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Background: Fam57b was identified as a putative novel PPAR� target up-regulated in adipocytes and adipose tissue.
Results: Fam57b was confirmed as a novel target of PPAR� by reporter and ChIP assays. FAM57B synthesizes ceramides and
inhibits adipogenesis in mouse stromal ST2 cells.
Conclusion: FAM57B regulates adipogenesis through ceramide synthesis.
Significance: This study reveals one of the pleiotropic actions of PPAR� related to ceramide metabolism.

This report identifies a novel gene encoding Fam57b (family
with sequence similarity 57, member B) as a novel peroxisome
proliferator-activated receptor � (PPAR�)-responsive trans-
membrane gene that is related to obesity. The gene was identi-
fied based on an integrated bioinformatics analysis of the
following three expression profiling data sets: adipocyte differ-
entiationofmouse stromal cells (ST2 cells), adipose tissues from
obesity mice, and siRNA-mediated knockdown of Ppar� using
ST2 cells. Fam57b consists of three variants expressed from dif-
ferent promoters and contains a Tram-Lag1-CLN8 domain that
is related to ceramide synthase. Reporter and ChIP assays
showed that Fam57b variant 2 is a bona fide PPAR� target gene
in ST2 cells. Fam57b was up-regulated during adipocyte differ-
entiation, suggesting that FAM57B is involved in this process.
Surprisingly, FAM57B overexpression inhibited adipogenesis,
and siRNA-mediated knockdown promoted adipocyte differen-
tiation. Analysis of the ceramide content by lipid assay found
that ceramides were in fact augmented in FAM57B-overex-
pressing ST2 cells. We also confirmed that ceramide inhibits
adipogenesis. Therefore, the aforementioned results of
FAM57B overexpression and siRNA experiments are recon-
ciled by ceramide synthesis. In summary, we present in vitro
evidence showing that PPAR� regulates Fam57b transcription
during the adipogenesis of ST2 cells. In addition, our results
suggest that PPAR� activation contributes to the regulation of
ceramide metabolism during adipogenesis via FAM57B.

Metabolic syndrome, which is characterized by abdominal
visceral obesity and dyslipidemia, increases the risk of type 2

diabetes and cardiovascular disease through chronic systemic
inflammation and insulin resistance (reviewed in Refs. 1 and 2).
Obese adipose tissue secretes increased levels of proinflamma-
tory adipokines, including tumor necrosis factor � (TNF�) (3),
monocyte chemoattractant protein-1 (MCP-1) (4, 5), and inter-
leukin-6 (IL-6) (6, 7) as well as plasminogen activator inhibi-
tor-1 (PAI-1) (8). On the other hand, obese adipose tissue has
decreased secretion of anti-inflammatory factors, such as adi-
ponectin, resulting in chronic inflammation.
PPAR� is a member of the nuclear receptor family and is a

well known master regulator of adipocyte differentiation
(9–11), which has been demonstrated both in vitro and in vivo
(12). PPAR� is also a target of the insulin-sensitizing synthetic
ligand thiazolidinedione class of drugs, including rosiglitazone
and pioglitazone (13). These chemicals decrease the expression
of insulin resistance-inducing adipokines, such as TNF-�, IL-1,
and resistin, and increase the production of the insulin-sensi-
tizing hormone, adiponectin (14, 15). Unfortunately, however,
these PPAR� agonists also have adverse effects, such as body
weight gain, liver dysfunction, and an increased risk of heart
failure (16). Thus, it is important to identify new targets of
PPAR� that offer a new pathway for the pleiotropic action of
PPAR�. These specific targets may provide new therapeutic
options to enhance the beneficial effects of PPAR� or decrease
the side effects of PPAR�. Therefore, the objective of this study
was to identify PPAR� target genes with particular emphasis on
secretory or transmembrane genes that are related tometabolic
syndrome or obesity.
To this end, we performed a gene expression analysis of adi-

pose tissue in obese versus leanmice.We chose genes that were
up-regulated more than 2-fold in obese mice relative to lean
mice and that overlapped with genes up-regulated in ST2 cells
during adipogenesis. We further narrowed down the genes by
selecting those that were down-regulated in ST2 cells treated
with Ppar�-targeting siRNA (siPpar�). As a result, we identi-
fied 14 genes and ultimately focused on a novel gene, Fam57b
(family with sequence similarity 57,member B) and analyzed its
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function in detail. Interestingly, FAM57B has a Tram-Lag1-
CLN8 (TLC)3 domain that is related to acyl-CoA-dependent
ceramide synthase (17), and this domain is present in ceramide
synthases (CERS1 to CERS6) (18–23).
Ceramide functions as a second messenger in a variety of

cellular events, including apoptosis and differentiation (24, 25).
The ceramide levels in cells depend on the balance between the
rate of ceramide synthesis and degradation. Ceramide is either
produced by hydrolysis of sphingomyelin by neutral and acid
sphingomyelinase (26) or synthesized de novo by serine palmi-
toyltransferase, followed by ceramide synthase. We hereby
identified a novel PPAR� target gene, Fam57b, analyzed its
function in vitro, and ultimately demonstrated that FAM57B
interferes with adipogenesis by augmenting ceramide
synthesis.

EXPERIMENTAL PROCEDURES

Materials—D-erythro-Sphinganine, fumonisin B1, and C20-
ceramide were obtained from Cayman Chemical Co. C18-cer-
amide was from Toronto Research Chemicals (Ontario,
Canada). C2- and C6-ceramide, palmitoyl-CoA(C16:0), stearo-
yl-CoA(C18:0), and diacylglycerol kinase were purchased from
Sigma-Aldrich, whereas arachidoyl-CoA, behenoyl-CoA (C22:
0), lignoceroyl-CoA (C24:0), and hexacosanoyl-CoA (C26:0)
were obtained from Avanti Polar Lipids (Alabaster, AL), and
defatted bovine serum albumin was purchased from British
BioCell International, Ltd. (Cardiff, UK). SYBR Green PCR
master mix and BioScript reverse transcriptase were obtained
from Applied Biosystems (Bedford, MA) and Bioline (London,
UK), respectively. pGL4.10, pGL4.74, and the Dual-Luciferase
reporter assay system were from Promega Corp. (Madison,

WI). Restriction enzymes and DNA-modifying enzymes were
from either Takara Bio (Otsu, Japan) or New England Biolabs
(Beverly, MA). The anti-FLAG monoclonal antibody (clone
M2) and 3� FLAG peptide were from Sigma-Aldrich. Silica gel
60 thin layer chromatography plate was fromWhatman (Kent,
UK). All solvents were of analytical grade and were purchased
from Nacalai Tesque (Kyoto, Japan). Oligonucleotides were
synthesized by Sigma-Aldrich and Invitrogen. [�-32P]ATP was
obtained from PerkinElmer Life Sciences.
Expression Microarray Analysis—Total RNA was extracted

from the adipose tissue ofmice fed a normal diet (CE-2) or high
fat diet (HFD32) (Clea, Tokyo, Japan) using a Nucleospin RNA
II isolation kit (Macherey-Nagel, Düren, Germany) according
to the manufacturer’s instructions. Biotin-labeled cRNA was
synthesized as recommended by theAffymetrix guidelines. The
labeled samples were hybridized to Affymetrix GeneChip
Mouse Genome 430 2.0 arrays according to the manufactur-
er’s protocol. Scanning and intensity data analysis were per-
formed as described previously (27). The raw data are pub-
licly available at Gene Expression Omnibus (see the National
Institutes of Health Web site) by accession number
GSE36492. The data sets of ST2 cell adipocyte and siPpar�-
treated ST2 cell adipocyte are publicly available at the
Genome network platform (see the National Institute of
Genetics (Japan) Web site).
Molecular Cloning—Mouse cDNA was used as a template to

amplify Fam57b variants 1, 2, and 3 as well as the Cers2 open
reading frame. A FLAG epitope was introduced at the 3� termi-
nus ofmouse Fam57b by PCR. ThePCRproductwas cloned into
thepGcDNAsamIRES-EGFP retroviral vector (kindly providedby
Masafumi Onodera (NCCHD, National Institutes of Health), and
EGFP was deleted from FAM57B-pGcDNsamIRES-EGFP retro-
viral vectors using the ClaI and XhoI restriction enzymes. The
primers used to generate the retroviral vector are described in
Table 1.

