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Transactivation of Atgdb by C/EBP3 Promotes Autophagy To
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Autophagy is a highly conserved self-digestion pathway involved in various physiological and pathophysiological processes. Re-
cent studies have implicated a pivotal role of autophagy in adipocyte differentiation, but the molecular mechanism for its role
and how it is regulated during this process are not clear. Here, we show that CCAAT/enhancer-binding protein 3 (C/EBP), an
important adipogenic factor, is required for the activation of autophagy during 3T3-L1 adipocyte differentiation. An autophagy-
related gene, Atg4b, is identified as a de novo target gene of C/EBPf} and is shown to play an important role in 3T3-L1 adipocyte
differentiation. Furthermore, autophagy is required for the degradation of K1f2 and Klf3, two negative regulators of adipocyte
differentiation, which is mediated by the adaptor protein p62/SQSTM1. Importantly, the regulation of autophagy by C/EBP3
and the role of autophagy in K1f2/3 degradation and in adipogenesis are further confirmed in mouse models. Our data describe a
novel function of C/EBPf in regulating autophagy and reveal the mechanism of autophagy during adipocyte differentiation.
These new insights into the molecular mechanism of adipose tissue development provide a functional pathway with therapeutic

potential against obesity and its related metabolic disorders.

dipose tissue is not only a storage depot of fat but also an

endocrine organ influencing whole-body energy homeostasis
(1-3). The overexpansion of adipose tissue mass plays a central
role in obesity-related complications, such as type 2 diabetes, hy-
pertension, hyperlipidemia, and arteriosclerosis (4—6). Therefore,
a comprehensive investigation into the molecular mechanisms
underlying adipogenesis is of both fundamental and clinical rele-
vance for the development of novel therapeutics for obesity and
associated metabolic syndromes.

The 3T3-L1 cell line is an invaluable cellular model in studying
adipogenesis (Fig. 1A). Upon addition of adipogenic inducers,
these cells undergo one to two rounds of mitotic clonal expansion
(MCE) followed by terminal adipocyte differentiation (7). During
adipogenesis, CCAAT/enhancer-binding protein 3 (C/EBPR) is
induced very early and plays a crucial role in initiating the differ-
entiation program by activating the expression of peroxisome
proliferator-activated receptor 'y (PPARYy) and C/EBPa, two key
adipogenic transcription factors (8). These two factors serve as
pleiotropic transactivators of many adipocyte-specific genes to pro-
mote and maintain the terminally differentiated phenotype. Besides
its role in transactivation of PPARy and C/EBPa, C/EBPR is also
involved in regulating mitotic clonal expansion, a cell proliferation
process required for terminal adipocyte differentiation (9-11).

Adipocyte differentiation is controlled by the interplay of a
series of positive and negative effectors. Pref-1, Wntl, Wnt10Db,
TRB3, GATA2/3, and Klf2/3 are among the well-characterized
negative regulators of adipogenesis (12—17). The timely decline of
these negative regulators is required for the successful progression
of adipocyte differentiation. However, the mechanisms governing
the downregulation of these negative effectors, either at mRNA
levels or at protein levels, remain largely unknown.

Autophagy is a catabolic process to form the autophagosome
in which the cell packages organelles and proteins and delivers the
cargo to the lysosomes for degradation and recycling (18, 19). It is
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a cellular pathway crucial for the maintenance of cellular homeo-
stasis and normal mammalian physiology. Most of the genes
involved in autophagy, named autophagy-related genes (Atg),
have been identified. Targeted ablation of critical autophagy
genes in mice unravels important roles of autophagy in neuro-
nal development, tumor suppression, 3-cell protection, eryth-
rocyte differentiation, and so on (19). Recent studies have
shown that autophagy regulates adipose mass and differentia-
tion. Depletion of Arg5 or Atg7, two essential autophagy genes,
significantly inhibits adipocyte differentiation in 3T3-L1 cells
and mouse embryo fibroblasts (MEFs). Furthermore, white
adipose tissue (WAT) from the adipocyte-specific Atg7 knock-
out mice exhibits a brown adipose tissue (BAT)-like pheno-
type. Thus, autophagy regulates lipid accumulation in adipose
tissue by controlling adipocyte differentiation as well as deter-
mining the balance between white and brown fat (20-22).
While the transdifferentiation of WAT to BAT by the au-
tophagy defect is attributed to impaired mitochondrial turn-
over during the maturation of adipocytes (23, 24), little is
known about the mechanism underlying the role of autophagy
in adipocyte differentiation. In addition, although the molec-
ular components that participate in various steps of autophagy
have been extensively studied, factors regulating the program
of autophagy gene expression remain poorly understood in
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FIG 1 C/EBP is required for the activation of autophagy and adipogenesis during 3T3-L1 adipocyte differentiation. (A) The growth-arrested 3T3-L1
cells were induced to differentiation. On the indicated day, cells were subjected to phase-contrast microscopy, and Oil red O staining was performed on
day 6. Lipid droplets begin to appear on day 3, the amount and size of which increase day by day. On day 6, mature adipocytes are formed. (B to F) 3T3-L1
cells were transfected with control siRNA (siNC) or C/EBP siRNA (siC/EBP) followed by adipogenic induction. (B) The protein levels of autophagic
markers (LC3 I/I and p62), C/EBPB, and adipogenic markers (PPARy and C/EBPa) during differentiation were analyzed by Western blotting. Hsp90
serves as a loading control. (C) Oil red O staining of 3T3-L1 cells on day 6 of differentiation was performed. (D) The mRNA levels of LC3 and p62 during
differentiation were analyzed by RT-qPCR. (E) Transmission electron microscopic analyses were conducted. The quantification of autophagosome
abundance is shown. (F) Transmission electron micrographs of the cells on the indicated days are shown (bars, 1 um). Note the presence of autopha-
gosomes (arrows).

adipogenesis as well as in other physiological/pathophysiolog-
ical processes.

Because both C/EBP and autophagy are crucial for adipogen-
esis, we ask whether there is a connection between them during
this process. In this study, it is shown that C/EBP@ specifically
promotes autophagy through transactivation of the expression of
Atg4b, a cysteine proteinase, which cleaves LC3 precursor at its C
terminus to form LC3 I. Moreover, p62-mediated autophagic
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degradation of the two negative regulators KIf2 and KIf3 is re-
quired for adipocyte differentiation.

