overall, the present study characterized the potential role of FOXC2-AS1
and further identified a INcRNA-mediated mechanism for inducing browning of human
white adipocytes and maintaining thermogenesis, further providing a potential strategy for
treating obesity and related disorder.
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INTRODUCTION

Obesity and its related complications such as type 2 diabetes
mellitus, coronary heart disease and obstructive sleep apnea,
have been considered significant health problems (1). Although
dietary management (2), exercise (3), and pharmacological
intervention (4) have been proven to control weight, these
approaches are largely inefficient for maintaining healthy long-
term weight loss. Therefore, effective therapies for treating
obesity and related metabolic disorders are needed.

The two main types of adipose tissue are white adipose tissue
(WAT) and brown adipose tissue (BAT) (5). WAT principally
stores excess energy as lipids, whereas BAT is a specialized
adipose tissue that converts nutrients, such as glucose and fatty
acids, into heat (non-shivering thermogenesis) depending on
activating uncoupling protein 1 (UCP1) in mitochondrial
membranes (6) or not (7). Increased BAT mass (8) or activity (9,
10) has been demonstrated to have the anti-obesity and anti-
diabetic effects in mice, as revealed by decreased body weight,
improved insulin resistance, enhanced glucose metabolism, and
augmentation of whole-body energy expenditure. Similarly, BAT
has the capability to elevate energy expenditure, reduce lipid
accumulation, and enhance glucose homeostasis in adult humans
(11, 12). However, the therapeutic prospects of BAT are limited
because its mass and activity reach a peak during the neonatal stage
and then decrease in adults, particularly in humans. Physiological
stimulation, such as cold exposure (13), pharmacological
intervention [rosiglitazone (14) and a B-adrenergic agonist (15)],
and natural compounds [berberine (16), flavonoids (17), and
resveratrol (18)] have been demonstrated to induce brown-like
adipocytes from WAT (browning) in mice. These observations
convinced us to identify the possible regulators or underlying
mechanisms involved in the browning process that may have
potential as anti-obesity treatments.

Long non-coding RNAs (IncRNAs) are RNA molecules
whose transcripts are longer than 200 nt in length and they do
not encode a protein (19). Mounting evidence indicates that
IncRNAs exerted essential roles in diverse biological processes,

Abbreviations: ATGL, adipose triacylglyceride Lipase; ADINR, CEBPA divergent
transcript; ASMER-1, adipocyte specific metabolic related IncRNA 1; ASMER-2,
adipocyte specific metabolic related IncRNA 2; BAT, brown adipose tissue;
BATE10, brown adipose tissue enriched long non-coding RNA 10; Blncl,
brown fat IncRNA 1; BMI, Body Mass Index; C/EBPa,, CCAAT/enhancer
binding protein Alpha; C/EBPB, CCAAT/enhancer binding protein Beta; cAMP,
cyclic adenosine monophosphate; CRE, cAMP response element; CREB, cAMP
response element binding protein; DEGs, differentially expressed genes; FOXC2,
forkhead box protein C2; FOXC2-AS1, forkhead Box C2 antisense RNA 1; Fsk,
forskolin; H19, H19 imprinted maternally expressed transcript; HOTAIR, hox
transcript antisense RNA; HOXA11-AS1, hoxall antisense RNA; LC3, light chain
3; LC3-1, cytosolic form LC3; LC3-II, autophagosome form LC3; linc-ADAL,
lincRNA adipogenesis and lipogenesis associated; IncRNAs, long non-coding
RNAs; 3-MA, 3-methyladenine; MAP1LC3, microtubule associated protein 1
light chain 3; MEG3, maternally expressed 3; MIR31HG, MIR31 host gene; NC,
negative control; OCR, oxygen consumption rate; OD, optical density; Oligo,
oligomycin; PGClo, peroxlsome proliferator-activated receptor-y coactlvator-1a;
PRDML16, positive regulatory domain containing 16; R&A, rotenone/antimycin
mixture; RT-PCR, quantitative real time-polymerase chain reaction; SD, standard
deviation; siRNA, small interfering RNA; UCPI, uncoupling protein 1; WAT,
white adipose tissue.

including X chromatin activation (20), embryonic development
(21), cell differentiation (22), and the pathogenesis of multiple
tumors (23). Comprehensive IncRNA catalogs have been
enriched in various types of adipose tissues using integrated
RNA-sequencing technology (24). Similarly, many studies have
fully established the potential role and identified the importance
of IncRNAs in the adipogenic differentiation of adipose-derived
stem cells (25), preadipocytes (26), and cell lines (27) in mouse or
human cell models. However, the exact role or possible
regulatory mechanisms of IncRNAs involved in the conversion
of white adipocytes to brown adipocytes have not been revealed.
Although mouse genome-derived IncRNAs, such as Brown fat
IncRNA 1 (Blncl) (24), brown adipose tissue enriched long non-
coding RNA 10 (BATEI10) (28), AK079912 (29), and Gm13133
by our previous study (30), have helped researchers understand
the browning of white adipocytes, the annotation and functional
exploration of IncRNAs in human adipocytes are more
meaningful to uncover the relevance to human biology.

In this study, we determined the role and possible mechanism
of FOXC2-AS1 during white adipocyte differentiation and
browning. The results showed that overexpressing FOXC2-AS1
did not affect adipogenesis of human preadipocytes but
promoted the browning phenotype, whereas knockdown of
FOXC2-AS1 inhibited the process.FOXC2-AS1 may participate
in the autophagy signaling pathway to mediate white-to-brown
adipocyte conversion. These observations further deepen our
understanding of the role and mechanism of IncRNAs during the
browning process of white adipocytes and provide a potential
molecular target to the treat of obesity and related metabolic disorders.

MATERIAL AND METHODS

Human Subjects

Subcutaneous WAT samples were obtained from the patients
undergoing abdominal liposuction at Nanjing Maternal and
Child Health Hospital. Signed informed consent for the tissue
was obtained. These patients did not have any malignancies,
endocrine diseases or severe systemic illness. The details of the
participants such as gender, age, body mass index, and health
status are listed in Supplemental Table S1 as described
previously (31). This study was approved by the Human
Research Ethics Committee of Nanjing Maternity and Child
Health Care Hospital (permit number [2020] KY-027).

Isolation of Preadipocytes Derived From
Subcutaneous White Adipose Tissues
Primary human preadipocytes were isolated from adult
subcutaneous fat as described previously (32). The segregated
tissues were minced and digested in DMEM (Gibco, Grand
Island, NY, USA) with 2% collagenase I (Sigma-Aldrich, St.
Louis, MO, USA) for 1 h and the digestive suspension was
shaken every 5 min. After digestion, the cell suspension was
filtered through a 70 pm cell strainer (Thermo Fisher Scientific,
Waltham, MA, USA), and then the filtered solution was
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centrifuged at 2000 rpm and 25 °C for 10 min. The tubes were
rinsed with PBS (Gibco) twice, and the cell pellets were
resuspended in DMEM complete medium supplemented with
10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin
solution (Gibco), seeded on a 6-well plate, and then cultured at
37 °C and 5% CO2.

Cell Culture and Cell Differentiation

Human preadipocytes from subcutaneous adipose tissue before
passage 5 were thawed and maintained in growth medium
(PAM; ScienCell Research Laboratories, Carlsbad, CA, USA)
supplemented with 5% fetal bovine serum (ScienCell Research
Laboratories), 1% growth supplement (ScienCell Research
Laboratories), and 1% penicillin/streptomycin solution
(ScienCell Research Laboratories). After reaching confluence
and waiting another 1-2 days, the preadipocytes were exposed
to serum-free induction medium containing 0.5 mM 3-isobutyl-
L-methylxanthine (Sigma-Aldrich), 1 pM dexamethasone
(Sigma-Aldrich), 100 nM insulin (Sigma-Aldrich), 1 uM
rosiglitazone (Sigma-Aldrich), and 1% penicillin/streptomycin
solution for 4 days. Subsequently, the medium was replaced with
the maintenance medium including DMEM/F-12 (Gibco), 100
nM insulin (Sigma-Aldrich), and 1% penicillin/streptomycin
solution (Gibco) until the adipocytes were fully mature with
and accumulated lipid droplet. The differentiated adipocytes
were collected on days 4 and 8 for further detection.