3 The abbreviations used are: TLC, Tram-Lag1-CLN8; CERS, ceramide syn-
thase; PPRE, PPAR�-responsive element; qPCR, quantitative real-time PCR;
qRT-PCR, quantitative real-time RT-PCR; FB1, fumonisin B1; EGFP,
enhanced green fluorescent protein.

TABLE 1
Primers used for subcloning

Primer Sequence

pGcDNsam retrovirus cloning
Fam57b_var1Fw 5�-gctctgagaagcggccgccatgcttaccccaatggtggctgggg
Fam57b_var2Fw 5�-gctctgagaagcggccgccatggccctgctcttcctgctg
Fam57b_var1(No tag)_Rv 5�-acgtcgactcagtcctgggtctgacaaggagagggtg
Fam57b_var3Fw 5�-gctctgagaagcggccgccatggcctccacagctggc
Fam57b_var1,2,3(FLAG)_Rv 5�-cgggatccgtcctgggtctgacaaggagagggtg
pCMV5aFLAG_Rv 5�-cgggatccctacttgtcatcgtcgtccttgtaatc
pCMV5aNotag_Rv 5�-ttccgcggccgctactcgagacgtcgacctacttgtcatcgtcgtccttgtaatc
Cers2_Fw 5�-gctctgagaagcggccgccatgctccagaccttgtatgactac
Cers2_Rv 5�-ttccgcggccgctatggccgacgtcgactcagtcattcttaggatgattgttattgagg
Cers2FLAG_Rv 5�-cgggatccgtcattcttaggatgattgttattgagg

pGL4.10 luc2 cloning
Fam57b_pro1(PPRE) Fw1 5�-tggcctaactggccggtaccttctgaggaccagacgaggt
Fam57b_pro3(PPRE)Fw3 5�-ggggtaccctgggggtaattcagtggtg
Fam57b_pro5(PPRE)Rv 5�-gaagatctctgcgtggaggattagatgtg
Fam57b_pro4(PPERE)Rv2 5�-gaagatctctgctggggttaaaggtgagt
Fam57b_pro3(PPRE)Rv3 5�-gaagatctcccgattgtcactggaacctt
Fam57b_pro2( PPRE)Rv4 5�-gaagatctcccaggtccacagctacacag
Fam57b_pro2(PPRE)del Fw 5�-cagtactctgggctgggggtaattc
Fam57b_pro2(PPRE)del Rv 5�-agcccagagtactgactgtcccttc
Fam57b_pro2(PPRE) mut1Fw 5�-agtacttttataaagttaactgggctggg
Fam57b_pro2(PPRE) mut1Rv 5�-ctttataaaagtactgactgtcccttc
Fam57b_pro2(PPRE) mut2Fw 5�-gagaaattaaactgggctgggggtaattc
Fam57b_pro2(PPRE) mut2Rv 5�-ccagtttaatttctcccagtactgactg
Fam57b _pro2-5_Fw 5�-cggtacccagtggtgaaccaccacac
Fam57b_pro2_5_Rv 5�-caccactgggtaccggccagttaggc
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Cell Culture and Infection—Mouse bone marrow-derived
stromal cell line ST2 cells were obtained from the RIKEN
BioResource Center (Tsukuba, Japan) and cultured as
described previously (28). ST2 cells were grown in RPMI 1640
medium. 293FT cells, Plat-E cells (kindly provided by Toshio
Kitamura (Institute of Medical Science)) and NIH3T3 cells
were grown in Dulbecco’s modified Eagle’s medium (with high
glucose, L-glutamine, sodium pyruvate, and pyridoxine hydro-
chloride). All media were supplemented with 10% fetal
bovine serum (FBS), 100 IU/ml penicillin, and 100 IU/ml
streptomycin. 293FT cells were cultured in medium supple-
mented with 500 �g/ml G418, and the culture medium for
Plat-E cells was supplemented with 10 �g/ml blasticidin, 1
�g/ml puromycin, and MEM non-essential amino acids. The
media and FBS were purchased from Nacalai Tesque and JRH
BIO (St. Louis, MO), respectively. Cells were cultured at 37 °C
with 5% CO2. Viruses were prepared as described previously
(29). Briefly, Plat-E cells were transfectedwith amixture of viral
plasmids, and themediumwas replaced 24 h post-transfection.
The viral supernatants were collected at 48, 72, and 96 h and
then filtered. ST2 cells were incubated with the viral superna-
tants for 24 h, after which the cells were cultured in normal
medium and then induced to undergo adipocyte differentiation
3 days after infection.
Adipogenic Differentiation—The adipogenic differentiation

of ST2 cells was induced by changing the medium to differen-
tiationmedium supplemented with 0.5 mM 3-isobutyl-1-meth-
ylxanthine, 0.25 �M dexamethasone, and insulin-transferrin-
selenium-X supplement containing 5 �g/ml insulin
(Invitrogen). For ST2 cells that were treated with siRNA or
transduced with retrovirus to overexpress FAM57B, 1 �M and
0.1 �M rosiglitazone, respectively, was also added to the
medium. After 48–72 h, the differentiation medium was
replaced with normal culture medium.
Effects of Ceramide on Differentiating ST2 Cells—ST2 cells

were differentiated into adipocytes using an adipogenic hormo-
nal mixture containing 5, 10, or 25 �M C6-ceramide, 20 or 25

