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Retrovirus insertion-mediated random mutagenesis was applied in 3T3-L1 preadipocyte cells to
better understand the molecular basis of obesity (the expansion of individual adipocytes). We
found that tryptophan hydroxylase-1, a rate-limiting enzyme for the synthesis of serotonin (5-HT),
is expressed in adipocytes and is required for their differentiation. A 5-HT type 2A receptor
(5-HT,AR) antagonist, ketanserin, and a 5-HT,.R antagonist, SB-242084, inhibited adipocyte dif-
ferentiation. Because 5-HT,.R mRNA levels are up-regulated during adipocyte differentiation and
micro-RNA (miR)-448 is located in the fourth intron of Htr2c, we also studied the role of miR-448
in 3T3-L1 cells. Through a bioinformatics approach, Krtippel-like factor 5 (KLF5) was identified as
a potential target of miR-448. Using a luciferase reporter assay, we confirmed that miR-448 targets
the KIf5 3’-intranslated region. Overexpression of miR-448 reduced the expression of K/f5 and
adipocyte differentiation, which was confirmed by the reduced expression of adipogenic genes
and triglyceride accumulation. To examine the loss of miR-448 function, we constructed a decoy
gene that had tandem complementary sequences for miR-448 in the 3’-untranslated region of a
luciferase gene under the control of a cytomegalovirus promoter. When the miR-448 decoy gene
was introduced into 3T3-L1 preadipocytes, KLF5 was up-regulated and triglyceride concentration
was increased. In this study, we identified the regulation of adipocyte differentiation by 5-HT,
5-HT, R, and 5-HT,cR. miR-448-mediated repression of KLF5 was identified as a negative regula-
tor for adipocyte differentiation. (Molecular Endocrinology 24: 1978-1987, 2010)

he key role of white adipose tissue is the storage of
Tenergy in the form of triglycerides. Recent findings
have indicated that white adipocytes also function as a
dynamic tissue, because these cells express and secrete
many cytokines and other proteins to maintain the bal-
ance between energy intake and output (1, 2). The func-
tions of these adipocytokines are disrupted in the obese
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state, which is associated with several important diseases,
such as hypertension, atherosclerosis, and diabetes (3).
Therefore, further insight into the molecular basis of obe-
sity is needed to better understand obesity-associated dis-
eases. Obesity is the result of an expansion and increase in
the number of individual adipocytes. 3T3-L1 preadipo-
cyte cells, which are fibroblastic cells determined to the

Abbreviations: AADC, Aromatic amine decarboxylase; C/EBP, CCAAT/enhancer binding
protein; c-miR, control-microRNA; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; 5-HT, serotonin; 5-HTR, 5-HT receptor; KLF5, Krippel-like
factor 5; LTR, long terminal repeat; MAO-A, monoamine oxidase A; miRNA, micro-RNA;
miR-448, miRNA-448; PCPA, p-chlorophenylalanine; PPAR, peroxisome proliferator-
activated receptor; RACE, 3’-rapid amplification of cDNA ends; siRNA, small interfering
RNA; SVF, stromal vascular fraction; TPH1, tryptophan hydroxylase-1; UTR, untranslated
region.
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adipocyte lineage, are widely used to investigate the dif-
ferentiation mechanisms of adipocytes (4, 5). In vitro,
adipocyte differentiation is initiated by 3T3-L1 preadipo-
cytes in response to adipogenic inducers.

In this study, we used retrovirus insertion-mediated
random mutagenesis to generate cell lines that cannot
differentiate after the addition of adipogenic inducers to
3T3-L1 cells. After the isolation and expansion of each
clone, we discovered that tryptophan hydroxylase-1
(TPH1), which is a rate-limiting enzyme for the synthesis
of serotonin [5-hydroxytryptamine (5-HT)], is required
for adipocyte differentiation in 3T3-L1cells. The need for
TPH1 in adipocyte differentiation in this clone was
confirmed by the restoration of potential to differenti-
ate after the reconstitution of Tphl gene expression
using the Cre-loxP system.

5-HT is not only a neurotransmitter but also a hor-
mone with various extraneuronal functions (6). It is a
potent mitogen and modulates the remodeling of tissue
(7). Thus, 5-HT is now considered to have pleiotropic
effects, including effects on cell growth, inflammation,
and hormone secretion (8-10). Several reports have
shown that 5-HT has direct effects on peripheral tissues,
which suggests that 5-HT may be involved in glucose
metabolism (11, 12). The report about Htr2¢ knockout
mice showed that the mice became obese as a result of
abnormal control of feeding behavior and established
that a role for this receptor is the serotonergic control of
appetite in central nervous system (13). However, its pe-
ripheral function has not been tested.