To access FOXC2-AS1 expression level stimulated by
forskolin (Fsk), differentiated adipocytes on days 4 and 8 were
incubated in serum-free DMEM/F-12 medium for 6 h followed
by stimulation with Fsk at a final concentration of 10 uM in
DMEM/F-12 medium for additional 4-6 h to induce the
thermogenic process in the adipocytes.

Overexpression or Knockdown of IncRNA
FOXC2-AS1 in Primary Human
Preadipocytes

Overexpression of the full-length FOXC2-AS1 sequence was
mediated by a lentivirus purchased from GenePharma Co.
(Shanghai, China). The procedures were as follows. Once
reaching 30%-40% confluence, the medium was exchanged with
growth medium supplemented with FOXC2-AS1 overexpressing
(FOXC2-AS1) or negative control (NC) lentivirus, respectively
(virus titer, 10° TU/mL) as well as Polybrene (5 pg/ml). The cells
were recovered in PAM growth medium 16-18 h after transfection,
and grown to confluence. FOXC2-AS1 expression was knocked
down by the small interfering RNA (siRNA) method. Interfering
sequences were specifically synthesized and purchased from
Invitrogen Co. (Carlsbad, CA, USA) as follows: Si-1 CCGTTC
AAGGTTTCCTTGCACCCTT;Si-2:CGGCTGCGTATTCGATTC
TCAGCAA; Si-3: GGGCGTGCCACTTATTTCCAATAAA. A
negative control sequence (moderate GC content) was also
purchased from Invitrogen. When the preadipocytes reached
50%-60% confluence, they were transfected with siRNAs (Si-
FOXC2-AS1) and the negative control (Si-NC) at 100 nM using
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s

instructions. Upon reaching confluence and after 1-2 days,
FOXC2-AS1 overexpressed- or knockdown-cells were induced to
differentiate until they contained large lipid droplets and were
harvested respectively on days 4 and 8 for the functional evaluation.
The primary adipocyte sample size was three biologically
independent samples from participants.

RNA Extraction, Reverse Transcription,
and Quantitative Real Time-Polymerase
Chain Reaction (RT-PCR)

Total RNA from adipocytes was extracted with TRIzol reagent
(Invitrogen). The RNeasy Mini Kit (Tiangen Biotech, Beijing,
China) was used to extract and purify total RNA according to the
manufacturer’s instructions. RNA (2,000 ng) from each sample
was reverse transcribed into cDNA using the Scientific'"
RevertAid Fist Strand ¢cDNA Synthesis kit (Thermo Fisher
Scientific). Quantitative RT-PCR was carried out using the
QuantStudio ™ 7 Flex Real-Time PCR System (Applied
Biosystems, Foster, CA, USA) and the SYBR Green method
(Life Technologies Corp., Gaithersburg, MD, USA) according to
the manufacturer’s instructions. The results were presented by
comparing the relative expression of genes to the internal
reference PPIA by the 2"**“" method. All primers are listed in
Supplemental Table S2.

Oil Red O Staining

Lipid accumulation was detected by Oil Red O staining on days 4
and 8 of differentiation program. The adipocytes were washed
twice with PBS and then fixed for 30 min with 4%
paraformaldehyde (Biosharp, Hefei, China). The cells were
rinsed twice with PBS, stained with 0.2% (m/v) Oil Red O
(Sigma-Aldrich) dissolved in isopropanol (Damao Chemical
Reagent Factory, Tianjin, China) for 30 min at 37°C. The lipid
droplets were evaluated by the Imager A2 fluorescence
microscope (Carl Zeiss, Werk Gottingen, Germany) and
representative figures were shown. To determine lipid content
in the differentiated adipocytes on days 4 and 8, isopropanol
(0.5ml/well of a 12-well plate) was added to the plates as reported
previously (33, 34). After the extracted dye was removed via
pipetting to a new 96-well plate (200 pl/well), and the optical
density was detected spectrophotometrically at 510 nM with the
Synergy H4 Hybird microplate reader (BioTek, Winooski,
VT, USA).

Protein Extraction and Western Blot

Total protein was isolated from cells using RIPA lysis buffer
(Beyotime Biotechnology, Shanghai, China) containing 2%
proteinase inhibitor cocktail (Roche, Basel, Switzerland). The
protein samples were prepared according to the protein
concentration determined by a BCA assay kit (Thermo Fisher
Scientific). The candidate proteins were separated by 8%, 10%, or
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
based on molecular weight, transferred to a PVDF membrane
(Millipore Corp., Billerica, MA, USA), and immunoblotted with
specific primary antibodies as follows: anti-PRDM16 (Abcam, St.
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Louis, MO, USA; Cat. No. ab106410; diluted 1:1,000), anti-
PGClo (Abcam; Cat. No. ab54481; diluted 1:1,000), anti-UCP1
(Abcam; Cat. No. ab155117; diluted 1:1,000), anti-CEBPo. (Abcam;
Cat. No. ab40764; diluted 1:1,000), anti-PPARY (Abcam; Cat. No.
ab178860; diluted 1:1000), anti-ATGL (Cell Signaling Technology,
Danvers, MA, USA; Cat. No. 2138S; diluted 1:1,000), anti-FOXC2
(Cell Signaling Technology; Cat. No. 12974S; diluted 1:1,000), anti-
LC3 (Cell Signaling Technology; Cat. No. 12741S; diluted 1:1,000),
and B-actin (Biosharp; Cat. No. BL005B; diluted 1:1,000). The
second antibodies were: goat anti-mouse IgG HRP (Biosharp; Cat.
No. BL001A; diluted 1:5,000) and goat anti-rabbit IgG HRP
(Biosharp; Cat. No. BL003A; diluted 1:1,000). The gray values
were scanned and calculated with Image] software (National
Institutes of Health, Bethesda, MD, USA).

Determination of Oxygen Consumption

The preadipocytes (5 x 10° per well) were seeded in a specific 24-
well plate (Agilent Technologies, Santa Clara, CA, USA) coated
with 0.1% galectin (Sigma-Aldrich). The cells were induced into
mature adipocytes as described above and the oxygen
consumption rate (OCR) was determined on days 4 and 8
using the XF Cell Mito Stress Test Kit (Agilent Technologies)
on an XF Extracellular Flux analyzer (Agilent Technologies)
according to the manufacturer’s instructions. After detecting the
basal OCR, the adipocytes were exposed to the following
mitochondrial complex inhibitors: oligomycin (diluted to 1
uM, ATP synthase inhibitor), FCCP (diluted to 0.5 uM,
uncoupling agent), and a rotenone/antimycin mixture (diluted
to 0.5 uM, complex I and complex III inhibitor). Basal
respiration, maximal respiration, ATP production, protein leak,
and spare respiration were calculated according to the
manufacturer’s instructions.

RNA-Sequencing and Bioinformatics
Analysis

Total RNA of the NC and FOXC2-AS1 groups from differentiated
adipocytes (day 4) was extracted with TRIzol reagent. The Agilent
2100 Bioanalyzer (Agilent Technologies) was used to quantify and
qualify total RNA in each sample. One ug of total RNA with a
RIN > 7 was used in subsequent steps. Then, the RNAClean XP
Kit (Beckman Coulter, Inc., Brea, CA, USA) and the RNase-Free
DNase Set (Qiagen, GmBH, Hilden, Germany) were used to purify
high quality total RNA. Next, the purified samples were subjected
to RNA-seq analysis with the Agilent 2100 Bioanalyzer according
to the Illumina User Guide. High quality clean data were filtered
using Cutadapt (V1.9.1). The following data were processed using
websites, such as NCBI (https://www.ncbi.nlm.nih.gov/), UCSC
(http://genome.ucsc.edu/), ENSEMBL (http://asia.ensembl.org/
index.html), and Hisat2 software (v2.0.1). An expression analysis
was performed by HTSeq (v0.6.1), and the differentially expressed
genes were analyzed using the DESeq2 Bioconductor package with
|fold change| = 1.5 and a g-value < 0.05. A Gene Ontology analysis
was performed using GOSeq (v1.34.1) and the KEGG pathway
analysis was performed at the website (http://en.wikipedia.org/
wiki/KEGG).