�MC18-ceramide, and 7 or 15 �MC20-ceramide. C6-ceramide
was solubilized in 100% ethanol, whereas C18- and C20-cer-
amides were solubilized in a 2% dodecane-EtOH solution as
described previously (30). Ethanol and dodecane-EtOH were
added to the control samples to adjust the concentration to each
corresponding sample. On day 6, Oil Red O staining was per-
formed to evaluate lipid accumulation in differentiating ST2 cells.
ChIP-Quantitative Real-time PCR (qPCR) Analysis—ChIP was

performed as previously described (31). ST2 cells were allowed to
differentiate into adipocytes and then fixed at 2 and 6 days post-
differentiation. Undifferentiated samples were also prepared and
analyzed at 6 days. An anti-PPAR� antibody (Santa Cruz Biotech-
nology, Inc. (SantaCruz,CA) andPPMX(Tokyo, Japan))wasused
for theChIP assays. TheChIP samples were analyzed by real-time
PCR using the primer indicated in Table 2. The results were nor-
malized to cyclophilin levels in control DNA and presented as
-fold enrichment of the PPAR� binding region.
Luciferase Reporter Assay—The Fam57b variant 2 promoter

regions were cloned by PCR from themouse genome (Table 1),
and the cloned fragments were ligated into the promoterless
plasmid pGL4.10 harboring the firefly luciferase gene. NIH3T3
cells were co-transfectedwith the firefly luciferase reporter vec-
tors, expression vectors, and the internal control Renilla lucif-
erase vector pGL4.74 using Lipofectamine 2000 (Invitrogen).
At 24 h post-transfection, the cells were induced with 1 �M

rosiglitazone for 24 h. The luciferase activity was measured
using a Wallac 1420 multilabel counter (ARVO) (PerkinElmer
Life Sciences). These experiments were performed more than
three times.
Electrophoretic Mobility Shift Assay (EMSA)—EMSA was

performed as described previously (32). DNA probes were pre-
pared by end-labeling double-stranded oligonucleotides with
T4 polynucleotide kinase and [�-32P]ATP (6000Ci/ml). For the
second PPRE of Fam57b variant 2 (var2), wild type (WT) and
mutant type 1 (mut1) sequences were prepared. The oligonu-
cleotides used in this study are listed in Table 3. Two micro-
grams of nuclear extract frompreadipocyte or adipocyte-differ-

TABLE 2
Primers used for quantitative real-time PCR

Forward Reverse

ChIP-qPCR
Fam57b_var2_1 5�-tggcctaactggccggtaccttctgaggaccagacgaggt 5�-aagatggagacgggaggact
Fam57b_var2_2 5�-aaacgtatttctgtggctcc 5�-taagatccgattgtcactgg
Fam57b_var1_1 5�-aagagaagagccatcctttcc 5�-gggaggcccttaaagagaca
Fam57b_var1_2 5�-tgcatcttcctcctcctgtc 5�-gacagagcgctggtgagag
Fam57b_var3_1 5�-cgagagttcagcccctctct 5�-atgaggtccaaggagggaag
Fam57b_var3_2F 5�-caaggggcaagactgtgttt 5�-cttaccatggccctcttcct

mRNA qRT-PCR
Fam57b_c2 5�-ggctacctgcacaaggagtt 5�-aatctcccttgccttgtcg
Fam57b_var1(a) 5�-cccggactcttcctcctatc 5�-gcttggacagaggacaccaa
Fam57b_var2(a) 5�-ctgcagaatcgaaccagctt 5�-atgatggcttggacagagga
Fam57b_var3(a) 5�-agacgcacacctgattgtca 5�-cagccagtgctggtcatcta
Fam57b_var2(b) 5�-ctgctggggtgtgtcttctt 5�-cttgcctctccatccgtaag
Fam57b_var1(b) 5�-tgcatcttcctcctcctgtc 5�-gacagagcgctggtgagag
Cers2 5�-cgagatgctccagaccttgt 5�-tgtcttctagatcagcccaggt
Cers4 5�-tgcgatgctctcttcatcat 5�-cccgagttcttgatggagtc
Cers5 5�-catgccatctggtcctacct 5�-catcactgcggtcatcctta
Cers6 5�-gggttgaactgcttctggtc 5�-tcaatgtcactccggtcatc
PPAR�2 5�-atgggtgaaactctgggaga 5�-gagctgattccgaagttggt
Adipoq 5�-gatggcactcctggagagaa 5�-gcttctccaggctctccttt
Glut4 5�-gacggacactccatctgttg 5�-gccacgatggagacatagc
Plin1 5�-tgctggatggagacctc 5�-accggctccatgctcca
Gapdh 5�-tggagaaacctgccaagtatg 5�-ggagacaacctggtcctcag

Role of FAM57B in Adipocyte Differentiation

4524 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 7 • FEBRUARY 15, 2013



entiated ST2 cells were used for the binding reaction. After the
binding reaction, the supershift assay was performed by adding
0.2�g of amousemonoclonal anti-PPAR� antibody (E8) (Santa
Cruz) or 0.2�g of amouse control IgG (Santa Cruz Biotechnol-
ogy, Inc.) for 20 min before loading the DNA-protein complex
on a 6% native acrylamide gel in 0.5� TBE buffer.
Isolation of Total RNA and Quantitative Real-time RT-PCR

(qRT-PCR)—Total RNAwas isolated and qualified as described
previously (33). Gene expression level was measured by qRT-
PCR as previously described (28). The sequences of the forward
and reverse primers used to amplify each gene are described in
Table 2.
siRNA-mediated Knockdown of Fam57b—siRNAs targeting

themouse Fam57b transcript were purchased from Invitrogen.
Negative Universal Control Med#2 (Invitrogen, catalog no.
12935-112) was used as a negative control, and siPpar� was
from IDT (Coralville, IA). The siRNA sequences for Fam57b
are described in Table 4. For siRNA transfection, a complex of
Lipofectamine 2000 and 20 nM siRNA was prepared according
to the manufacturer’s instructions and directly mixed with
6.4 � 104 cells in 24-well culture plates. The medium was
replaced at 4–6 h post-transfection with fresh differentiation
medium (adipogenic induction medium).
Lipid Assay—Lipid accumulation in adipocytes was detected

based on Oil Red O staining, and the triglyceride content in
adipocytes was determined as described previously (33, 34).
ST2 cells differentiated into adipocytes with overexpressed
FAM57B or with Fam57b siRNA at day 6 were fixed or
extracted for further lipid assays. The ceramide content of ST2
adipocytes was determined as described previously (35). Lipids
were extracted using the Bligh Dyer method, and then the cer-
amide content was measured using the diacylglycerol kinase
method. The ceramide content was normalized to the protein
levels. The extracted lipids were labeled with 32P, converting
the ceramide to ceramide 1-phosphate, and then separated by a
thin layer chromatography plate using the following solvents:
chloroform/acetone/methanol/acetic acid/water (30:12:9:6:3).
The signals were counted with a BAS5000 imaging analyzer
(FUJIFILM, Tokyo, Japan). A sphingomyelinase assay was per-
formed using a sphingomyelinase assay kit (Cayman Chemical)
according to the manufacturer’s instructions. Briefly, total
sphingomyelinase activity was analyzed using ST2 cells overex-
pressing FAM57B, the same conditions as for the ceramide
content analysis. All experiments were performed at least three
times.

Ceramide Synthase Activity Assay—This assay was per-
formed as described previously (20). Differentiated ST2 cells
overexpressing FAM57B-FLAG or 293FT cells that had been
transiently transfected with FAM57B-FLAG were washed with
PBS and harvested from culture dishes using a cell scraper.
After centrifuging for 4 min at 150 � g, the cell pellets were
homogenized in 20 mM HEPESKOH, pH 7.4, 25 mM KCl, 250
mM sucrose, and 2 mM MgCl2 containing a protease inhibitor
mixture (Nacalai Tesque), and the protein levels were mea-
sured. An anti-FLAGantibodywas used to pull downFAM57B-
FLAG from lysates of ST2 cells or 293FT cells overexpressing
FAM57B-FLAG. The bound FAM57B-FLAG protein was
released with 3� FLAG peptide according to the manufactur-
er’s instructions. Homogenates (500 �g of protein/ml) or puri-
fied protein (5�g of protein) were incubated with 15�M sphin-
gosine, 20 �M defatted-bovine serum albumin with or without
20 �M fumonisin B1 (FB1) for 5 min at 37 °C. The reaction was
initiated by adding either 50�Mpalmitoyl-CoA (C16), stearoyl-
CoA (C18), or arachidoyl-CoA (C20) and then incubated for 1 h
at 37 °C. Lipids were extracted, subjected to the diacylglycerol
kinase assay, and analyzed as described above, except for the
following change in the developing solvent system: CHCl3/ac-
etone/MeOH/HOAc/H2O (50:30:10:6:3). These experiments
were performed more than three times.
Animals—All mice used in this study were maintained and

handled according to protocols that were approved by the Ani-
mal Research Committee of Saitama Medical University.