MATERIALS AND METHODS

Cell culture and induction of differentiation. 3T3-L1 preadipocytes were
propagated and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% calf serum. To induce differentiation, 2-day
postconfluent 3T3-L1 preadipocytes (day 0) were fed with DMEM con-
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taining 10% fetal bovine serum (FBS), 1 pg/ml insulin, 1 wM dexameth-
asone, and 0.5 mM 3-isobutyl-1-methylxanthine (MIX) until day 2. Cells
were then fed with DMEM supplemented with 10% FBS and 1 pg/ml
insulin for 2 days, after which they were fed every other day with DMEM
containing 10% FBS. For autophagy inhibition, cells were treated with 0.5
mM 3-methyladenine (3-MA) (Sigma-Aldrich) from the indicated day.

Oil red O and Nile red staining for lipid. In vitro differentiated cells
were fixed for 20 min in buffered formalin and stained with Oil red O for
60 min. Isolated cells from WAT were resuspended in phosphate-buffered
saline (PBS), and Nile red (stock, 0.5 mg/ml in acetone) was added into
cells with a 1:100 dilution. After 5 min of incubation, the cells were sub-
jected to flow cytometry.

ChIP. Proteins bound to DNA were cross-linked with 1% formalde-
hyde at 4°C for 20 min. After sonication, the protein-DNA complexes
were immunoprecipitated using control IgG or anti-C/EBPP antibody
(Santa Cruz). After reversal of the cross-links at 65°C for 6 h, DNA was
purified on DNA purification columns (Qiagen). The primers (5" to 3")
for chromatin immunoprecipitation-quantitative PCR (ChIP-gPCR) or
ChIP-PCR are as follows: Atg4b forward (F), TACCAGGGAGATTTC
AGT, and reverse (R), TTGAGATGTCATTGTGGC; Atg2a F, CTGGGT
ATCAAAGGCTCA, and R, TCTCACAGTCATTGTAGGGA; Atg7 F, TT
GAGCGGCGGTAAGTAAG, and R, CAGAATGAGCAACCAGAGGG;
Atg9a F, AGGCTTCTGAGGGAGGGT, and R, CAGTTCTGCGGTAAAT
ACG; Atgl0 F, TGTAGGAGTCTTAGGGGTTA, and R, CATTTTGCCT
GTTTCTTT; PPARY2 F, TTCAGATGTGTGATTAGGAG, and R, AGAC
TTGGTACATTACAAGG; and insulin, F, CTTCAGCCCAGTTGACC
AAT; and R, AGGGAGGAGGAAAGCAGAAC.

RNA interference. The small interfering RNAs (siRNAs) were de-
signed and synthesized by GenePharma. The sequences (5" to 3") for suc-
cessful siRNAs were as follows: siC/EBPB, GCCCTGAGTAATCACTTA
AAG; siAtgdb, GCTGCACTTCCTACTGATT; siAtgdb’, CCACTACTTT
ATTGGCTAT; siKlf2, GCGGCAAGACCTACACCAA; siKlf3, GCAATA
AGGTCTACACTAA; 5iP62, GGTTGACATTGATGTGGAA; and siNC,
TTCTCCGAACGTGTCACGT. 3T3-L1 cells were transfected at ~50%
confluence with siRNAs using Lipofectamine RNAIMAX (Invitrogen). In
the case of siP62-post, cells were transfected with p62 siRNA at 4 h after
adipogenic induction.

RNA isolation and RT-qPCR. Total RNAs were extracted with TRIzol
(Invitrogen) and transcribed to cDNA using the Superscript ITI kit (Invit-
rogen). The cDNAs were analyzed using the Power SYBR green PCR kit
on the ABI Prism 7300 qPCR machine (Applied Biosystems). All gPCR
data were normalized to 18S rRNA. Data were further normalized to day
0 of control cells. The primers (5’ to 3") for RT-qPCR are as follows: Atg4b
F, TATGATACTCTCCGGTTTGCTGA, and R, GTTCCCCCAATAGCT
GGAAAG; Atg2a F, GTGTGGTACTACGGGAGGTCT, and R, CCTGGT
GTTGCCGTCCAAT; Atg7 F, TTCTGCAATGATGTGGTGGC, and R,
TGTGCACTGCTGGTCCAGAG; Atg9a F, CAGTTTGACACTGAATAC
CAGCG, and R, AATGTGGTGCCAAGGTGATTT; Atgl0 F, GTAGTTA
CCAAGTGCCGGTTC, and R, AGCTAACGGTCTCCCATCTAAA;
Atg4a F, GAAGGAAGTTTTCCCCGATTGG, and R, GGGTTGTTCTTT
TTGTCTCTCCC; Atgdc F, GATGAAAGCAAGATGTTGCCTG, and R,
TCTTCCCTGTAGGTCAGCCAT; Atgdd F, GGAACAACGTCAAGTAT
GGTTGG, and R, CTCCCTCGAAATGGTAGCATG; KIf2 F, ACCTAAA
GGCGCATCTGCGTAGC, and R, TTCGGTAGTGGCGGGTAAGCG; KIf3
F, GGATACCCAAAGGAAGCG, and R, TCATCAGACCGAGCGAAG;
LC3 F, ACCAAGCCTTCTTCCTCC, and R, TGTCCCGAATGTCTC
CTG; p62 F, CCTCTAGGCATTGAGGTTG, and R, GCTGCTTGGCTG
AGTGTTA; and 18S rRNA F, CGCCGCTAGAGGTGAAATTCT, and R,
CATTCTTGGCAAATGCTTTCG.

Western blotting analyses. Cells were lysed in an SDS bulffer, and
samples were resolved on an SDS-polyacrylamide gel. The expression of
different proteins was analyzed by Western blotting with antibodies to the
following: p62, Pref-1, Wntl, Wnt10b, Klf2, and heat shock protein 90
(Hsp90) from Abcam; C/EBPR, C/EBPa, PPARYy, GATA-2, and ubiquitin
from Santa Cruz; LC3, extracellular signal-regulated kinase (ERK), and
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pERK from Cell Signaling; TRB3 from Millipore; 422/aP2 (prepared in
M. D. Lane’s lab); KIf3 (prepared in our lab); B-catenin from BD, Biosci-
ences; Flag from Sigma-Aldrich; and Myc from Invitrogen.