Inhibition of Autophagy Pathway by
Treatment With 3-Methyladenine (3-MA)

To inhibit autophagy, the transfected adipocytes with siRNAs
(Si-FOXC2-AS1) were treated by acute stimulation with the 3-
MA (1 and 5 mM)(Sigma-Aldrich) or vehicle (DMSO) (Sigma-
Aldrich) for additional 4 h. The treated cells were used for
subsequent experiments at the indicated times.

Statistical Analysis

The data analysis was performed using GraphPad Prism 7
(GraphPad Software, Inc., La Jolla, CA, USA) and expressed as
mean + standard deviation. Comparisons were made using the
unpaired two-tailed t-test, and a P-value < 0.05 was
considered significant.

RESULTS

Characterization of IncRNA FOXC2-AS1
Involved in Human White Adipocyte
Differentiation and the Browning Process
The FOXC2-ASI, also called RP11-46309.5 (GenBank accession
number, NR_027954), is located on chromosome 16 (16q24.1)
and transcribed from the negative strand of forkhead box protein
C2 (FOXC2) (Figure S1A). FOXC2-AS1 is 319 bp in length and
predicted to lack the ability to encode proteins according to the
Coding Potential Assessment Tool (http://lilab.research.bcm.
edu/cpat/index.php) (Figure S1B). To study the effect of
FOXC2-AS1 on adipogenesis, we analyzed its expression by
quantitative RT-PCR during subcutaneous white adipocyte
differentiation program. Compared to the undifferentiated
preadipocytes (Day 0), the relative FOXC2-AS1 expression
level decreased significantly with the adipogenic time
(Figure 1A). Fsk is a thermogenic agent that activates cAMP
from ATP, thereby promoting fatty acid release from adipose
tissue (35). To validate the expression pattern of FOXC2-AS1
during the white adipocyte browning process, we used Fsk (10
UM) to stimulate adipocytes respectively on days 4 and 8. The
results showed that the expression levels of brown adipocyte-
specific markers uncoupling protein 1 (UCP1) and peroxisome
proliferator-activated receptor-y coactlvator-1o. (PGCla) in the
stimulated adipocytes increased significantly compared to those
in unstimulated cells. Importantly, FOXC2-AS1 exhibited a
significant increase of expression after stimulation with Fsk
(Figures 1B, C). These observations indicated that FOXC2-
AS1 may play a role in regulating differentiation and browning
processes in white adipocytes.

LncRNA FOXC2-AS1 Has No Effect on
Adipocyte Differentiation

To further reveal the possible role of FOXC2-AS1 in adipocyte
differentiation, FOXC2-AS1 was overexpressed via lentivirus
infection or knocked down via siRNA transfection respectively
in human subcutaneous white adipocytes. Quantitative RT-PCR
detection confirmed the FOXC2-AS1 expression level increased
significantly in the overexpression group (FOXC2-AS1) compared
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to the NC group (Figure 2A). Additionally, the interference
efficiency of the Si-2 sequence on FOXC2-AS1 was the most
significant among the three siRNAs’ (the efficiency of Si-1 and Si-3
were shown in Figure S2), which was reduced to 30% on day 4
and 40% on day 8 in the Si-FOXC2-AS1 group compared with the
Si-NC group (Figure 2C). The Oil Red O staining and the
spectrophotometric results showed that FOXC2-AS1 overexpression
or knockdown did not cause a detectable difference in lipid
accumulation on days 4 or 8 during the differentiation program
(Figures 2B, D). Overexpression of FOXC2-AS1 on day 4 slightly
affected the mRNA expression levels of common adipogenic-related
markers, including CCAAT/enhancer binding protein alpha (C/
EBPo) and adipose triacylglyceride lipase (ATGL) (Figure 2E).
However, C/EBPa. and ATGL mRNA expression levels tended to
be comparable between the two groups at the terminal stage of the
differentiation program on day 8 (Figure 2E). Knockdown of
FOXC2-AS1 consistently did not alter the mRNA levels of any of
the adipogenic-related genes (Figure 2G). Furthermore, the PPARY,
C/EBPa, and ATGL protein levels did not change significantly after
FOXC2-AS1 overexpression (Figure 2F) or knockdown (Figure 2H).
Additionally, phosphorylation levels of ATGL and AMPK were
detected after FOXC2-AS1 overexpression or knockdown to verify
their lipolytic activity and increased p-ATGL/ATGL and p-AMPK/
AMPK ratios were only observed in adipocytes after FOXC2-AS1
overexpression on day 4 (Figure S3). Overall, our results demonstrate
that FOXC2-AS1 is not required for adipogenic processing
but promotes lipolytic activity of human subcutaneous
white adipocytes.

LncRNA FOXC2-AS1 Regulates the
Browning Process in Human
Subcutaneous White Adipocytes

To determine whether FOXC2-ASI is involved in regulating of
human white adipocyte browning, we detected the browning
phenotype after FOXC2-AS1 overexpression or knockdown.
FOXC2-AS1-overexpressing cells had a significantly higher
thermogenic capacity compared to the NC group, as measured
by the OCR on day 4 of the differentiation program (Figure 3A).
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FIGURE 1 | Characterization of INcRNA FOXC2-AS1 involved in white adipocyte differentiation and browning. (A) FOXC2-AS1 expression in human subcutaneous
white adipocytes on day 0, day 2, day 4, day 6, and day 8 of differentiation program were detected by quantitative RT-PCR (n= 3 biological independent samples
per time point). (B, C) FOXC2-AS1, UCP1, and PGC1a expression in differentiated white adipocytes stimulated with Fsk (10 uM) were evaluated by quantitative real
time-polymerase chain reaction (RT-PCR) on day 4 and day 8 of differentiation program (n= 3 biological independent samples per group). PPIA served as internal
controls for normalization. Values were presented as the mean + SD. *P < 0.05, **P < 0.01, **P < 0.001.

Cellular metabolic parameters, including basal respiration,
maximal respiratory respiration, ATP production, protein leak,
and spare respiration increased after FOXC2-ASI1 overexpression
(Figure 3A). However, at the terminal stage of the differentiation
program on day 8, OCR rates and the above parameters became
equal between the NC and FOXC2-AS1 overexpressing groups
(Figure 3B). When FOXC2-AS1 was knocked down, a
downregulated trend in cellular metabolic parameters, including
basal respiration, protein leak, ATP production, and spare
respiration was observed on days 4 and 8 (Figures 3C, D).
Accordingly, the protein levels of brown adipocyte-specific
markers, such as UCP1, PGClo, and positive regulatory domain
containing 16 (PRDM16), were upregulated (Figures 3F, G), while
these mRNA expression levels did not change in human
subcutaneous white adipocytes after FOXC2-AS1 overexpression
(Figure 3E). FOXC2-AS1 knockdown presented a dramatic
decrease in the PRDM16 mRNA expression level (Figure 3H)
and resulted in the decreased protein levels in UCP1, PGCla, and
PRDM16 protein expression levels (Figures 3I, J). These
observations indicate that FOXC2-AS1 may promote the white-
to-brown adipocyte conversion by affecting thermogenic capacity
and mitochondrial content.