We revealed that 5-HT accelerated adipocyte differenti-
ation and 5-HT type 2A receptor (5-HT,,R) antagonist
Ketanserin and the 5-HT,-R antagonist SB-242084 both
reduced adipogenesis. Because Hir2¢ mRNA is up-regu-
lated during adipocyte differentiation and microRNA
(miR)-448 is located in the fourth intron of Htr2c, we
also studied the role of miR-448 in 3T3-L1 cells.

MicroRNAs (miRNAs) are endogenous, noncoding
RNAs generally 21-23 nucleotides in length that control
gene expression at the posttranscriptional level by target-
ing mRNAs for degradation or translational repression or
both (14-16). We determined that the expression of miR-
448 was up-regulated during adipocyte differentiation in
3T3-L1 cells and a mouse stromal vascular fraction. The
induction of miR-448 inhibited adipocyte differentiation
by translational repression of Kriippel-like factor 5
(KLFS). KLFS is a transcription factor that activates the
peroxisome proliferator-activated receptor (PPAR)y2
promoter and regulates adipocyte differentiation (17).
Moreover, the suppression of endogenous miR-448 by
decoy sequences increased KLFS protein levels and en-
hanced adipocyte differentiation.
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In this study, we identified a unique regulation of adipo-
cyte differentiation by 5-HT, 5-HT,,R, and 5-HT,R. The
present results demonstrate that miR-448 plays a role as a
negative regulator in adipogenesis through targeting KLFS5.

Results

TPH1 was disrupted by the insertion of
pDisrup-AEn-loxP in one of the
differentiation-resistant cell lines

We used retrovirus insertion-mediated mutagenesis in
3T3-L1 preadipocytes coupled with adipocyte induction
to select differentiation-resistant cell lines. Supplemental
Fig. 1A, published on The Endocrine Society’s Journals
Online web site at http://mend.endojournals.org, shows
the pDisrup-AEn-loxP gene-trap vector. The 5'-untrans-
lated region (UTR) of the vector has a wild-type sequence,
whereas the 3’-long terminal repeat lacks the transcrip-
tional enhancer in its U3 portion. Because the nucleotide
sequence of the 3’-UTR is accurately copied to the 5'-
UTR during reverse transcription and integration, the 5'-
UTR in infected cells also lacks the enhancer and pos-
sesses a loxP signal in the same orientation as that in the
3'-UTR (Supplemental Fig. 1B). Therefore, Cre-mediated
excision can remove this viral insertion (Supplemental
Fig. 1C). Because the retroviral vector was designed so
that the blasticidin gene was fused to the sequence of the
exon at the 3’-end of the viral insertion site, the disrupted
genes in various differentiation-resistant cell lines were
determined by 3’-rapid amplification of cDNA ends
(RACE) of the fused blasticidin mRNA. The gene that
was disrupted in one of the differentiation-resistant cell
lines was identified as Tph1. A partial sequence of the
fused gene product generated by retroviral insertion in
this line (TPH1™") is shown in Fig. 1A. Northern blotting
analysis using a blasticidin probe indicated that there is a
single viral insertion in the TPH1™" line (Fig. 1B). The
size of the blasticidin Tph1 fusion mRNA was consistent
with the predicted length.