Luciferase reporter assays. The distal promoter regions of mouse
Atg4b and its artificial mutants were amplified via PCR and cloned into
PGL3-Promoter (Promega). Cells were transfected with Lipofectamine
2000 (Invitrogen). Luciferase activity was measured using the dual-lu-
ciferase reporter assay (Promega), with normalization of firefly luciferase
to Renilla luciferase activity.

His pulldown assay for the interaction between K1f2/3 and p62. Cells
were transfected with His-tagged Klf2/3 and treated with 0.5 mM 3-MA
for 8 h prior to harvest. The cells then were lysed in the cell lysis buffer (50
mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% Triton X-100, 20 mM imida-
zole) plus protease cocktail and phosphatase inhibitors from Roche. The
lysates were clarified by centrifugation followed by precipitation with Ni-
nitrilotriacetic acid (Ni-NTA) beads (Qiagen). After three washes, the
precipitates were subjected to Western blotting.

Ubiquitination assays. Cells were transfected with His-tagged K1f2/3
and treated with 0.5 mM 3-MA for 8 h prior to harvest. Cells were resus-
pended in buffer A (6 M guanidine hydrochloride, 50 mM Tris-HCI [pH
8.0], 250 mM NacCl, 20 mM imidazole) and sonicated. The lysates were
clarified by centrifugation followed by precipitation with Ni-NTA beads
(Qiagen). Beads were washed twice with buffer B (3 M guanidine hydro-
chloride, 50 mM Tris-HCI [pH 8.0], 250 mM NaCl, 20 mM imidazole)
and twice with buffer C (50 mM Tris-HCI [pH 8.0], 250 mM NaCl, 20 mM
imidazole, 0.2% Triton X-100) and subjected to Western blotting.

Confocal microscopic analyses. Cells were fixed in 4% formaldehyde
for 30 min at room temperature prior to cell permeabilization with 0.1%
Triton X-100 (4°C, 10 min). Cells were blocked with PBS containing 2%
bovine serum albumin (BSA) for 1 h at room temperature and processed
for immunostaining with anti-LC3 antibody (Novus) and DAPI (4',6-
diamidino-2-phenylindole) (Sigma-Aldrich). Fluorescence images were
taken and analyzed with a Leica confocal microscope (Leica TCS SP5,
Leica, Germany).

Transmission electron microscopic analyses. Cells were fixed with
2% paraformaldehyde and 2% glutaraldehyde in 0.1 mol/liter phosphate
buffer (pH 7.4), followed by 1% OsO, treatment. After dehydration, thin
sections were stained with uranyl acetate and lead citrate for observation
under a JEM 1011CX electron microscope (JEOL). Images were acquired
digitally from a randomly selected pool of 20 fields under each condition.
The quantification of autophagosomes was performed as previously de-
scribed (25).

Adenoviral expression vectors and infection. The adenoviral expres-
sion vector pBlock-it (Invitrogen) encoding short hairpin RNA (shRNA)
of Atg4b was constructed according to the manufacturer’s protocols. Ad-
enovirus was amplified and purified using Sartorius adenovirus purifica-
tion kits (Sartorius, Germany). Adenovirus solution was weekly injected
subcutaneously adjacent to inguinal fat pad in mice from 4 weeks old for
4 weeks. The sequences (5" to 3") for shRNAs are as follows: shAtg4b,
GGGACTGACAGACATCAATGA; and shLacZ, AATTTAACCGCCAGT
CAGGCT. All studies involving animal experimentation were approved
by the Animal Care and Use Committee of the Fudan University Shanghai
Medical College and followed the National Institute of Health guidelines
on the care and use of animals.

H&E staining and cell size quantification. Standard hematoxylin and
eosin (H&E) staining was performed on 5-pwm paraffin sections of white
adipose tissue. Cell diameter was measured with Image J from the H&E-
staining section of 3 individual samples in each group.

RD-fed and HFD-fed mice. Mice were fed with regular diet (RD) or
high-fat diet (HFD) (51% kcal in fat) at the age of 4 weeks. Mice were
sacrificed 8 weeks later, and inguinal WAT was subjected to Western
blotting.

Statistical analyses. Results are expressed as means = standard errors
(SE). Comparisons between groups were made by unpaired two-tailed
Student’s ¢ test, where P < 0.05 was considered statistically significant. All
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TABLE 1 Summary of the five autophagy-related genes that were identified to be potentially targeted by C/EBP in our previously reported ChIP-

chip data”

Chr no. Start site End FDR (%) Peak position (bp) Length (bp) RefSeq Gene Strand TSS

1 95579030 95579454 1.02 212 424 NM_174874 Atgdb + 95585438
1 75075153 75075828 2.39 315 675 NM_001003917 Atg9a - 75075070
6 114608472 114609249 0.91 382 777 NM_028835 Atg7 + 114608743
13 91698421 91699057 0.97 386 636 NM_025770 Atgl0 - 91698226
19 6236295 6236788 3.25 281 493 NM_194348 Atg2a + 6241667

@ The previously reported ChIP-chip data are given in reference 9. For each region of C/EBP enrichment, the mm8 chromosomal coordinates are given, including the
chromosome (Chr) number, the start site, and the end of the region (End). “Length” refers to the size of the continuous region across which C/EBP signal was significantly
enriched, while “Peak position” refers to the location of highest signal within the region. The false discovery rate (FDR) is also shown. Genes near the C/EBP3 binding sites are

shown in the “RefSeq” and “Gene” columns. TSS, transcription start site.

experiments were repeated at least three times, and representative data are
shown.

RESULTS

C/EBPf plays important roles in autophagy and adipogenesis
during 3T3-L1 adipocyte differentiation. C/EBPB has been
shown to play a pivotal role during the early stage of adipogenesis,
and the inhibition of autophagy causes the dysfunction of adi-
pocyte differentiation. To test whether the autophagy is regulated
by C/EBPB in adipocyte differentiation, 3T3-L1 preadipocytes
were induced to differentiation upon transfection with small in-
terfering RNA (siRNA) against either control sequence or
C/EBPB. The knockdown efficiency of C/EBP siRNA and its ef-
fect on adipogenesis were confirmed as indicated by Western blot-
ting, adipocyte marker gene expression (PPARy and C/EBPa),
and Oil red O staining (Fig. 1B and C). Autophagy was analyzed by
molecular characterization of autophagy markers as well as by
transmission electron microscopy.