LncRNA FOXC2-AS1 Regulates White
Adipocyte Browning Through the
Autophagy Signaling Pathway

Several studies have reported that antisense IncRNAs can affect
regulatory function by affecting their neighboring protein-
encoding gene expression (36). Thus, we first examined the
association between FOXC2-AS1 and its neighboring gene
FOXC2. Quantitative RT-PCR results indicated that the FOXC2
expression level in response to Fsk was significantly upregulated in
stimulated cells (Figure 4A), showing a consistent FOXC2-
ASlexpression trend (Figures 1B, C). Next, we tried to
determine whether FOXC2-AS1 affected FOXC2 expression.
However, overexpression or knockdown of FOXC2-AS1 did not
alter FOXC2 mRNA (Figures 4B, C) or protein levels (Figures 4D,
E). We employed RNA-sequencing to search for a possible
regulatory mechanism and reveal the mechanistic insight

Frontiers in Endocrinology | www.frontiersin.org

October 2020 | Volume 11 | Article 565483


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Wang et al. FOXC2-AS1 in WAT Browning

A FOXC2-AS1 B
9007« NC
g 61e NC
2 B3l Foxczast x s FOXC2-AS1
8 < 600
s 500 NC | g4
538 =
25150 Tu a
&= 100 o2
i uls
0 r v FOXC2-AS1 °
2 2 " N
o o 06\ 063
C FOXC2-AS1 D
= 207e SiNC 6714 siNC
2 = Si-FOXC2-AS1 = Si-FOXC2-AS1
@ < 15 Si-NC W
sk E
=10 >
g o *% 8 2
s 2
T2 05 * |
T
o0 . r‘l . Si-FOXC2-AS1 o r-l m .
L3 > L .3
o 06\ 0‘5! e,-\
E Day 4 Day 8 F Day 4 Day 8
5 3.07 « NC = FOXC2-AS1 < 307 o NC = FOXC2-AS1 NC  FOXC2-AS1 NC  FOXC2-AS1
iz EE:‘: PRARY [ == = = | [E = = = = = 5357K0a
a 5 a 4
it s I el e —— 11
- $210
g2 52 05 CEBPa ----._.1 I'.'.-- 42KDa
& ® = -
0.0 o o - N p-actin |--“b.1 |- ————— 43KDa
v & A
& & & F
G H
Day 4 Day 8 Day 4 Day 8
c 309 e siNC = Si-FOXC2-AS1 . 307 e SiNC = Si-FOXC2-AS1 Si-NC Si-F Si-NC Si-F
%st ;:'-*2'5 PPARY - | | e m= o | 5357KDa
£220 EE 5 = — — — | 53
E;15 §;1-5 ATGL [*—--——4 |--“] 55KDa
2210 23z10 -
ﬁﬂ ; M Pt ﬂm nﬂﬁ e | e
o '3
0.0--LL T T T 0. T T ; r ’
& ¢ > o & o o o B-actin |--’-‘ |_ — — —l 43KDa
& £ & ¢ & & & ¢
FIGURE 2 | LncRNA FOXC2-AS1 has no effect on adipocyte differentiation. FOXC2-AS1 expression was overexpressed by lentivirus expressing FOXC2-AS1 or NC
and knocked down using Si-FOXC2-AS1 or Si-NC in human subcutaneous white adipocytes (n= 3 biological independent samples per group). (A, C) Relative
expression of FOXC2-AS1 on day 4 and day 8 of differentiation process was detected by quantitative quantitative real time-polymerase chain reaction (RT-PCR) after
gain-or-loss of FOXC2-AS1. (B, D) Bright view of Oil Red O staining to evaluate lipid accumulation in white adipocytes on day 4 and day 8 of differentiation program
after FOXC2-AS1 overexpression and knockdown. The representative views were shown. Oil Red O were also quantified spectrophotometrically and evaluated after
FOXC2-AS1 overexpression and knockdown. (E, F) Common differentiation-related genes expression was detected by quantitative RT-PCR and western blot on day
4 and day 8 of differentiation program between FOXC2-AS1 overexpression and NC groups. (G, H) Common differentiation-related genes expression was detected
by quantitative RT-PCR and western blot on day 4 and day 8 of differentiation program between FOXC2-AS1 knockdown and Si-NC groups. The representative
immunoblotting graphs of western blot were shown. PPIA served as internal controls for normalization at mRNA level and B-actin served as internal controls for
normalization at protein level. Values were presented as the mean + SD. *P < 0.05, **P < 0.01.

underlying the white-to-brown adipocyte conversion by FOXC2- (Figure 5B and Supplemental Table S4). Notably, mounting
AS1. Considering the browning phenotype on day 4 after FOXC2-  evidence has demonstrated that inhibiting the autophagy
AS1 overexpression, the differentially expressed genes (DEGs)  signaling pathway promotes the conversion of white to brown
between FOXC2-AS1-overexpressed and NC white adipocytes  adipocytes (37-39). To validate whether autophagy is involved in
were profiled. A total of 147 DEGs were detected (|fold change| >  the browning program of white adipocytes mediated by FOXC2-
1.5, p < 0.05) as shown in Figure 5A. Sixty-six genes were  ASI, we evaluated the autophagy-specific protein microtubule
upregulated and 81 genes were downregulated in the FOXC2-  associated protein 1 light chain 3 (MAP1LC3; LC3) after
AS1 group compared to the NC group (Supplemental Table $3). ~ FOXC2-AS1 overexpression or knockdown by western blot. As
By querying these DEGs in the KEGG pathway analysis, these  results, the LC3 II/LC3 I ratio decreased significantly after FOXC2-
genes were mainly enriched in ubiquitin-mediated proteolysis, ~ AS1 overexpression (Figures 5C, D) but increased after FOXC2-
ribosome biogenesis, glutathione metabolism, the autophagy = AS1 knockdown (Figures 5E, F) on days 4 and 8 of adipogenic
signaling pathway, and the AGE-RAGE signaling pathway  differentiation. To explore if FOXC2-AS1-regulated white
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adipocyte browning was mediated by affecting the autophagy
signaling pathway, adipocytes were acutely stimulated with the
autophagy inhibitor 3-MA (DMSO, 1 and 5 mM) when FOXC2-
AS1 expression was inhibited. As a result, 3-MA (5 mM)
significantly inhibited autophagy (Figure S4A). Acute
stimulation with 3-MA did not affect lipid accumulation (Figure
S$4B). Additionally, 3-MA restored the reduced UCP1 protein level
and thermogenic capacity caused by inhibiting FOXC2-AS1
(Figures 5G, H). The inhibition of autophagy in adipocytes
attenuated the inhibitory effects of FOXC2-AS1 on adipocyte
browning, indicating that FOXC2-AS1 may mediate the
adipocyte thermogenic program by regulating the adipocyte
autophagy level.

DISCUSSION

Accumulating evidence has demonstrated that IncRNAs are involved
in regulation of adipocyte differentiation and functions (40). The
functional influence of IncRNAs in the aspect of adipocyte
differentiation is relatively definite. As reported, IncRNAs, such
as HOTAIR (41), ADINR (42), MIR31HG (25), ASMER-1,
ASMER-2 (43), HOXA11-AS1 (44), and linc-ADAL promote the
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FIGURE 4 | FOXC2 does not participate in the functional influence by INcRNA FOXC2-AS1. (A) Expression levels of FOXC2 mRNA on day 4 and day 8 of
differentiation program were detected by quantitative real time-polymerase chain reaction (RT-PCR) after treatment with Fsk, and the cells with dilute solution served
as Control group (n= 3 biological independent samples per group). (B, C) FOXC2 mRNA expression levels were detected after overexpression or knockdown of
FOXC2-AS1 on day 4 and day 8 of differentiation program. (D, E) FOXC2 protein levels were evaluated after overexpression or knockdown of FOXC2-AS1 on day 4
and day 8 of differentiation program. PPIA served as internal controls for normalization at mRNA level and B-actin served as internal controls for normalization at

differentiation of white adipocytes, while MEG3 (45) have
been demonstrated to have an inhibitory effect on white adipocyte
differentiation. However, few studies have focused on the
potential roles of IncRNAs involved in the browning process of
white adipocytes.