RESULTS

Fam57bWas Identified as a Novel PPAR� Target Gene Using
a Computational Analysis—To explore novel PPAR� target
genes encoding secretory or transmembrane proteins that
could represent new therapeutic targets, we performed an inte-
grative analysis of three gene expression profile data sets: 1) ST2
cell-derived adipocytes during the course of differentiation at 0,
1, 2, 3, 4, 5, 6, 8, 10, 12, and 14 days; 2) adipose tissue obtained
frommice fed a high fat diet and a normal diet as a control; and
3) ST2 cells treated with siPpar� during adipogenesis and
examined on day 5. A total of 642 genes were up-regulated in
adipose tissue derived from mice fed a high fat diet compared
with the control, 2300 were up-regulated in ST2 cell-derived
adipocytes, and 517 genes were down-regulated in siPpar�-
treated ST2 cells. Of these, 24 genes overlapped across the three
data sets, and ultimately 14 genes were extracted as secretory or
transmembrane genes using the signal peptide (SP) or trans-

TABLE 3
Oligonucleotides used for EMSA

Forward Reverse

aP2PPRE 5�-cttcttactggatcagagttcactagtgg 5�-ttccactagtgaactctgatccagtaaga
Fam57b2up_PPRE2wt 5�-cacagtactgggagaaagttaactgggctg 5�-cccagcccagttaactttctcccagtactg
Fam57b2up_PPRE2mt1 5�-cacagtacttttataaagttaactgggctg 5�-cccagcccagttaactttataaaagtactg

TABLE 4
siRNA sequences

Forward Reverse

siFam57b-A 5�-uauaggccgaggacagccagugcug 5�-cagcauggcuguccucggccuaua
siFam57b-B 5�-ucaacaugcagccuagaaagaaauc 5�-gauuucuuucuaggcugcauguuga
siFam57b-C 5�-uuaaccuggugcuugugccaguggc 5�-gccacuggcacaagcaccagguuaa
siPpar� 5�-aucuaauuccagugcauugaacuucac 5�-gaaguucaaugcacuggaauuagat
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membrane hidden Marcov method (Tmhmm) program (Fig.
1A and Table 5). Four of these genes were previously identified
as PPAR� targets (Dio2, Abcg1, Pnpla2, and 1100001G20Rik)
(36–38), five have been linked to lipid metabolism (Scd2,
Abcg1, Pnpla2, Mosc1, and Dhcr7) (39–41), two have been
related to inflammatory cells (Ltc4s and Cd53) (42, 43), and
three have been identified as transmembrane proteins (Ly6h,
Trfr2,Cd53, andClstn3) (44–46). Because Fam57b has neither
been functionally characterized nor previously reported but
contains an interesting domain, the TLCdomain, that is related
to lipid metabolism (Fig. 1C) (47), we focused on this gene and
performed a detailed characterization. LAG1 was first identi-
fied in yeast as essential for fatty acyl-CoA-dependent ceramide
synthesis (17). Fam57b consists of three variants (variant 1
(var1), NM_029978.1; variant 2 (var2), NM_026884.1; variant 3
(var3), NM_001146347.1) that use different promoters (Fig. 1B)
and have different N-terminal sequences but share a common
TLCdomain (Fig. 1C). Variant 3 has five whereas variants 1 and
2 have six putative transmembrane regions that were predicted

using SOSUI (48). Variants 2 and 3 were experimentally shown
to localize at the ER, whereas variant 1 localized at the Golgi
(data not shown), which is consistent with the prediction that
FAM57B is a transmembrane protein.
Expression Analysis of the Three Fam57b Variants—We ana-

lyzed the gene expression profile of the Fam57b variants in ST2
cells during adipogenesis as well as in different tissues and adi-
pose tissue derived fromobese or leanmice using qRT-PCR.All
three Fam57b variants were up-regulated in ST2 and 3T3L1
cells during adipogenesis (Fig. 2,A and B). An analysis of differ-
ent tissues showed a distinct expression profile for each variant
across different tissues (i.e. variant 1 was highly up-regulated in
the brain, whereas variant 2 was highly expressed in the testis
and adipose tissue) (Fig. 2D). Interestingly, only variant 2 was
expressed at higher levels in the adipose tissue of epididymal fat
fromobesemice comparedwith leanmice. Theexpression levels
of variants 1 and 3 were significantly less in obesemice compared
with lean mice (Fig. 2E). Thus, it is likely that FAM57B variant 2
has an important role in adipose tissue of obese mice.

FIGURE 1. Screening of PPAR� target genes that regulate metabolic disease. A, we performed an expression analysis of genes under the following three
conditions: 1) genes that were up-regulated more than 2-fold in adipose tissue from mice that were fed a high fat diet (HFD) compared with a normal diet as
a control (ND), 2) genes up-regulated in ST2 cells that had undergone adipogenesis, and 3) genes down-regulated in ST2 cells that had been treated with siRNA
targeting Ppar� and undergone adipogenesis. The number in the Venn diagram represents the number of probes on the microarray. There were 14 common
genes that contained a signal sequence and/or transmembrane region (which was screened with the signal peptide (SP) and transmembrane hidden Marcov
method (Tmhmm) programs) as shown in Table 5. B, the structures of three variants of the Fam57b gene. The last four exons are common exons in these three
variants. �1, transcription start site. C, the common amino acid sequence of the three FAM57B variants is indicated with a star below each amino acid, in which
the lined amino acid sequence indicates the TLC domain. The sequences were obtained from the NCBI Web site.

TABLE 5
The 14 genes extracted by the expression array based on an integrated analysis

Gene symbol Accession number Description

Dio2 NM_010050 Type II iodothyronine deiodinase
Clstn3 NM_153508 Calsyntenin-3 precursor
Ltc4s NM_008521 Leukotriene C4 synthase
Ly6h NM_011837 Lymphocyte antigen 6H isoform a precursor
Abcg1 NM_009593 ATP-binding cassette sub-family G member 1
Scd2 NM_009128 Acyl-CoA desaturase 2
Pnpla2 NM_001163689 Patatin-like phospholipase domain-containing protein 2 isoform 1
Mosc1 NM_001081361 MOSC domain-containing protein 1, mitochondrial
Lamb3 NM_008484 Laminin subunit �-3 precursor
Trfr2 NM_015799 Transferrin receptor protein 2
Cd53 NM_007651 Leukocyte surface antigen CD53
1100001G20Rik NM_183249 WDNM1-like protein precursor
Dhcr7 NM_007856 7-Dehydrocholesterol reductase
Fam57b NM_026884 Family with sequence similarity 57, member B
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Fam57b Variant 2 Is a Bona Fide Novel Target of PPAR�—
Because Fam57b was identified as a down-regulated gene in
siPpar�-treated cells, which suggests that Fam57b is a direct
target of PPAR�, we validated whether Fam57b is directly reg-
ulated by PPAR�. An in silico analysis showed that PPAR�-
responsive elements (PPREs) are located near the promoter
regions of all Fam57b variants (indicated with arrows in Fig.
3A). To further determine whether these PPREs are regulated
by PPAR�, we performed ChIP-qPCR for the three variants
using two primer sets for each variant (as shown in Fig. 3A, in
which the PCR primer site is indicated with a heavy black line;
see also Table 2 for primer information). Unexpectedly, the
ChIP-qPCR analysis of ST2 cells during adipocyte differentia-
tion demonstrated that only the promoter region of variant 2