The level of phosphatidylethanolamine (PE)-conjugated form
of microtubule-associated protein 1 light chain 3 (LC3), LC3 11, is
a useful marker for autophagy. In the control siRNA-treated cells,
the expression of LC3 was upregulated at both the protein level
and the mRNA level (Fig. 1B and D). Meanwhile, the abundance
of LC3 II dramatically increased as differentiation progressed, es-
pecially from day 2 to day 4, which reflects the increase of au-
tophagosomes (Fig. 1B). The degradation of p62, which manifests
the autophagic activity (26), was also examined. The protein level
of p62 increased and peaked on day 1 after induction (Fig. 1B),
which is consistent with the expression change in its mRNA level
(Fig. 1D). However, in contrast to the slight decline of p62 mRNA
afterwards (Fig. 1D), there was a sharp decline of p62 protein from
day 2 to day 4 (Fig. 1B), indicating an increase of autophagy flux in
control siRNA-treated cells. Consistently, in the control siRNA-
treated cells, the number of autophagosomes, which is character-
ized by double-membrane structures, increased after adipogenic
induction, with a substantial increase from day 2 to day 4 (Fig. 1E
and F). In C/EBP siRNA-treated cells, however, the activation of
autophagy was significantly inhibited, as indicated by reduced
LC3 II production and impaired degradation of p62 protein (Fig.
1B) and the decrease of autophagosomes (Fig. 1E and F). In con-
trast, the mRNA expression profiles of LC3 and p62 were not
affected by C/EBPP siRNA (Fig. 1D). These data illustrate an im-
portant role of C/EBPP in activation of autophagy during 3T3-L1
adipocyte differentiation.

Transcriptional activation of Atg4b by C/EBPf. A promoter-
wide chromatin immunoprecipitation (ChIP) coupled with mi-
croarrays (ChIP-chip) at an early stage of 3T3-L1 adipocyte dif-

August 2013  Volume 33 Number 16

ferentiation was recently conducted by us (9), which identified
putative C/EBPB binding sites on the promoters of five au-
tophagy-related genes—Atg2a, Atg4b, Atg7, Atg9a, and Atgl0 (Ta-
ble 1). After adipogenic induction, the mRNA levels of all these
five genes were upregulated, as analyzed by reverse transcription
(RT)-qPCR, as shown in Fig. 2A. However, among these genes,
only the expression of Atg4b was significantly inhibited by
C/EBPR siRNA, suggesting that Atg4b might be subjected to tran-
scriptional regulated by C/EBP. Furthermore, ChIP-qPCR con-
firmed the significant binding of C/EBPB to the promoter of
Atg4b in differentiating cells after induction (day 2) but not in
quiescent cells before induction (day 0), as shown in Fig. 2B. Rel-
atively weak binding of C/EBP was detected on the promoters of
the other four Atg genes (Fig. 2C), which might explain why the
expression of these four genes was not significantly affected by
C/EBP siRNA.

A DNA fragment containing the distal promoter of Atg4b (bp
—6408 to ~—5984 upstream of the transcription start site), as
identified in the ChIP-chip analysis, was subcloned into the lucif-
erase reporter construct pGL3-Promoter (Fig. 2D) and trans-
fected into 3T3-L1 preadipocytes with or without the C/EBPJ
expression vector. Luciferase activity was increased about 6-fold
by C/EBPB (Fig. 2E). Consistently, deletion or mutation of the
putative C/EBP binding site (bp —6143 to —6130), as shown in
Fig. 2D, almost totally abolished the transactivation by C/EBPf3
(Fig. 2E).

Consistent with the mRNA profile, the Atg4b protein level was
also increased after adipogenic induction, which was drastically
inhibited by C/EBP@ siRNA (Fig. 2F). To further validate the role
of C/EBPP in Atg4b induction, C/EBPB was overexpressed in
3T3-L1 cells. Ectopic expression of C/EBPB enhanced the expres-
sion of Atg4b at both mRNA levels and protein levels (Fig. 2G and
H). These results demonstrate that Atg4b is a bona fide target of
C/EBP@ during adipogenesis.

Transactivation of Atg4b is required for autophagy and adi-
pogenesis during 3T3-L1 adipocyte differentiation. Atgdb ex-
poses glycine from the LC3 precursor at its C terminus to form
LC3 1 (27). This initial proteolytic processing is required for the
subsequent lipidation of LC3 to form LC3 II, which is essential for
autophagosome formation (28). Experiments were then con-
ducted to test the role of Atg4b in adipocyte differentiation. The
efficiency and specificity of Atg4b siRNA were confirmed by RT-
qPCR (Fig. 3A). Similarly to C/EBP@ siRNA, knockdown of Atg4b
by siRNA significantly inhibited autophagy, as indicated by the
decreased autophagosomes (Fig. 3B and C), impaired LC3 II con-
version, and accumulation of p62 protein (Fig. 3D). Furthermore,
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Atg4b knockdown blocked the terminal differentiation of 3T3-L1
cells, as indicated by adipocyte marker gene expression (genes
coding for PPARYy, C/EBPa, and 422/aP2) as well as Oil red O
staining (Fig. 3D and E).

Rescue experiments were performed to further confirm the
above observation. Since 3T3-L1 preadipocytes are of mouse ori-
gin, human Atg4b was ectopically expressed in Atgdb siRNA-
treated 3T3-L1 cells by retrovirus transduction. Western blotting
demonstrated that the human Atg4b gene is resistant to mouse
Atg4b siRNA knockdown and was expressed at a similar level to
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the postinduction (day 4) endogenous Atg4b gene in the parental
control cells (Fig. 3D). Forced expression of human Atg4b rescued
autophagy (Fig. 3B, C, and D) and adipogenesis (Fig. 3D and E),
which reinforces the idea that Atg4b is required for autophagy and
adipogenesis. In addition, the rescue effect was dependent on the
ectopic expression level of Atg4b (Fig. 3F and G). When the ecto-
pic expression level of human Atg4b was low, which was only
slightly higher than the preinduction (day 0) basal Atg4b level in
the parental control cells, the rescue effect was not obvious. With
the gradual increase of the ectopic expression level of human
Atg4b (middle level), the rescue effect was dramatically improved,
and when the ectopic expression level reached the postinduction
endogenous Atg4b level in the parental control cells (high level), it
almost completely rescued autophagy and adipogenesis. These
data, together with those shown in Fig. 2, indicate that the expres-
sion level of Atg4b is highly regulated during adipogenesis and the
transactivation of Atgdb by C/EBP is required for the efficient
activation of autophagy and adipogenesis.