In combination with our results, FOXC2-AS1 expression
continued to decline during the differentiation program,
suggesting a potential role of FOXC2-AS1 in regulating adipocyte
differentiation program as shown in Figure 1A. Furthermore,
FOXC2-AS1 expression increased significantly in human white
adipocytes stimulated with Fsk as presented in Figures 1B, C. Fsk
is a classical inductor of browning of adipocytes, which triggers
cAMP production. Much progress has been made in elucidating the
cAMP-regulated genes, including interferon regulatory factor 4 (46),
bone morphogenic protein 7 (47), zinc finger protein 516 (48), and
zinc finger protein 638 (49), which promotes the browning
characteristics of white adipose with a more oxidative metabolic
phenotype. In addition to encoding genes, adipose tissues- or
adipocytes- derived IncRNA BATEI10 (28) and Gm13133 (30)
have also been demonstrated to be regulated by cAMP, showing a
similar expression pattern with FOXC2-AS1. cAMP immediately
activates protein kinase A and phosphorylation of cAMP response
element binding protein (CREB) (50, 51). The activated CREB and
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differentially expressed after FOXC2-AS1 overexpression in white adipocytes. (C, E) Protein levels of autophagy-related marker LC3 were detected by western blot
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its family members recruiting some coactivators and stimulates
downstream thermogenic gene expression by directly binding at the
cAMP response element (CRE) site of the gene promoter (50, 51).
Thus, we speculate that FOXC2-AS1 may be induced by this
mechanism in white adipocytes. Further analysis of CRE
enrichment sites of the FOXC2-AS1 promoter region and
validation of the regulatory mechanism by the luciferase reporter
gene assay need to be conducted to reveal the possible molecular
mechanism of FOXC2-AS1 underlying its induction by cAMP.

The change in FOXC2-AS1 during differentiation and the
thermogenic program persuaded us to confirm its possible role
in white adipocytes. From our results, gain-of-FOXC2-AS1 was
sufficient to promote the browning program of white adipocytes in
Figures 3A, F, G, but not in lipid accumulation, as shown in
Figure 2B. FOXC2-AS1-overexpressing cells had equal
thermogenic capacity but an upregulated UCP1 protein
expression level compared to the NC group on day 8, which was
an inconsistent finding (Figure 3B). This inconsistent finding may
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be explained that the increased levels of browning proteins were
insufficient for the changed phenotype. Stimulation with the
thermogenic agent Fsk may be a more useful approach to
explore the role of FOXC2-AS1 in the white-to-brown
conversion in future research. Accordingly, knockdown of
FOXC2-AS1 also did not affect lipid accumulation or adipogenic
marker genes expression as presented in Figures 2D, G, but it did
significantly inhibit the browning process as presented in Figures
3C, D, H-J. Given the prominent role of ATGL (52) and AMPK
(53) in adipocyte lipolysis, which provides free fatty acids as energy
substrate, increased ATGL and AMPK phosphorylation levels were
observed, indicating upregulated lipolytic activity due to FOXC2-
AS1 overexpression (Figure S3A). However, this effect was not
observed after inhibiting FOXC2-AS], further demonstrating that
this IncRNA is not required to regulate lipolytic activity
in adipocytes.

Overall, our results demonstrate that FOXC2-AS1 is not
required for adipogenic processing. Thus, our observations
suggest that FOXC2-AS1 is not required for adipocyte
differentiation and no additional coactivators are needed to
achieve its functional effect. More importantly, some authors
have reported the importance and the specific regulation of
protein factors merely in the thermogenic program or the
browning process. For example, KDM1 lysine (K)-specific
demethylase 6B mediated Ucpl and Cidea expression but not for
adipogenesis, and facilitates browning of white adipocytes (54).
Another protein called histone deacetylase 3 has also been reported
neither triggered nor required for brown adipocytes differentiation,
but involved in modulating expression of Ucp1 and mitochondrial
OXPHOS and TCA cycle genes (55). In addition to these encoding
genes, the functional effect of IncRNA BATE] and BATE10 was
not associated with a significant effect on lipid accumulation but
with a mild effect on common adipogenic gene expression (28, 56).
Interestingly, a study of mRNAs screened after BATE10
knockdown revealed a remarkably enriched respiratory electron
transport pathway, which is considered a hallmark of BAT
function (56). This observation shows that the FOXC2-AS1
regulatory mechanism may be associated with the signaling
pathways or key regulators involved in the thermogenic program
or browning of white adipocytes.

The regulatory mechanisms of IncRNAs are complex and are
closely related to their sequence, position, and structural
characteristics (40). Recent studies have validated the
regulatory relationship between antisense IncRNAs and their
neighboring genes (36). FOXC2-AS1 is an antisense IncRNA
transcribed from the negative strand of the FOXC2 gene locus.
The genomic proximity of FOXC2-AS1 and FOXC2 along with
the functional effect of FOXC2 on the induction of adipocytes
mitochondriogenesis (57) and activation of the signal transducer
and activator of transcription 3-PRDM16 signal (58) inspired us
to explore the regulatory relationship between them. Although
FOXC2 presented an increased expression pattern after Fsk
stimulation, mRNA and protein levels did not change significantly
by gain-or loss-of-FOXC2-AS1, as shown in Figures 4B-E. When
we determined the downstream regulatory mechanism by gain-of-
FOXC2-AS1 at the genome-wide level, the inhibited autophagy

pathway attracted our attention, as shown in Figure 5. The
autophagy signaling pathway controls adipocyte differentiation
and balances the transition between white and brown adipocytes.
Inhibiting autophagy by knockout of autophagy-related genes not
only suppresses lipid accumulation, but also promotes white
adipocyte browning in WAT (39, 59). Additionally, deficiencies in
autophagy also led to higher mitochondrial content and brown
adipocytes-specific proteins levels to maintain thermogenic
adipocytes identity by suppressing clearance of mitochondria (37,
60). In contrast, autophagy-related genes are activated under an
obese status (61) and activation of autophagy by pharmacological
stimulation, such as dexamethasone, could result in the opposite
phenotype (62). LC3 is considered an autophagy-specific marker
for evaluating autophagy. During autophagy, autophagosomes
engulf cytoplasmic proteins and organelles, and combine cytosolic
form LC3 (LC3-I) with phosphatidyl ethanolamine to form LC3-
phosphatidyl ethanolamine conjugation (LC3-II), which is collected
on autophagosome membrane (63). Overexpressing FOXC2-AS1
decreased the LC3 II/LC3 I ratio (Figures 5C, D), while FOXC2-
AS1 knockdown increased this ratio (Figures 5E, F). The reduction
of UCP1 was suppressed and thermogenic capacity was inhibited
when the autophagy inhibitor 3-MA was administered while
inhibiting FOXC2-AS1 (Figures 5G, H). This finding further
elucidates that FOXC2-AS1 regulates adipocytes browning by
affecting autophagy. 3-MA has also been used to explore the
relationship between novel adipokine CTRP5 and adipocytes
browning (64). Gain-or loss-of FOXC2-AS did not regulate
adipocyte differentiation; however, one of the functions of
autophagy is to control normal adipogenesis. Considering this
inconsistency, autophagy may be partly involved in the FOXC2-
AS] regulatory mechanism underlying the browning process, but
additional factors need to be identified that are associated with the
browning effect.

In summary, our present study highlights the role of FOXC2-
AS1 in human subcutaneous white adipocytes. FOXC2-AS1 may
promote the white-to-brown adipocyte transition partly by
inhibiting the autophagy signaling pathway. This study
identified a novel IncRNA regulatory network to control the
white-to-brown adipocyte transition; thus, providing a
therapeutic opportunity for preventing and treating obesity
and its related metabolic disorders.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Materials. Further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

This study was approved by the Human Research Ethics
Committee of Nanjing Maternity and Child Health Care
Hospital (permit number [2020]KY-027). Signed informed
consent for the tissue was obtained.

Frontiers in Endocrinology | www.frontiersin.org

October 2020 | Volume 11 | Article 565483


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Wang et al.