was enriched by PPAR� as much as �20-fold compared with
the input, as was Fabp4 (fatty acid-binding protein (ap2)) by
�50-fold (Fig. 3B). These results indicate that variant 2 was
occupied by PPAR� in adipocytes on days 2 and 6 post-differ-
entiation but not in preadipocytes. Next, we performed a
reporter assay with the promoter of Fam57b variant 2, which
contained five candidate PPRE sequences. We cloned the pro-
moter region of Fam57b variant 2 containing five PPREs into
the pGL4.10 vector, and subcloneswith various deletions in this
promoterwere prepared (Fig. 4A). The luciferase reporter assay
demonstrated that the construct containing five PPREs
(pro1–5) showed up-regulation of luciferase activity by rosigli-
tazone. The luciferase activity was up-regulated as long as the
second PPRE was present in the constructs (pro1–4, pro1–3,

FIGURE 2. Expression profiling of Fam57b in ST2 adipogenesis and mouse different tissues. A, samples were harvested on the indicated days after
adipogenic induction, and total RNA was extracted and analyzed by real-time RT-PCR with primers targeting a common sequence (indicated by Fam57b_c2)
and variant-specific sequences (indicated by Fam57b_var1, -2, and -3). As a control, samples left uninduced were also analyzed by qRT-PCR using the common
sequence primers (Fam57b_c2(C)). B, 3T3L1 cells were differentiated into adipocytes, and samples were harvested on the indicated days. Total RNA was
extracted and analyzed for Fam57b expression using common primers (Fam57b_c2) as well as specific primers for variants 1 and 2 (Fam57b_var1 and
Fam57b_var2). C, ST2 cells were induced with rosiglitazone instead of a total adipogenic mixture and analyzed on the indicated days of differentiation. The
mRNA expression of three Fam57b variants was analyzed by real-time RT-PCR as indicated above. D, the expression of the Fam57b variants in normal tissues
from C57bBL/6J mice was analyzed by real-time RT-PCR with variant-specific primers. BAT, brown adipose tissue; WAT, white adipose tissue; AdreG, adrenal
gland; CortB, cortical bone; Calv, calvaria; BM, bone marrow. E, the expression of the Fam57b variants was examined in adipose tissue derived from obese mice
induced by a high fat diet (HFD), and from mice fed a normal diet (ND). Two different primers were used for variants 1 and 2 (a and b). Results are the means �
S.D. (error bars) (n � 3). *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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pro1–2, and pro2–5). Thus, only the construct with pro3–5,
lacking the second PPRE, resulted in luciferase not being acti-
vated by rosiglitazone (Fig. 4B), suggesting that the second
PPRE is the critical site targeted by PPAR� in response to
rosiglitazone. To confirm this finding, we constructed two
mutants of the second PPRE (mut1 andmut2) and one deletion
of the second PPRE in the construct pro1–5 (Fig. 4A). An anal-
ysis using these constructs demonstrated that luciferase activity
was not up-regulated by rosiglitazone (Fig. 4C), indicating that
a novel PPRE sequence in Fam57b variant 2, GGGAGAAAGT-
TAA (second PPRE at �132 to �120 bp) (WT) was targeted
directly by PPAR�. To further determinewhether PPAR� binds
directly to this sequence,we performedEMSA.As shown in Fig.
4D, a specific DNA-binding activity was detectable with the
WT PPRE sequence from the Fam57b variant 2 and ap2 PPRE
as probes when adipocyte nuclear extracts (Ad NE) were used
(lanes 5 and 7). DNA-binding activity was not detected using
preadipocyte nuclear extracts (PreadNE) (lanes 2 and 4).When
either preadipocyte or adipocyte nuclear extracts were used, a
distinct mobility shift in radioactivity with a mutant PPRE
probe (mut1)was detectable (lanes 3 and 6, respectively), which
is indicative of nonspecific DNA-binding activity. The DNA-
binding activity withWT PPRE in lane 5was supershifted with
an anti-PPAR� antibody (lane 9), indicating that PPAR� binds
directly to this second PPRE.
Overexpressing or Knocking Down FAM57B in ST2 Cells

Affects Adipocyte Differentiation—Because Fam57b is up-reg-
ulated during adipogenesis, we hypothesized that FAM57B
promotes adipogenesis. To verify the in vitro effects of FAM57B
on adipogenesis, we cloned three Fam57b variants with and
without a C-terminal FLAG tag in a retroviral vector (with
IRES-EGFP) and then overexpressed these variants in ST2 cells

and assessed the effect on day 6 after adipocyte differentiation.
The expression of each FAM57B-FLAGvariant (var1F, -2F, and
-3F) in ST2 cells was confirmed byWestern blotting on day 6 of
adipocyte differentiation (Fig. 5A).
Surprisingly, ST2 cells overexpressing FAM57B variants 1

and 2 exhibited strongly decreasedOil RedO staining (Fig. 5B).
This staining pattern was also observed using FLAG-tagged
var1F and var2F FAM57B (data not shown). Further analysis
demonstrated that the triglyceride content and mRNA expres-
sion levels of mature adipocyte markers, notably Ppar�2, adi-
ponectin (AdipoQ), perilipin 1 (Plin1), and glucose transporter
4 (Glut4), were all decreased (Fig. 5, C and D). Overexpressing
variant 3 (var3 and var3F) did not result in significant changes
in the triglyceride content, Oil Red O staining, or expression
level of mature adipocyte markers (Fig. 5, B–D).
Next, we knocked down Fam57b using three sets of siRNAs

(A, B, and C) targeting a common sequence within the Fam57b
variants (Fig. 1B). As shown in Fig. 6A, the knockdown effi-
ciency of each siRNA varied from �70 to 90% on day 2 post-
transfection. The Oil Red O staining was slightly increased in
ST2 cells treated with each Fam57b siRNA compared with the
negative control (Fig. 6B). We further confirmed that the tri-
glyceride content (Fig. 6C) and the expression of adipocyte
markers Ppar�2, AdipoQ, Plin1 (also a lipid droplet marker),
and Glut4 were all up-regulated (Fig. 6D).
Overexpressing FAM57B Augments the Total Ceramide Con-