Furthermore, forced expression of Atg4b led to significant res-
cue of autophagy, which was inhibited by C/EBP siRNA (Fig. 3H
and I). However, it could not restore C/EBPB siRNA-mediated
inhibition of adipogenesis (Fig. 3H and J). This is understandable,
because C/EBP is directly involved in the transactivation of adi-
pogenic master genes (coding for PPARy and C/EBPw), a process
that could not be rescued simply by ectopic expression of Atgdb
upon depletion of C/EBP. Taken together, these results indicate
that Atg4b is a very important downstream target gene of C/EBP[3
in promoting autophagy during adipocyte differentiation.

Autophagy plays an important role between days 2 and 3
during 3T3-L1 adipocyte differentiation. Although autophagy is
required for adipocyte differentiation, its underlying mechanism
is still not clear. As shown in Fig. 1E, a substantial increase of
autophagic activity was detected from day 2 to day 4 of 3T3-L1
adipocyte differentiation, which was in concert with the marked
increase of the key adipogenic factors PPARy and C/EBPa from
day 2 to day 4 (Fig. 1B). This time course correlation suggests an
important role of autophagy during this period. To confirm this
concept, a commonly used autophagy inhibitor, 3-methyladenine
(3-MA), which blocks the formation of autophagosomes (29), was
used to further investigate the function of autophagy during adi-
pocyte differentiation.

The scheme for 3-MA treatment is illustrated in Fig. 4A. The
autophagy inhibitor was added on the indicated time point, with-
out interrupting the adipogenic differentiation process. All of the
analyses were performed on day 6. As expected, the treatment of
the cells with 3-MA significantly inhibited autophagy, as indicated
by impaired conversion of LC3 and accumulation of p62 (Fig. 4B).
Little cytotoxic effect of 3-MA on the cells was detected (Fig. 4C).
Moreover, inhibition of autophagy from days 0, 1, and 2 blocked
terminal adipocyte differentiation to a similar level, while inhibi-
tion of autophagy from day 3 or 4 had little effect on adipocyte
differentiation (Fig. 4B and D). To preclude the potential off-
target effect of 3-MA, wortmannin, another autophagy inhibitor,
was applied and similar results were obtained (data not shown).
These results demonstrate a critical role of autophagy between
days 2 and 3 of 3T3-L1 adipocyte differentiation.

Degradation of KIf2 and Klf3 by autophagy facilitates adi-
pocyte differentiation. As mentioned above, the timely down-
regulation of negative regulators is essential for adipocyte differ-
entiation. Because autophagy is one of the main pathways utilized
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FIG 3 Transactivation of Atg4b is required for autophagy and adipogenesis during 3T3-L1 adipocyte differentiation. (A) 3T3-L1 cells were transfected with
control siRNA (siNC) or Atg4b siRNA (siAtg4b). The mRNA levels of the Atg4 genes on the indicated days were determined by RT-qPCR. *, P < 0.05 versus
siNC-treated cells. (B to E) 3T3-L1 cells were infected with empty vector or retroviruses expressing human Atg4b (hAtg4b). The cells then were transfected with
siNC or siAtg4b. Postconfluence, cells were induced to differentiation. (B) Transmission electron microscopic analyses were conducted on day 4. The quanti-
fication of autophagosome abundance is shown. *, P < 0.05 versus siNC-treated cells. (C) Transmission electron micrographs of the cells are shown on the
indicated days (bars, 1 pum). Note the presence of autophagosomes (arrows). (D) Cell lysates were collected on day 4 and subjected to Western blotting. (E) Oil
red O staining of 3T3-L1 cells on day 6 of differentiation was performed. (F and G) 3T3-L1 cells were infected with empty vector or retroviruses expressing
different levels of hAtg4b (low, middle, and high). The cells then were transfected with siNC or siAtg4b. Postconfluence, cells were induced to differentiation. (F)
Cell lysates were collected on the indicated days and subjected to Western blotting. (G) Oil red O staining of 3T3-L1 cells on day 6 of differentiation was
performed. (H to J) 3T3-L1 cells were infected with empty vector or retroviruses expressing hAtg4b. The cells then were transfected with siNC or siC/EBP.
Postconfluence, cells were induced to differentiation. (H) Cell lysates were collected on day 4 and subjected to Western blotting. (I) Transmission electron
microscopic analyses were conducted on day 4. The quantification of autophagosome abundance is shown. *, P < 0.05. (J) Oil red O staining of 3T3-L1 cells on

day 6 of differentiation was performed.

by cells to degrade intracellular proteins, it is hypothesized that
autophagy promoted adipocyte differentiation via controlling the
degradation of negative regulators. To address this possibility, the
effect of autophagy inhibition on the degradation of a series of
well-characterized negative regulators was examined. The 3-MA
treatment impeded the turnover of Klf2 and Klf3 but had little
effect on the degradation of the other factors (Fig. 5A). Of interest,
KIf2 and KIf3 have been shown to inhibit the transactivation of
PPARvy and C/EBPa, respectively, through directly binding to
their promoters (12, 15). The time course correlation between the
marked PPARy and C/EBPa upregulation and substantial au-
tophagy activation prompted us to further investigate the role of
autophagy in the degradation of KIf2 and KIf3.