FOXC2-AS1 in WAT Browning

AUTHOR CONTRIBUTIONS

YW and SH performed experiments and interpreted results of
experiments. XWC and YC prepared the figures. JW analyzed the
data. XC and CJ participated in the discussion. LY and LP conceived
and designed experiments, provided main funding to regents, and
approved the final version of the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This study was supported by the National Natural Science
Foundation of China (Grant No. 81600687, 81770866, 81800772),
the Jiangsu Province Natural Science Foundation (Grant No.

REFERENCES

1. Kopelman PG. Obesity as a medical problem. Nature (2000) 404(6778):635—
43. doi: 10.1038/35007508
2. Gudzune K. Dietary and Behavioral Approaches in the Management of Obesity.
Gastroenterol Clin North Am (2016) 45(4):653-61. doi: 10.1016/j.gtc.2016.07.004
3. Swift DL, McGee JE, Earnest CP, Carlisle E, Nygard M, Johannsen NM. The
Effects of Exercise and Physical Activity on Weight Loss and Maintenance.
Prog Cardiovasc Dis (2018) 61(2):206-13. doi: 10.1016/j.pcad.2018.07.014
4. Martinussen C, Bojsen-Moller KN, Svane MS, Dejgaard TF, Madsbad S.
Emerging drugs for the treatment of obesity. Expert Opin Emerg Drugs (2017)
22(1):87-99. doi: 10.1080/14728214.2017.1269744
5. Rosen ED, Spiegelman BM. What we talk about when we talk about fat. Cell
(2014) 156(1-2):20-44. doi: 10.1016/j.cell.2013.12.012
6. Cannon B, Nedergaard ]. Brown adipose tissue: function and physiological
significance. Physiol Rev (2004) 84(1):277-359. doi: 10.1152/physrev.00015.2003
7. Kajimura S, Spiegelman BM, Seale P. Brown and Beige Fat: Physiological
Roles beyond Heat Generation. Cell Metab (2015) 22(4):546-59. doi: 10.1016/
j.cmet.2015.09.007
8. Stanford KII, Middelbeek RJ, Townsend KL, An D, Nygaard EB, Hitchcox
KM, et al. Brown adipose tissue regulates glucose homeostasis and insulin
sensitivity. J Clin Invest (2013) 123(1):215-23. doi: 10.1172/JCI62308
9. Bartelt A, Bruns OT, Reimer R, Hohenberg H, Ittrich H, Peldschus K, et al.
Brown adipose tissue activity controls triglyceride clearance. Nat Med (2011)
17(2):200-5. doi: 10.1038/nm.2297
10. Liu P, Huang S, Ling S, Xu S, Wang F, Zhang W, et al. Foxp1 controls brown/beige
adipocyte differentiation and thermogenesis through regulating beta3-AR
desensitization. Nat Commun (2019) 10(1):5070. doi: 10.1038/s41467-019-12988-8
11. Yoneshiro T, Aita S, Matsushita M, Kayahara T, Kameya T, Kawai Y, et al.
Recruited brown adipose tissue as an antiobesity agent in humans. J Clin
Invest (2013) 123(8):3404-8. doi: 10.1172/]JCI67803
12. Leitner BP, Huang S, Brychta R], Duckworth CJ, Baskin AS, McGehee S, et al.
Mapping of human brown adipose tissue in lean and obese young men. Proc
Natl Acad Sci USA (2017) 114(32):8649-54. doi: 10.1073/pnas.1705287114
13. Xu Z, You W, Zhou Y, Chen W, Wang Y, Shan T. Cold-induced lipid
dynamics and transcriptional programs in white adipose tissue. BMC Biol
(2019) 17(1):74. doi: 10.1186/s12915-019-0693-x
14. Ohno H, Shinoda K, Spiegelman BM, Kajimura S. PPARgamma agonists
induce a white-to-brown fat conversion through stabilization of PRDM16
protein. Cell Metab (2012) 15(3):395-404. doi: 10.1016/j.cmet.2012.01.019
15. Granneman JG, Li P, Zhu Z, Lu Y. Metabolic and cellular plasticity in white
adipose tissue I: effects of beta3-adrenergic receptor activation. Am ] Physiol
Endocrinol Metab (2005) 289(4):E608-16. doi: 10.1152/ajpendo.00009.2005
16. Zhang Z, Zhang H, Li B, Meng X, Wang ], Zhang Y, et al. Berberine activates
thermogenesis in white and brown adipose tissue. Nat Commun (2014)
5:5493. doi: 10.1038/ncomms6493

BK20191126 and BK20180146), the Jiangsu Provincial Medical
Innovation Team Program (Grant No. CXTDA 2017001), the
Nanjing Medical Science and Technique Development Foundation
(Grant No. QRX17160), the Science and Technology Development
Foundation Item of Nanjing Medical University (Grant
No0.2017NJMUZDO074), and the “six talent peak” High-level
Talents Training Project of Jiangsu Province (Grant No. C-YY-081).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2020.
565483/full#supplementary-material

17. Zhang X, Li X, Fang H, Guo F, Li F, Chen A, et al. Flavonoids as inducers of white
adipose tissue browning and thermogenesis: signalling pathways and molecular
triggers. Nutr Metab (Lond) (2019) 16:47. doi: 10.1186/5s12986-019-0370-7

18. Kim QY, Chung JY, Song J. Effect of resveratrol on adipokines and myokines
involved in fat browning: Perspectives in healthy weight against obesity.
Pharmacol Res (2019) 148:104411. doi: 10.1016/j.phrs.2019.104411

19. Nagano T, Fraser P. No-nonsense functions for long noncoding RNAs. Cell
(2011) 145(2):178-81. doi: 10.1016/j.cell.2011.03.014

20. Vallot C, Patrat C, Collier AJ, Huret C, Casanova M, Liyakat AT, et al. XACT
Noncoding RNA Competes with XIST in the Control of X Chromosome
Activity during Human Early Development. Cell Stem Cell (2017) 20(1):102—
11. doi: 10.1016/j.stem.2016.10.014

21. Bouckenheimer J, Assou S, Riquier S, Hou C, Philippe N, Sansac C, et al. Long
non-coding RNAs in human early embryonic development and their potential in
ART. Hum Reprod Update (2016) 23(1):19-40. doi: 10.1093/humupd/dmw035

22. Wang P, Xue Y, Han Y, Lin L, Wu C, Xu §, et al. The STAT3-binding long
noncoding RNA Inc-DC controls human dendritic cell differentiation. Science
(2014) 344(6181):310-3. doi: 10.1126/science.1251456

23. Schmitt AM, Chang HY. Long Noncoding RNAs in Cancer Pathways. Cancer
Cell (2016) 29(4):452-63. doi: 10.1016/j.ccell.2016.03.010

24. Zhao XY, Li S, Wang GX, Yu Q, Lin JD. A long noncoding RNA transcriptional
regulatory circuit drives thermogenic adipocyte differentiation. Mol Cell (2014)
55(3):372-82. doi: 10.1016/j.molcel.2014.06.004

25. Huang Y, Jin C, Zheng Y, Li X, Zhang S, Zhang Y, et al. Knockdown of
IncRNA MIR31HG inhibits adipocyte differentiation of human adipose-
derived stem cells via histone modification of FABP4. Sci Rep (2017) 7
(1):8080. doi: 10.1038/s41598-017-08131-6

26. Schmidt E, Dhaouadi I, Gaziano I, Oliverio M, Klemm P, Awazawa M, et al.
LincRNA H19 protects from dietary obesity by constraining expression of
monoallelic genes in brown fat. Nat Commun (2018) 9(1):3622. doi: 10.1038/
541467-018-05933-8

27. Chen]J,LiuY, Lus§, Yin L, Zong C, Cui S, et al. The role and possible mechanism
of IncRNA U90926 in modulating 3T3-L1 preadipocyte differentiation. Int J
Obes (Lond) (2017) 41(2):299-308. doi: 10.1038/ij0.2016.189

28. Bai Z, Chai XR, Yoon MJ, Kim HJ, Lo KA, Zhang ZC, et al. Dynamic
transcriptome changes during adipose tissue energy expenditure reveal critical
roles for long noncoding RNA regulators. PloS Biol (2017) 15(8):e2002176.
doi: 10.1371/journal.pbio.2002176