tent in ST2 Cells—FAM57B variants have a TLC domain that is
related to ceramide synthase. On the one hand, it is reported
that C6-ceramide inhibits adipogenesis using D1 cells (49);
here, we confirmed that C6-ceramide also inhibited adipogen-
esis in ST2 cells (Fig. 7, A and B). Because overexpressing
FAM57B variants 1 and 2 suppressed adipogenesis, we hypoth-
esized that FAM57B could be involved in ceramide synthesis.
To evaluate this hypothesis, we analyzed the ceramide content
of ST2 cells that were differentiated into adipocytes with each
FAM57B variant overexpression. As expected, overexpressing
variants 1 and 2, but not variant 3, resulted in an increase in the
total ceramide levels (Fig. 7C). siRNA-mediated knockdown of
Fam57b, however, did not decrease the ceramide content
(Fig. 7D, left panel). We considered that this is because other
ceramide synthases, such as CERS isoforms 1–6, could func-
tion in a compensatory manner to maintain constant cer-
amide levels. We confirmed that the mRNA expression lev-
els of Cers2, -4, -5, and -6 (Cers isoforms that were detectable
in ST2 cells) were significantly increased by siFam57b (Fig.
7E). Therefore, we repeated the knockdown experiment
using FB1, an inhibitor of ceramide synthase, to reduce the
effects of other CERS isoforms. FB1 was added 5 days after
siFam57b treatment and the induction of adipogenesis, and
the ceramide levels weremeasured on day 6. As expected, the
addition of FB1 decreased the ceramide levels with siFam57b
treatment (Fig. 7D), indicating that FAM57B has ceramide
synthesis activity.
FAM57B Has Ceramide Synthase Activity—We first exam-

ined if the increase in ceramide by overexpressing each of the
FAM57B variants attributed to the increase inCers or increased
sphingomyelinase activity.

FIGURE 3. PPAR� targets a promoter-proximal site of the Fam57b variant
2. A, the predicted PPRE sequence sites are indicated with arrows on each
Fam57b promoter, and heavy lines indicate the PCR amplicons used for ChIP-
qPCR, whose numbers correspond to those indicated in Table 2. B, ST2 cells
that were induced into adipocytes for 2 and 6 days (A2d and A6d, respectively)
as well as uninduced cells were analyzed by ChIP-qPCR as indicated. Fabp4
was used as a positive control, and the promoter site of each Fam57b variant
was examined. Results are means � S.D. (error bars) (n � 3); **, p � 0.01. �1,
transcription start site.
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There were no differences in the mRNA levels of Cers iso-
form 2, 5 or 6, although Cers4 mRNA was down-regulated, in
ST2 cells overexpressing each FAM57B variant compared with
the control (Fig. 8A). There were also no differences in the total
sphingomyelinase activity (Fig. 8B). Therefore,we further exam-
ined if theFAM57Bproteinhasceramide synthaseactivity. Invitro
ceramide synthesis was assessed using fatty acyl-CoA with differ-

ent acyl chain lengths, including C16, C18, C20, and C22, as sub-
strates. We used CERS2 as a positive control, which uses mainly
C20, C22, and C24 as substrates. The ceramide synthase assay
using extracts of ST2 cells overexpressing each FAM57B variant
(var1, -2, and -3) showed that overexpressionofFAM57Bvariant 2
markedly increased theamountofC16-,C18-, andC20-ceramides
compared with the control (Fig. 9A).

FIGURE 4. PPAR� binds and activates the gene promoter of Fam57b variant 2. A, schematic illustration of Fam57b variant 2 promoter and luciferase
reporter construct. The five candidates for the PPRE are numbered 1–5 in the promoter region of Fam57b variant 2. These promoter sequences were
inserted into the pGL4.10 promoterless reporter vector. The sequences of WT and mutant types (mut1 and mut2) for the second PPRE are indicated.
B, NIH3T3 cells were transfected with the reporter vectors together with PPAR� or the control expression vector and treated with rosiglitazone (Rosi) at
24 h post-transfection for another 24 h. The cells were harvested, and luciferase activity was measured with ARVO according to the manufacturer’s
instructions. The luciferase activity was shown as FL/RL. FL, firefly luciferase activity was normalized by RL, renilla luciferase. C, the pro1–5 wild type
(pro_wt), pro1–5 mutants 1 and 2 (pro_mut1 and pro_mut2), and pro1–5 PPRE2 deleted (pro_del) were analyzed as described above. D, EMSA was
performed using a 32P-labeled oligonucleotide containing the above second PPRE WT and mut1 of Fam57b var2 promoter and ap2 PPRE as a positive
control. The labeled probes were incubated with nuclear extracts of adipocytes (Ad NE) and preadipocytes (Pread NE) of ST2 cells as a negative control.
For the supershift assay, the adipocyte nuclear extract was preincubated with labeled WT or ap2 PPRE and then incubated with an anti-PPAR� antibody
or mouse IgG for 20 min. The DNA-protein complexes were resolved by PAGE. Lane 1, free probe; lanes 2– 4, WT, mut1, and ap2 PPRE with preadipocyte
nuclear extract, respectively; lanes 5–7, WT, mut1, and ap2 PPRE with adipocyte nuclear extract, respectively; lanes 8 and 10, WT and ap2 with mouse IgG
and Ad NE, respectively; lanes 9 and 11, WT and ap2 PPRE with PPAR�-specific antibody and adipocyte nuclear extract, respectively. Results are means �
S.D. (error bars) (n � 3).
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We further determined if ceramide synthase activity was
blocked with fumonisin B1 using ST2 or 293FT cells that over-
express each variant of FAM57B (Fig. 9, B and C). As shown in
Fig. 9B, FAM57B variants 1 and 2 (var1F and var2F) as well as
CERS2 augmented the ceramide levels, and this augmentation
was inhibited by fumonisin B1, indicating that FAM57B (at
least variants 1 and 2) has ceramide synthase activity.
We purified each FAM57B-FLAG variant and CERS2-FLAG

to further confirm if FAM57B has ceramide synthase activity.

The identity of the purified protein was confirmed byWestern
blotting as shown in Fig. 9D. As shown in Fig. 9E, FAM57B
variant 2 (var2F) drastically increased the levels of C16-, C18-,
andC20-ceramides. Variant 1 (var1F) slightly increased the lev-
els of C18- and C20-ceramides, and variant 3 (var3F) only min-
imally increased these ceramides.
Ceramide Inhibits Adipogenesis—The variant-specific control

of FAM57B in the synthesis of ceramides contributed to theblock-
adeof adipogenesis.These results promptedus toanalyzewhether

FIGURE 5. Adipocyte differentiation of ST2 cells is inhibited by overexpression of FAM57B. A, ST2 cells overexpressing FAM57B-FLAG were analyzed
on day 6 of adipocyte differentiation by Western blotting using an anti-FLAG antibody. B, ST2 cells were infected with retroviruses expressing three
different FAM57B variants. Three days after infection, adipogenesis was induced by replacing the medium with fresh medium containing an adipogenic
mixture as indicated under “Experimental Procedures.” On day 6 of differentiation, the cells were fixed and stained with Oil Red O in which lipids are
stained red, at a magnification of �10. Scale bar, 100 �m. C, triglyceride (TG) content of ST2 cells expressing the FAM57B variants was analyzed on day
6 of adipogenesis. D, mRNA level of adipocyte markers was analyzed by qRT-PCR. E, we measured the Fam57b mRNA levels in ST2 cells overexpressing
each FAM57B variant. F, ST2 cells overexpressing FAM57B var3 were treated with MG132 at the indicated concentrations for 6 –12 h. The cells were
harvested and subjected to Western blot analysis using anti-FLAG and anti-�-actin antibodies. Results are means � S.D. (error bars) (n � 3); *, p � 0.05;
**, p � 0.01; ***, p � 0.001.
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C18- or C20-ceramides could inhibit adipogenesis. As shown in
Fig. 10, adipogenesis was inhibited by treating ST2 cells with C18-
or C20-ceramides. A statistical analysis showed a significant
reduction inadipogenesis and triglyceride levels upon theaddition
of each ceramide in a dose-dependent manner (Fig. 10, B and C),
indicating the possible involvement of FAM57B in adipogenesis
mediated by ceramide production.