As shown in Fig. 5B, the KIf2 and KIf3 proteins were at ex-
pressed at high levels from day 0 to day 2, but the levels fell
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abruptly on day 3 and were barely detectable on day 4. Accord-
ingly, the expression of PPARy and C/EBPa occurred on day 2,
with a marked increase of expression on day 3. In concert with
these expression changes, autophagy activity was substantially in-
creased from day 2 to day 3, as indicated by dramatic conversion of
LC3 and turnover of p62 protein. Inhibition of autophagy by
3-MA prevented the degradation of KIf2 and KIf3 (Fig. 5C). In
contrast, MG132, an inhibitor of proteasomes, had a minor role in
the degradation of K1f2 and KIf3 (Fig. 5C). Similarly, inhibition of
autophagy by the knockdown of C/EBPR (siC/EBPB) or Atgdb
(siAtg4b and siAtg4b’, two different siRNAs against Atg4b) im-
pairs the decline of KIf2 and KIf3, which could be restored by the
ectopic expression of human Atg4b (Fig. 5D). Moreover, little
effect on the mRNA expression profiles of KIf2 and KIf3 was de-
tected upon the inhibition of autophagy (Fig. 5E and F).
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FIG 4 Autophagy plays an important role between days 2 and 3 of 3T3-L1
adipocyte differentiation. (A) Scheme showing the treatment of 3T3-L1 cells
with autophagy inhibitor 3-MA. 3T3-L1 cells were induced to differentiation
with or without 3-MA treatment from the indicated day (arrowheads). Con-
trol (Ctrl) cells were treated with vehicle from day 0. 3-MA-treated cells were
treated with 3-MA from days 0 (a), 1 (b), 2 (¢), 3 (d), and 4 (e). (B) Cells were
treated as in panel A. On day 6, Western blotting was conducted using the
indicated antibodies. (C) 3T3-L1 cells were induced to differentiation in the
presence or absence of 3-MA. The percentages of apoptotic (Apop) and ne-
crotic (Nec) cells were determined after acridine orange-ethidium bromide
costaining by fluorescence microscopy on day 2. Acridine orange-stained cells
were evaluated for morphological characteristics of apoptosis, and cells stain-
ing positive for ethidium bromide were considered necrotic. (D) Cells were
treated as in panel A. On day 6, Oil red O staining was performed.

To test whether the degradation of KIf2 and KIf3 is important
for the action of autophagy in adipocyte differentiation, a rescue
experiment using KIf2 and KIf3 siRNAs was performed. Knock-
down of KIf2 and KIf3 resulted in significant reversal of the inhi-
bition of adipogenesis in the presence of the autophagy inhibitor
3-MA or siAtg4b/siAtgdb’ (Fig. 5G to K). Collectively, these re-
sults indicate that the turnover of KlIf2 and KIf3 by autophagy
plays an important role in adipocyte differentiation.

P62 mediates the degradation of KIf2 and KIf3 during adi-
pocyte differentiation. The p62 protein, also called sequestosome
1 (SQSTM1), is an autophagy-specific substrate (30). A recent
study indicated that p62 bound to and recruited the polyubiquiti-
nated oncoprotein PML-retinoic acid receptor a« (RARa) to au-
tophagosomes for degradation, resulting in myeloid cell differen-
tiation (25). Therefore, the potential role of p62 in regulating the
turnover of KIf2 and KlIf3 and in adipocyte differentiation was
explored. A significant interaction between p62 and KIf2/3 was
detected on day 3 of differentiation, rather than on day 0, 1, or 2
(Fig. 6A and B). Since p62 is a polyubiquitin-binding protein (30),
the ubiquitination of KIf2 and K1f3 was investigated. In contrast to
the low level of KlIf2/3 polyubiquitination on days 0, 1, and 2,
significant polyubiquitination of Klf2/3 was detected on day 3
(Fig. 6A and B), which is consistent with the significant interaction
between p62 and KIf2/3 on day 3.

3186 mcb.asm.org

It has been reported that knockdown of p62 by short hairpin
RNA (shRNA) in 3T3-L1 preadipocytes enhances adipogenesis
through increasing the early activation of ERK (0 to ~4 h after
induction) without affecting the second increase of ERK activa-
tion (day 3 after induction) (31, 32). In our study, p62 siRNA was
transfected into preconfluent 3T3-L1 cells (siP62-pre) and cells
were induced to differentiation postconfluence. In keeping with
the previous report, treatment of siP62-pre increased the early
activation of ERK (Fig. 6C and D) and enhanced adipogenesis
(Fig. 6E and F). A modification of the siRNA treatment was con-
ducted to avoid the effect of p62 knockdown on ERK activity. The
p62 siRNA was transfected into 3T3-L1 cells at 4 h after induction
(siP62-post), which dramatically inhibited the p62 protein level
by day 2 of adipogenic differentiation (Fig. 6G), without affecting
ERK activation (Fig. 6H). In this case, adipocyte differentiation
was blocked, accompanied by accumulation of KIf2 and KIf3 (Fig.
6land]).

Confocal microscopic analysis was also conducted. Because the
antibodies against KIf2/3 were not suitable for immunofluores-
cence staining, GFP-tagged Klf2/3 was transfected into 3T3-L1
cells. Colocalization between GFP-tagged Klf2/3 and LC3 puncta
(autophagosome marker) was detected during adipocyte differen-
tiation, which was significantly impaired by the treatment siP62-
post (Fig. 6K and L). Consistently, the colocalization between
green fluorescent protein (GFP)-tagged K1f2/3 and LAMP2 (lyso-
somal marker) was detected, which was also blocked by siP62-post
(data not shown).

Previous studies revealed that p62 recognizes polyubiquiti-
nated protein aggregates and binds to LC3 to target aggregates to
autophagosomes for degradation (30). Ectopic expression of wild-
type human p62 (hP62-Wt), which is resistant to p62 siRNA of
mouse origin, rescued the inhibition of adipogenesis and impair-
ment of KIf2/3 decline mediated by siP62-post. In contrast, ecto-
pic expression of mutant human p62 (hP62-Mt), which lacks the
LC3-interacting region (LIR), failed to rescue it, supporting the
critical role of the p62-LC3 interaction in mediating the removal
of KIf2/3 (Fig. 6M and N). Collectively, these studies implicate an
important role of p62 in promoting the degradation of KIf2 and
KIf3 by autophagy during adipocyte differentiation.

C/EBPf3-regulated autophagy plays an important role in ad-
ipogenesis in vivo. To verify the above-described findings in a
more physiological context, experiments were further performed
in mice. C/EBPB binding to the distal promoter of Atg4b was
confirmed with ChIP analysis on mouse white adipose tissue
(WAT) (Fig. 7A).