29. Xiong Y, Yue F, Jia Z, Gao Y, Jin W, Hu K, et al. A novel brown adipocyte-
enriched long non-coding RNA that is required for brown adipocyte
differentiation and sufficient to drive thermogenic gene program in white
adipocytes. Biochim Biophys Acta Mol Cell Biol Lipids (2018) 1863(4):409-19.
doi: 10.1016/j.bbalip.2018.01.008

30. You L, Zhou Y, Cui X, Wang X, Sun Y, Gao Y, et al. GM13133 is a negative
regulator in mouse white adipocytes differentiation and drives the characteristics
of brown adipocytes. J Cell Physiol (2018) 233(1):313-24. doi: 10.1002/jcp.25878

Frontiers in Endocrinology | www.frontiersin.org

October 2020 | Volume 11 | Article 565483


https://www.frontiersin.org/articles/10.3389/fendo.2020.565483/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2020.565483/full#supplementary-material
https://doi.org/10.1038/35007508
https://doi.org/10.1016/j.gtc.2016.07.004
https://doi.org/10.1016/j.pcad.2018.07.014
https://doi.org/10.1080/14728214.2017.1269744
https://doi.org/10.1016/j.cell.2013.12.012
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1016/j.cmet.2015.09.007
https://doi.org/10.1016/j.cmet.2015.09.007
https://doi.org/10.1172/JCI62308
https://doi.org/10.1038/nm.2297
https://doi.org/10.1038/s41467-019-12988-8
https://doi.org/10.1172/JCI67803
https://doi.org/10.1073/pnas.1705287114
https://doi.org/10.1186/s12915-019-0693-x
https://doi.org/10.1016/j.cmet.2012.01.019
https://doi.org/10.1152/ajpendo.00009.2005
https://doi.org/10.1038/ncomms6493
https://doi.org/10.1186/s12986-019-0370-7
https://doi.org/10.1016/j.phrs.2019.104411
https://doi.org/10.1016/j.cell.2011.03.014
https://doi.org/10.1016/j.stem.2016.10.014
https://doi.org/10.1093/humupd/dmw035
https://doi.org/10.1126/science.1251456
https://doi.org/10.1016/j.ccell.2016.03.010
https://doi.org/10.1016/j.molcel.2014.06.004
https://doi.org/10.1038/s41598-017-08131-6
https://doi.org/10.1038/s41467-018-05933-8
https://doi.org/10.1038/s41467-018-05933-8
https://doi.org/10.1038/ijo.2016.189
https://doi.org/10.1371/journal.pbio.2002176
https://doi.org/10.1016/j.bbalip.2018.01.008
https://doi.org/10.1002/jcp.25878
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Wang et al.

FOXC2-AS1 in WAT Browning

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Zhang Z, Zhang XX, Liu ZF, Guo XR, Cui XW, Ji CB, et al. Inhibition of
hedgehog signaling promotes white adipose tissue browning. Mol Cell
Endocrinol (2020) 110970. doi: 10.1016/j.mce.2020.110970

Gao Y, Cao Y, Cui X, Wang X, Zhou Y, Huang F, et al. miR-199a-3p regulates
brown adipocyte differentiation through mTOR signaling pathway. Mol Cell
Endocrinol (2018) 476:155-64. doi: 10.1016/j.mce.2018.05.005

Zhang C, He Y, Okutsu M, Ong LC, Jin Y, Zheng L, et al. Autophagy is
involved in adipogenic differentiation by repressesing proteasome-dependent
PPARgamma2 degradation. Am ] Physiol Endocrinol Metab (2013) 305(4):
E530-9. doi: 10.1152/ajpendo.00640.2012

Li H, Yuan Y, Zhang Y, Zhang X, Gao L, Xu R. Icariin Inhibits AMPK-
Dependent Autophagy and Adipogenesis in Adipocytes In vitro and in a
Model of Graves’ Orbitopathy In vivo. Front Physiol (2017) 8:45. doi: 10.3389/
fphys.2017.00045

Sapio L, Gallo M, Illiano M, Chiosi E, Naviglio D, Spina A, et al. The Natural
cAMP Elevating Compound Forskolin in Cancer Therapy: Is It Time? J Cell
Physiol (2017) 232(5):922-7. doi: 10.1002/jcp.25650

Faghihi MA, Wahlestedt C. Regulatory roles of natural antisense transcripts.
Nat Rev Mol Cell Biol (2009) 10(9):637-43. doi: 10.1038/nrm2738
Altshuler-Keylin S, Shinoda K, Hasegawa Y, Ikeda K, Hong H, Kang Q, et al.
Beige Adipocyte Maintenance Is Regulated by Autophagy-Induced
Mitochondrial Clearance. Cell Metab (2016) 24(3):402-19. doi: 10.1016/
j.cmet.2016.08.002

Armani A, Cinti F, Marzolla V, Morgan J, Cranston GA, Antelmi A, et al.
Mineralocorticoid receptor antagonism induces browning of white adipose tissue
through impairment of autophagy and prevents adipocyte dysfunction in high-
fat-diet-fed mice. FASEB ] (2014) 28(8):3745-57. doi: 10.1096/1j.13-245415
Parray HA, Yun JW. Combined inhibition of autophagy protein 5 and galectin-1
by thiodigalactoside reduces diet-induced obesity through induction of white fat
browning. IUBMB Life (2017) 69(7):510-21. doi: 10.1002/iub.1634

Ponting CP, Oliver PL, Reik W. Evolution and functions of long noncoding
RNAs. Cell (2009) 136(4):629-41. doi: 10.1016/j.cell.2009.02.006

Divoux A, Karastergiou K, Xie H, Guo W, Perera RJ, Fried SK, et al
Identification of a novel IncRNA in gluteal adipose tissue and evidence for
its positive effect on preadipocyte differentiation. Obesity (Silver Spring) (2014)
22(8):1781-5. doi: 10.1002/0by.20793

Xiao T, Liu L, Li H, Sun Y, Luo H, Li T, et al. Long Noncoding RNA ADINR
Regulates Adipogenesis by Transcriptionally Activating C/EBPalpha. Stem
Cell Rep (2015) 5(5):856-65. doi: 10.1016/j.stemcr.2015.09.007

Gao H, Kerr A, Jiao H, Hon CC, Ryden M, Dahlman I, et al. Long Non-
Coding RNAs Associated with Metabolic Traits in Human White Adipose
Tissue. EBioMedicine (2018) 30:248-60. doi: 10.1016/j.ebiom.2018.03.010
Nuermaimaiti N, Liu J, Liang X, Jiao Y, Zhang D, Liu L, et al. Effect of IncRNA
HOXA11-AS1 on adipocyte differentiation in human adipose-derived stem
cells. Biochem Biophys Res Commun (2018) 495(2):1878-84. doi: 10.1016/
j.bbrc.2017.12.006

Li Z, Jin C, Chen S, Zheng Y, Huang Y, Jia L, et al. Long non-coding RNA
MEGS3 inhibits adipogenesis and promotes osteogenesis of human adipose-
derived mesenchymal stem cells via miR-140-5p. Mol Cell Biochem (2017) 433
(1-2):51-60. doi: 10.1007/s11010-017-3015-z

Kong X, Banks A, Liu T, Kazak L, Rao RR, Cohen P, et al. IRF4 is a key
thermogenic transcriptional partner of PGC-1alpha. Cell (2014) 158(1):69-83.
doi: 10.1016/j.cell.2014.04.049

Okla M, Ha JH, Temel RE, Chung S. BMP7 drives human adipogenic stem
cells into metabolically active beige adipocytes. Lipids (2015) 50(2):111-20.
doi: 10.1007/s11745-014-3981-9

Dempersmier J, Sambeat A, Gulyaeva O, Paul SM, Hudak CS, Raposo HF,
et al. Cold-inducible Zfp516 activates UCP1 transcription to promote
browning of white fat and development of brown fat. Mol Cell (2015) 57
(2):235-46. doi: 10.1016/j.molcel.2014.12.005