DISCUSSION

In this study, we performed an in vitro functional analysis of a
novel gene, Fam57b, that was identified as a PPAR� target gene
and involved in obesity by an integrated analysis of three data sets:
adipose tissueofHFD/CD,ST2adipocytes, andPpar�knockdown
ST2cells. Interestingly, FAM57Bconsists of three variants andhas
a TLC domain that is related to ceramide synthase. Because cer-

amide metabolism is dysregulated and augmented in the plasma
during obesity and is related to insulin resistance (50, 51), we ana-
lyzed the relationship between FAM57B and ceramide and the
effects of FAM57B on adipogenesis. We demonstrated that only
FAM57B variant 2 is directly targeted by PPAR� and could regu-
late adipogenesis through ceramidemetabolism.
Fam57b variant 2 was up-regulated during adipogenesis and

by rosiglitazone treatment (Fig. 2, A and C). The variant 2 was
up-regulated slowly starting on day 2 until day 6 and then
down-regulated on day 10 (Fig. 2, A and B) (data not shown).
These results suggested that the appropriate timing of Fam57b
expression is important in adipogenesis.
We demonstrated that Fam57b variant 2 is a direct target of

PPAR� byChIP-qPCR (Fig. 3B), reporter assay (Fig. 4,B andC),
and EMSA (Fig. 4D). In the ChIP-qPCR assay, the PCR product

FIGURE 6. Adipogenic differentiation is promoted by Fam57b down-regulation in ST2 cells. A, ST2 cells were transfected with three classes of
Fam57b siRNA (siFam57b-A, -B, and -C) targeting a common site in all of the Fam57b variants. Non-targeting control siRNA (siNC) and Ppar� siRNA
(siPpar�) were used as a negative and positive control, respectively. At 6 h post-transfection, adipogenesis was induced, and total RNA was extracted
from the cells on day 2. The knockdown efficiency on day 2 of differentiation was analyzed by real-time RT-PCR. B, ST2 cells were treated with siRNA and
adipogenic induction and then fixed and stained with Oil Red O on day 6. Magnification was �10. Scale bar, indicates 100 �m. C, the triglyceride (TG)
content was analyzed on day 6 of differentiation. D, markers of adipocyte differentiation were analyzed on day 6 of differentiation by qRT-PCR. Ppar�,
AdipoQ and Glut4 were used as mature adipocyte markers, and perilipin 1 (Plin1) was used as a lipid droplet marker. Results are means � S.D. (error bars)
(n � 3); *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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of the variant 2 promoter sequence was significantly concen-
trated by an anti-PPAR� antibody, whereas that of variants 1
and 3 was less concentrated (Fig. 3B), indicating that the puta-
tive PPRE of the variant 2 promoter is the major target of
PPAR�. Based on a reporter assay, the specific region of the
variant 2 promoterwas also identified as PPRE, and direct bind-
ing of PPAR� to this specific target sequence was further
confirmed by EMSA (Fig. 4D). Interestingly, higher luciferase

activity was observed when the downstream region of the tran-
scription start site of Fam57b variant 2 was deleted, suggesting
that the expression of Fam57b variant 2 could be negatively
regulated by this region.
Although variant 2 is a direct target of PPAR�, the

restricted expression at later stages of adipogenesis awaits
further clarification. Variants 1 and 3 were also up-regulated
during adipogenesis to a different degree compared with var-

FIGURE 7. Total ceramide content is augmented in ST2 cells overexpressing FAM57B. A, ST2 cells were treated with the indicated concentration of
C6-ceramide during adipogenesis and then stained with Oil Red O on day 6 of differentiation. The Oil Red O that accumulated in lipid droplets was extracted
with isopropyl alcohol and measured at OD 535 nm. B, the triglyceride content was measured on day 6 of adipogenesis and is presented as the triglyceride
levels normalized to the protein levels and the control. C, ST2 cells overexpressing each FAM57B variant with (var1F–var3F) and without FLAG (var1–var3) were
differentiated into adipocytes for 6 days. Total lipids were extracted from cell lysates containing 200 �g of protein and subjected to the diacylglycerol kinase
assay that enzymatically phosphorylates and labels lipids with 32P (Ceramide-1-[32P]), as described under “Experimental Procedures.” The samples were spotted
onto thin layer chromatography plates and developed in organic solvents (bottom panel). The ceramide levels were digitized by measuring the band intensity
with an Image analyzer (Image Gauge version 3.4, FUJIFILM), normalized to the protein levels, and then expressed relative to the control (EGFP-expressing
cells). �2 represents the ceramide levels that accumulated upon PPAR� overexpression as a positive control. The experiment was performed at least three
times. D, the ceramide content of siFam57b-A treated ST2 cells was examined in a similar manner with or without 20 �M FB1, a ceramide synthase inhibitor,
which was added from day 5 to 6 of differentiation. The ceramide levels were measured 6 days after differentiation using 100 �g of protein. The relative
ceramide levels between siNC and siFam57b are shown for both conditions with and without FB1. E, ST2 cells were treated with siRNA (siNC and siFam57b-A,
-B, and -C) and induced to undergo adipogenesis. On day 6, total RNA was extracted and analyzed by qRT-PCR. The mRNA expression of Cers2, -4, -5, and -6 was
measured using the primer sets listed in Table 2. Results are means � S.D. (error bars) for three individual experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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iant 2 (i.e. variant 1 was up-regulated more slowly than var-
iant 2, and variant 3 was relatively low throughout adipogen-
esis). The expression of variant 1 reached the same level at
day 6 after adipogenic induction (Fig. 2A). However, Fam57b
variant 1 is unlikely to be regulated by PPAR� (Fig. 2C) but
rather by other transcription factors related to adipogenesis.
Alternatively, we cannot rule out the possibility that PPAR�
might be involved in the expression of variants 1 and 3 in the
distal region of the Fam57b gene promoter along with other
transcription factors. Further investigation is required to
elucidate the roles of these factors.
When tissue expression was analyzed, there was a distinct

expression profile among the three variants in which variant 1
was up-regulated mainly in the brain, whereas variant 2 was
expressed in the testis and adipose tissue and variant 3 was only
weakly expressed in all tissues (Fig. 2D). This tissue-specific
expression could indicate that each variant has important roles
in individual tissues.