To examine the role of Atg4b in autophagy and adipogenesis in
vivo, recombinant adenovirus expressing Atg4b shRNA was in-
jected subcutaneously adjacent to one inguinal fat pad site. Re-
combinant adenovirus expressing LacZ shRNA was injected in the
contralateral site as a control. Injection of Atg4b shRNA into the
white fat pads resulted in impaired LC3 processing and accumu-
lation of p62, indicating autophagy inhibition (Fig. 7B). In line
with the results obtained from the cellular model, knockdown of
Atg4b by shRNA caused an increase in KIf2/3 and a decrease in
PPARv and C/EBPa (Fig. 7B). Moreover, the amount of WAT was
significantly reduced by Atgdb knockdown (Fig. 7C and D). His-
tological analyses showed the diminished size of adipocytes in fat
pads injected with Atg4b shRNA, indicating decreased lipid con-
tent in adipocytes (Fig. 7E and F). In addition, the percentage of
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FIG 5 KIf2 and KIf3 are degraded by autophagy. (A) 3T3-L1 cells were induced to differentiation with or without 3-MA. Cell lysates were collected on the
indicated day for Western blotting using the indicated antibodies. (B) Cell lysates were collected on the indicated days and subjected to Western blotting. (C)
3T3-L1 cells were induced to differentiation in the presence of vehicle (control [Ctrl]), 3-MA, or MG132. Western blotting was then conducted. 3-Catenin serves
as a positive control of proteasome-mediated degradation. (D) 3T3-L1 cells were infected with empty vector or retroviruses expressing human Atg4b (hAtg4b).
The cells then were transfected with siNC, siAtg4b, siAtg4b’ (having one additional Atg4b siRNA), or siC/EBP. Cell lysates were collected on the indicated days
and subjected to Western blotting. (E) 3T3-L1 cells were induced to differentiation with or without 3-MA. The mRNA levels of KIf2 and KIf3 were determined
by RT-qPCR. (F) 3T3-L1 cells were transfected with the indicated siRNAs and induced to differentiation. The mRNA levels of K1f2 and KIf3 were determined by
RT-qPCR. (G) KIf2 and KIf3 were efficiently knocked down by siRNA. (H to K) Knockdown of Klf2 and KIf3 significantly restores adipogenesis upon autophagy
being inhibited. Preconfluent 3T3-L1 cells were transfected with the indicated siRNAs. Cells were then induced to differentiation in the presence or absence of
3-MA. On day 6, cells were subjected to Oil red O staining (H and J) or Western blotting (I and K).

adipocytes in WAT was reduced in Atg4b shRNA-treated fat pads,
suggesting impaired adipocyte differentiation (Fig. 7G).

The high-fat-diet (HFD)-fed C57BL/6] mouse is an obese
mouse model characterized by enhanced adipogenesis. Compared
with the WAT of regular-diet (RD)-fed mice, the elevated level of
C/EBP@, Atg4b, autophagy, PPARYy, and C/EBPa and decreased
level of K1f2/3 were detected in WAT from HFD-fed mice (Fig.

H). These data correlate well with the results described above and
further confirm the important function of autophagy during adi-
pocyte differentiation, which is regulated by C/EBP.

DISCUSSION

C/EBPR is a basic leucine zipper transcription factor involved in a
variety of physiological processes, including metabolism regula-
tion, inflammation, cell differentiation, and proliferation (10, 11,
33, 34). In this study, we identified a novel role of C/EBPfB in
transcriptional control of autophagy during adipocyte differenti-
ation (Fig. 1 and 2). Thus, our data implicate C/EBPf as an im-
portant regulator that orchestrates the activation of autophagy.

Autophagy originally had been considered to be a bulk degra-
dation pathway with little or no selectivity. However, growing
lines of evidence indicate the selectivity of autophagy in sorting
vacuolar enzymes and in the removal of protein aggregates, spe-
cific proteins, unwanted organelles, and microbes (35). p62 is a
substrate degraded by autophagy and has been recently been im-
plicated as a mediator of selective autophagy, which targets the
oncoprotein PML-RARa for autophagic degradation, thereby
promoting myeloid cell differentiation (25). Our work shows that
KIf2 and KIf3 are also the cargos that are to be selectively degraded
by autophagy in a p62-dependent manner.

Encoded by the SQSTM1 gene, p62 is a scaffold and adaptor
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protein that modulates protein-protein interactions. Apart from
its role in regulating autophagy, p62 is also a signaling organizer
that regulates essential cellular functions, such as cell signaling,
receptor internalization, and gene transcription (36). It is re-
ported thatloss of p62 leads to an enhanced basal ERK activity that
is essential for adipocyte differentiation (32). As is known, ERK
activation should be tightly and temporally controlled to ensure
adipogenesis. There are two bursts of ERK activation during adi-
pocyte differentiation. The early increase of ERK activity occurred
within several hours after adipogenic induction, which is pro-
posed to enhance the activity of factors that regulate both PPARy
and C/EBPa expression (37). The second increase of ERK activa-
tion appears on days 2 and 3 after induction, which is thought to
have a negative role in adipogenesis (38). Depletion of p62 by
shRNA affects the early activation of ERK but not its late stimula-
tion, thereby promoting adipogenesis (32). The reason for this
selective effect of p62 is not clear. Transfection of p62 siRNA was
performed at 4 h after induction to avoid the effect of p62 knock-
down on ERK activation (Fig. 6H). In this way, adipogenesis was
inhibited and the degradation of KIf2/3 by autophagy was im-
paired. Thus, p62 plays at least two roles during adipocyte differ-
entiation: restricting the early ERK activity to keep an appropriate
level of adipogenesis and facilitating the removal of some negative
regulators such as KIf2/3 to ensure adipocyte differentiation.
C/EBPB activates the expression of PPARy and C/EBPa by
directly binding to their promoters. Although C/EBP is induced
very early in adipocyte differentiation, the expression of PPARy
and C/EBPa occurs much later. This lag appears necessary, be-
cause PPARYy and C/EBPa are both antimitotic, and their prema-
ture expression would otherwise prevent the mitotic clonal expan-
sion (MCE) required for adipocyte differentiation (8). In our
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FIG 6 P62 mediates the degradation of KIf2 and KIf3 through autophagy. (A and B) 3T3-L1 preadipocytes were transfected with KIf2/3-Myc/His vectors and
induced to differentiation. On the indicated days, cells were collected and the K1f2/3-Myc/His proteins were precipitated with Ni-nitrilotriacetic acid (NTA)
beads, followed by Western blotting. Cells were pretreated with 3-MA for 8 h before collection. Ub, ubiquitin. The whole-cell lysates (WCL) were also subjected
to Western blotting. (C to F) Preconfluent 3T3-L1 cells were transfected with control siRNA or p62 siRNA (siP62-pre). Postconfluence, the cells were induced
to differentiation. (C) The knockdown efficiency of p62 siRNA was confirmed by Western blotting. (D) The activation of ERK (pERK1/2) was detected at the
indicated time point. Oil red O staining (E) and Western blotting (F) were performed on day 6. (G to L) Transfection of p62 siRNA at 4 h after adipogenic
induction (siP62-post) blocked K1f2/3 decline and adipogenesis. The p62 siRNA was transfected 4 h after adipogenic induction (siP62-post), and cell lysates were
collected at the indicated time points for Western blotting (G and H). On day 6, cells were subjected to Oil red O staining (I) and Western blotting (J). (K) Cells
were transfected with GFP-tagged Kl1f2/3 and then treated with the indicated siRNAs. At 60 h after induction, cells were subjected to confocal analyses. In each
analysis, the cells with colocalization between GFP-tagged proteins and LC3 in 50 GFP-positive cells were counted. The results are shown as percentage of cells
with colocalization. (L) The confocal images for panel K are shown. (M and N) 3T3-L1 cells were infected with empty vector or retroviruses expressing wild-type
human p62 (hP62-Wt) or the mutant p62 (hP62-Mt), which lacks the LIR motif (amino acids 321 to 342 of hP62). The cells then were treated with the indicated