Perie L, Verma N, Xu L, Ma X, Mueller E. Transcriptional Regulation of
ZNF638 in Thermogenic Cells by the cAMP Response Element Binding

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Protein in Male Mice. ] Endocr Soc (2019) 3(12):2326-40. doi: 10.1210/
j5.2019-00238

Mayr B, Montminy M. Transcriptional regulation by the phosphorylation-
dependent factor CREB. Nat Rev Mol Cell Biol (2001) 2(8):599-609.
doi: 10.1038/35085068

Altarejos JY, Montminy M. CREB and the CRTC co-activators: sensors for
hormonal and metabolic signals. Nat Rev Mol Cell Biol (2011) 12(3):141-51.
doi: 10.1038/nrm3072

Pagnon J, Matzaris M, Stark R, Meex RC, Macaulay SL, Brown W, et al.
Identification and functional characterization of protein kinase A
phosphorylation sites in the major lipolytic protein, adipose triglyceride
lipase. Endocrinology (2012) 153(9):4278-89. doi: 10.1210/en.2012-1127

Yin W, Mu J, Birnbaum M]. Role of AMP-activated protein kinase in cyclic
AMP-dependent lipolysis In 3T3-L1 adipocytes. ] Biol Chem (2003) 278
(44):43074-80. doi: 10.1074/jbc.M308484200

Pan D, Huang L, Zhu L], Zou T, Ou ], Zhou W, et al. Jmjd3-Mediated H3K27me3
Dynamics Orchestrate Brown Fat Development and Regulate White Fat
Plasticity. Dev Cell (2015) 35(5):568-83. doi: 10.1016/j.devcel.2015.11.002
Emmett MJ, Lim HW, Jager J, Richter HJ, Adlanmerini M, Peed LC, et al.
Histone deacetylase 3 prepares brown adipose tissue for acute thermogenic
challenge. Nature (2017) 546(7659):544-8. doi: 10.1038/nature22819
Alvarez-Dominguez JR, Bai Z, Xu D, Yuan B, Lo KA, Yoon MJ, et al. De Novo
Reconstruction of Adipose Tissue Transcriptomes Reveals Long Non-coding
RNA Regulators of Brown Adipocyte Development. Cell Metab (2015) 21
(5):764-76. doi: 10.1016/j.cmet.2015.04.003

Lidell ME, Seifert EL, Westergren R, Heglind M, Gowing A, Sukonina V, et al.
The adipocyte-expressed forkhead transcription factor Foxc2 regulates
metabolism through altered mitochondrial function. Diabetes (2011) 60
(2):427-35. doi: 10.2337/db10-0409

Gan L, Liu Z, Feng F, Wu T, Luo D, Hu C, et al. Foxc2 coordinates
inflammation and browning of white adipose by leptin-STAT3-PRDM16
signal in mice. Int ] Obes (Lond) (2018) 42(2):252-9. doi: 10.1038/ij0.2017.208
Singh R, Xiang Y, Wang Y, Baikati K, Cuervo AM, Luu YK, et al. Autophagy
regulates adipose mass and differentiation in mice. J Clin Invest (2) 119
(11):3329-39. doi: 10.1172/JCI39228

Kim D, Kim JH, Kang YH, Kim JS, Yun SC, Kang SW, et al. Suppression of Brown
Adipocyte Autophagy Improves Energy Metabolism by Regulating Mitochondrial
Turnover. Int ] Mol Sci (2019) 20(14):3520. doi: 10.3390/ijms20143520

Xu Q, Mariman E, Roumans N, Vink RG, Goossens GH, Blaak EE, et al.
Adipose tissue autophagy related gene expression is associated with
glucometabolic status in human obesity. Adipocyte (2018) 7(1):12-9.
doi: 10.1080/21623945.2017.1394537

Deng J, Guo Y, Yuan F, Chen S, Yin H, Jiang X, et al. Autophagy inhibition
prevents glucocorticoid-increased adiposity via suppressing BAT whitening.
Autophagy (2020) 16(3):451-65. doi: 10.1080/15548627.2019.1628537
Tanida I, Ueno T, Kominami E. LC3 and Autophagy. Methods Mol Biol (2008)
445:77-88. doi: 10.1007/978-1-59745-157-4_4

Rao C, Huang D, Mao X, Chen R, Huang D, Huang K. The novel adipokine
CTRP5 is a negative regulator of white adipose tissue browning. Biochem
Biophys Res Commun (2019) 510(3):388-94. doi: 10.1016/j.bbrc.2019.01.111

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wang, Hua, Cui, Cao, Wen, Chi, Ji, Pang and You. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Endocrinology | www.frontiersin.org

October 2020 | Volume 11 | Article 565483


https://doi.org/10.1016/j.mce.2020.110970
https://doi.org/10.1016/j.mce.2018.05.005
https://doi.org/10.1152/ajpendo.00640.2012
https://doi.org/10.3389/fphys.2017.00045
https://doi.org/10.3389/fphys.2017.00045
https://doi.org/10.1002/jcp.25650
https://doi.org/10.1038/nrm2738
https://doi.org/10.1016/j.cmet.2016.08.002
https://doi.org/10.1016/j.cmet.2016.08.002
https://doi.org/10.1096/fj.13-245415
https://doi.org/10.1002/iub.1634
https://doi.org/10.1016/j.cell.2009.02.006
https://doi.org/10.1002/oby.20793
https://doi.org/10.1016/j.stemcr.2015.09.007
https://doi.org/10.1016/j.ebiom.2018.03.010
https://doi.org/10.1016/j.bbrc.2017.12.006
https://doi.org/10.1016/j.bbrc.2017.12.006
https://doi.org/10.1007/s11010-017-3015-z
https://doi.org/10.1016/j.cell.2014.04.049
https://doi.org/10.1007/s11745-014-3981-9
https://doi.org/10.1016/j.molcel.2014.12.005
https://doi.org/10.1210/js.2019-00238
https://doi.org/10.1210/js.2019-00238
https://doi.org/10.1038/35085068
https://doi.org/10.1038/nrm3072
https://doi.org/10.1210/en.2012-1127
https://doi.org/10.1074/jbc.M308484200
https://doi.org/10.1016/j.devcel.2015.11.002
https://doi.org/10.1038/nature22819
https://doi.org/10.1016/j.cmet.2015.04.003
https://doi.org/10.2337/db10-0409
https://doi.org/10.1038/ijo.2017.208
https://doi.org/10.1172/JCI39228
https://doi.org/10.3390/ijms20143520
https://doi.org/10.1080/21623945.2017.1394537
https://doi.org/10.1080/15548627.2019.1628537
https://doi.org/10.1007/978-1-59745-157-4_4
https://doi.org/10.1016/j.bbrc.2019.01.111
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	The Effect of FOXC2-AS1 on White Adipocyte Browning and the Possible Regulatory Mechanism
	Introduction
	Material and Methods
	Human Subjects
	Isolation of Preadipocytes Derived From Subcutaneous White Adipose Tissues
	Cell Culture and Cell Differentiation
	Overexpression or Knockdown of lncRNA FOXC2-AS1 in Primary Human Preadipocytes
	RNA Extraction, Reverse Transcription, and Quantitative Real Time-Polymerase Chain Reaction (RT-PCR)
	Oil Red O Staining
	Protein Extraction and Western Blot
	Determination of Oxygen Consumption
	RNA-Sequencing and Bioinformatics Analysis
	Inhibition of Autophagy Pathway by Treatment With 3-Methyladenine (3-MA)
	Statistical Analysis

	Results
	Characterization of lncRNA FOXC2-AS1 Involved in Human White Adipocyte Differentiation and the Browning Process
	LncRNA FOXC2-AS1 Has No Effect on Adipocyte Differentiation
	LncRNA FOXC2-AS1 Regulates the Browning Process in Human Subcutaneous White Adipocytes
	LncRNA FOXC2-AS1 Regulates White Adipocyte Browning Through the Autophagy Signaling Pathway

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