The role of each FAM57B variant in adipogenesis was dem-
onstrated using overexpression and siRNA knockdown assays.
Variants 1 and 2 inhibited adipogenesis, whereas variant 3 had
little effect on adipogenesis. The differential effects of the three
variants might reflect the expression level of each variant, in
which the protein expression of variant 2 was the highest,
whereas variant 3 was the lowest, although the mRNA levels of
overexpressed variants 1, 2, and 3 were comparably high (Fig.
5E). The protein level of variant 3 was recovered by treating
with the proteasome inhibitor MG132 (Fig. 5F). Therefore, the
reduced effects of FAM57B variant 3 on adipogenesis could be
explained by the reduced expression of variant 3 as a result of
protein degradation. These results suggest that variants 1 and 2
have roles in regulating adipogenesis.
The ability of FAM57B variant 2 to inhibit adipogenesis

could be explained by the augmented ceramides that we attrib-
uted to this variant. Indeed, we demonstrated that C6-, C18-, or
C20-ceramides inhibited the adipogenesis of ST2 cells (Figs. 7,

FIGURE 8. FAM57B overexpression does not affect the mRNA expression levels of ceramide synthase or sphingomyelinase activity. A, the mRNA
expression levels of four ceramide synthases (Cers2, -4, -5, and -6) in differentiated FAM57B-overexpressing ST2 cells on day 6 were analyzed by qRT-PCR. B, the
total sphingomyelinase activity was analyzed in differentiated FAM57B-overexpressing ST2 cells on day 6 using a sphingomyelinase assay kit. Results are
means � S.D. (error bars) for three individual experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001.

Role of FAM57B in Adipocyte Differentiation

FEBRUARY 15, 2013 • VOLUME 288 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4533



A and B, and 10). This phenomenon is also consistent with
previous reports that C6-ceramide treatment inhibited adipo-
genesis in D1 murine mesenchymal stem cells (49). On the
other hand, ceramide levels reportedly decreasewith adipogen-
esis (52), andwehave reproduced this phenomenon in ST2 cells
(data not shown), suggesting that the decrease in ceramide lev-
els is necessary during adipogenesis.
Because FAM57B has a TLC domain and overexpression of

FAM57B augmented ceramide levels, we hypothesized that
FAM57B variant 2 acts as a ceramide synthase. Although vari-
ant 2 does not showhighhomology to classic ceramide synthase
(CERS), we demonstrated experimentally using FAM57B vari-
ant 2-overexpressing cells and purified FAM57B protein that
variant 2 augmented ceramides in vitro. Thus, we concluded
that FAM57B variant 2 plays a role in de novo synthesis of
ceramide.
Variant 1 also has ceramide synthase activity. Indeed, variant

1 inhibited adipogenesis, augmented ceramide levels, and
exhibited ceramide synthase activity in vitro using ST2 cell
extracts overexpressing variant 1 andwith purified protein. The
preference of substrates is probably different between variant 1
and variant 2. Variant 2 uses C16, C18, and C20, whereas vari-
ant 1 uses C18 and C20 but not C16 acyl-CoA. On the other
hand, variant 3 had little effect on adipogenesis, and the cer-
amide content did not apparently change with ST2 cell extracts
overexpressing variant 3 and in purified protein. This relatively
low effect may be attributed to protein instability.

Although Fam57b is a regulatory target of PPAR�, Ppar�2
expression was decreased upon FAM57B overexpression (Fig.
5D), suggesting that FAM57B acts as a negative feedback factor.
In fact, the idea is strikingly supported by the significant aug-
mentation of Ppar�2 gene expression as well as that of other
adipogenesis markers by knocking down Fam57b (Fig. 6D).
Because the FAM57B protein is distributed in the ER and Golgi
(data not shown), it is unlikely that FAM57B directly inhibits
the expression of PPAR�. However, a previous report showed
that C2-ceramide inhibited adipogenesis by decreasing the
transcriptional activity of C/EBP� and PPAR� expression (53).
Hence, we thought that PPAR� expression was decreased
through FAM57B-mediated regulation of ceramides.
Because FAM57B overexpression resulted in an increase in

ceramides followed by an inhibition of adipogenesis, we specu-
late that the decrease in ceramides upon FAM57B knockdown
could promote adipogenesis. As expected, adipogenesis was
promoted by knocking down FAM57B; however, unexpectedly
the total ceramide levels did not decrease, probably due to the
compensation of ceramides by other ceramide synthases (Fig.
7E). Because ceramides have a sphingolipid backbone and are
metabolized to biologically active substances, such as sphingo-
sine 1-phosphate, which can promote adipogenesis (54), cer-
amides are thought to serve as precursors for other bioactive
sphingolipids. Altogether, we conclude that ceramides are
important for adipogenesis. However, excess ceramides inhibit
adipogenesis, indicating that ceramide levels should be tightly

FIGURE 9. Ceramide synthase activity of the FAM57B protein. A, in vitro ceramide synthase activity was measured using differentiated ST2 cell extracts (50
�g of protein), which overexpressed each FAM57B variant (var1–var3) with different substrates, such as palmitoyl-CoA (C16:0), stearoyl-CoA (C18:0), arachi-
doyl-CoA (C20:0), and behenoyl-CoA (C22:0). B, an in vitro ceramide synthase assay was performed using undifferentiated FAM57B-FLAG or ceramide synthase
2-FLAG (CERS2F)-overexpressed ST2 cell extracts (50 �g of protein) that were preincubated with or without 20 �M FB1, followed by adding C18-acyl-CoA as
substrate. C, in vitro ceramide synthase activity with or without fumonisin B1 was assayed using 293FT cell extracts (50 �g of protein), which transiently
overexpressed FAM57B var2F or CERS2F. D, ST2 cells overexpressing CERS2F, EGFP, or FAM57B-F (each variant) were immunoprecipitated (IP) with an anti-
FLAG antibody, which was released with 3� FLAG peptide, and subjected to Western blot analysis (WB) using an anti-FLAG antibody. E, in vitro ceramide
synthase activity was measured using purified FAM57B-FLAG protein (var1F–var3F) and CERS2F, with different substrates, such as C16-, C18- and C20-acyl-CoA.
Results are representative of three independent experiments.
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regulated, and FAM57B could play a role in this fine-tuned
regulation (Fig. 11).
Recent evidence demonstrated that sphingolipidmetabolism

is dysregulated in obesity (50, 51). Pharmacological and genetic
approaches have shown that decreased ceramide synthesis
results in improved insulin sensitivity in rodentmodels of insu-
lin resistance (54). These authors hypothesized that ceramide

generated and secreted from visceral adipose tissue could con-
tribute to insulin resistance in the liver and muscle. Our find-
ings also showed that Fam57b variant 2 is up-regulated in obese
adipose tissue (Fig. 2E). This increased expressionmay contrib-
ute in part to the augmented ceramide levels in adipose tissue
and subsequently to insulin resistance. On the other hand,
Fam57b variants 1 and 3 were down-regulated in obese adipose
tissue. Therefore, the function of these variants in obesity is
probably different from that of variant 2. Thus, it would be
interesting to further analyze the relationship between
FAM57B and ceramides in obese adipose tissues. The mecha-
nism by which variant 2 is up-regulated in obese adipose tissue
also remains to be clarified. Recently, it was reported that
PPAR� phosphorylation increases in obese adipose tissue,
resulting in the up-regulation of lipidmetabolism-related genes
(55). Fam57b variant 2 might also be regulated by phosphory-
lated PPAR�. As another possibility, a transcription factor, such
as NF-�B, that is induced in obese tissue due to inflammation
might contribute to the up-regulation because NF-�B-binding
sites were identified in the promoter region of Fam57b variant
2 using an in silico analysis.
In conclusion, we demonstrated that a novel PPAR� target

gene, Fam57b variant 2, regulates adipocyte differentiation
with ceramide as an effector (Fig. 11). Our findings suggested a
new pathway of PPAR�-mediated ceramide metabolism and
may offer new therapeutic targets for obesity or metabolic
syndrome.
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