siRNAs. On day 6, the cells were subjected to Oil red O staining (M) and Western blotting (N).

work, KIf2 and KIf3, two negative regulators of PPARy and
C/EBPa expression, were shown to be efficiently degraded by au-
tophagy from day 2 to day 4 of 3T3-L1 adipocyte differentiation,
thereby providing a mechanistic explanation for the delayed ex-
pression of PPARy and C/EBPa. It should be noted that no obvi-
ous degradation of KIf2 and KIf3 was observed from day 0 to day 2,
despite the existence of basal autophagic activity during this pe-
riod (Fig. 5B). Our data showed that significant polyubiquitina-
tion of KIf2/3 was detected on day 3, which is in contrast to the low
level of K1f2/3 polyubiquitination on days 0, 1, and 2 (Fig. 6A and
B). The polyubiquitination has been reported to be required for
the binding of autophagy cargos to p62 (30, 39), thereby explain-
ing the delayed removal of K1f2/3.
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Although autophagy plays a pivotal role in adipogenesis, this
does not mean that all of the autophagy-related genes are required
for adipogenesis. For example, our results indicated that knock-
down of either Atg2a or Atg9a had no obvious effect on 3T3-L1
adipocyte differentiation (data not shown), possibly due to func-
tional redundancy by other genes. Before our work, only Atg5 and
Atg7, among the many autophagy-related genes, had been proven
to be essential for adipogenesis (20, 21). In mammalian cells, four
Atg4 homologues have been reported (40), among which Atg4b
has the strongest cysteine proteinase activity for the cleavage of
LC3 precursor (19). Although a critical role of Atg4b in inner ear
development has been reported (41), the involvement of Atg4b
in the development of adipose tissue has not been investigated.
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FIG 7 C/EBPB-regulated autophagy plays an important role in adipogenesis
in vivo. (A) Inguinal white adipose tissue (WAT) from mice was subjected to
ChIP using C/EBP antibody. Enrichment of C/EBP on the promoters of the
indicated genes was analyzed by PCR. One promoter region of PPARy and that
of insulin serve as a positive control and a negative control, respectively. (B to
G) Adenovirus expressing Atgdb shRNA (shAtg4b) was weekly injected sub-
cutaneously adjacent to one side of inguinal fat pad from 4 weeks of age for an
additional 4 weeks. LacZ shRNA (shLacZ) was simultaneously injected at the
contralateral site as a control. (B) Inguinal WAT samples from adenovirus-
treated mice were subjected to Western blotting with the indicated antibodies.
(C and D) A reduction in size and weight was seen in inguinal WAT when
Atg4b was knocked down. The inguinal WAT was dissected and analyzed. %,
P < 0.05. (E) The inguinal WAT was subjected to H&E staining. (F) The size
distribution of adipocytes was analyzed and plotted based on H&E staining.
(G) Isolated cells from WAT were stained with Nile red (used for staining
adipocytes) followed by flow cytometry analysis. *, P < 0.05. (H) Mice fed the
high-fat diet (HFD) have enhanced autophagy and adipogenesis. Inguinal
WAT samples from mice fed the regular diet (RD) or HFD were subjected to
Western blotting using the indicated antibodies.

In this study, specific depletion of Atg4b without affecting the
expression of the other Atg4 family members demonstrates its
important role in autophagy and adipocyte differentiation
(Fig. 3 and Fig. 7). Therefore, Atg4b, like Atg5 and Arg7, is an
important autophagy-related gene involved in the regulation
of adipogenesis.

In summary, the present study describes a direct link between
C/EBP@ and autophagy during adipocyte differentiation. Based
upon the work presented here and previous reports, we propose
the model that is illustrated in Fig. 8. C/EBPf transactivates the
expression of Atgdb to promote autophagy, which mediates the
degradation of Klf2/3 in a p62- and ubiquitination-dependent
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FIG 8 Proposed model of the role of C/EBPB and autophagy in adipocyte
differentiation. Adipogenesis is a process strictly controlled by the interplay of
positive and negative regulators. On one hand, C/EBP transactivates the ex-
pression of Atg4b, which, like other autophagy genes, such as Atg5 and Atg7, is
required for the activation of autophagy. The adipogenic inhibitors K1f2/3
then are degraded by autophagy in a p62- and ubiquitination-dependent man-
ner, thereby relieving the repression of PPARy and C/EBPa« transcription. One
the other hand, C/EBPB directly binds to the promoters of PPARy and
C/EBPa and activates their transcription. These two effects coordinately pro-
mote the expression of PPARy and C/EBPa and facilitate adipogenesis.

manner, thereby relieving the repression of PPARy and C/EBPa
transcription. Meanwhile, C/EBP is involved in the transactiva-
tion of PPARy and C/EBPa. These two effects coordinately pro-
mote the expression of PPARy and C/EBP« and facilitate adipo-
genesis. The findings presented in this study provide new insights
into the role of C/EBPB and shed light on the mechanism of au-
tophagy during adipocyte differentiation. Modulation of this reg-
ulatory pathway may be of therapeutic value for intervening in the
overexpansion of adipose mass, thereby preventing obesity and its
related metabolic complications.
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