Disruption of the TPH1 gene in 3T3-L1 cells
conferred resistance to differentiation induction
We next removed the integrated proviruses by Cre-
mediated homologous recombination and obtained a
clone with phenotypic reversion after provirus excision
(designated reconstituted). Western blotting analysis
showed that there was a reduction in TPH1 immunore-
activity in the TPH1™" cell line compared with wild-type
3T3-L1 cells and with TPH1-reconstituted cells (Supple-
mental Fig. 2A). We assessed the resistance to differenti-
ation induction in the TPH1™" line based on the concen-
tration of triglyceride as measured by use of the
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FIG. 1. TPH1 is involved in adipocyte differentiation in 3T3-L1 cells. A, The fused mRNA of
blasticidin and an endogenous gene in a differentiation-resistant 373-L1 cell line was
amplified by 3'-RACE. The junction sequence of the fused cDNA is shown, which revealed
that viral insertion occurred at the 5’-end of exon 4 of the Tph1 gene. The amino acid
sequence at the C terminus of blasticidin is shown beneath the mRNA sequence. The
sequence introduced by the viral vector is shown in lowercase. B, Total RNA was prepared
from TPH™* and wild-type 3T3-L1cells. Blasticidin mRNA levels were analyzed by Northern
bloting using a *?P-labeled double-stranded blasticidin probe. A single blasticidin fusion
mRNA was detected in TPH1™ cells, as indicated by the triangle. C, Wild-type 3T3-L1,
TPH1™“* and reconstituted TPH1™"t cells were treated with adipogenic inducers for various
periods of time, as indicated. Adipogenesis was measured at baseline and at2 d, 4 d, 6 d,
and 8 d after the initiation of adipogenesis using the triglyceride-specific dye oil red O.

Triglyceride accumulation was expressed in OD units. Values are the means = st from at least

three experiments. *, P < 0.05 vs. control 3T3-L1 cells or TPH1™ cells. D, The expression

levels of the genes encoding Tph1, Aadc, and Maoa were measured by real-time PCR analysis

in 3T3-L1 cells. The mean expression level at 8 d after differentiation was defined as 100%.
The data shown are means * st from four replicates. *, P < 0.05; **, P < 0.01 vs. 3T3-L1
cells on d 0. Protein expression of TPH1 was confirmed by Western blotting. E, Expression
levels of adipogenic marker genes by real-time RT-PCR in TPH1™* and wild-type 3T3-L1cells.
The mean expression level at 8 d after differentiation was defined as 100%. Values are the
means *+ st from three independent experiments. *, P < 0.05; **, P < 0.01 vs. control 3T3-

L1 cells. F, Protein expression of PPARy was assessed by Western blotting in wild-type 3T3-L1,

TPH1™U and reconstituted TPH1™ cells. LPL, Lipoprotein lipase.

Serotonin and Micro-RNA-448 Regulate Adipocyte Differentiation Mol Endocrinol, October 2010, 24(10):1978-1987

triglyceride-specific dye oil red O. At
6 d and 8 d after the initiation of adi-
pogenesis, triglyceride accumulation
was also reduced in the TPH1™"" cell
line compared with those in the wild-
type 3T3-L1 and reconstituted lines
(Fig. 1C). TPH converts L-tryptophan
to S-hydroxy-tryptophan, which is me-
tabolized to 5-HT by aromatic amine
decarboxylase (AADC). The mito-
chondrial enzyme monoamine oxidase
A (MAO-A) then metabolizes 5-HT.
We measured the expression levels of
the genes encoding Tphl, Aadc, and
Maoa in 3T3-L1 cells by real-time RT-
PCR analysis. Tph1 expression was
markedly enhanced during adipocyte
differentiation, whereas the expression
levels of Aadc and Maoa were relatively
constant (Fig. 1D). According to the re-
sults of Western blotting, the expression
level of TPH1 protein increased gradu-
ally after adipogenic induction (Fig.
1D). Immunohistochemical analysis re-
vealed that TPH1 is mainly expressed
in differentiated 3T3-L1 cells (Supple-
mental Fig. 2B).

We determined the expression levels
of adipogenic marker genes after the in-
duction of differentiation by real-time
RT-PCR in TPH1™ cells and wild-type
3T3-L1 cells. The expression levels of
PPARY, adipocyte fatty acid-binding
protein (aP2), lipoprotein lipase, and
CCAAT/enhancer binding protein (C/
EBP)B after the induction of differentia-
tion were lower in TPH1™"* cells than in
wild-type cells (Fig. 1E), indicating that
the reduction in Tph1 expression inhib-
ited adipogenesis of 3T3-L1 cells. The
changes in differentiation levels in each
cell line were also confirmed by West-
ern blotting using PPARy in wild-type
3T3-L1, TPH1™", and reconstituted
TPH1™" cells (Fig. 1F).

Serotonergic agents affected
adipocyte differentiation

After treatment with differentiation-
inducing agents, the concentration of
5-HT increased in wild-type 3T3-L1
cells and reconstituted lines but not in
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FIG. 2. Serotonergic agents affect adipocyte differentiation. A, Stable
cell lines were generated from TPH1™* cells by transduction with Cre
recombinase. The concentration of 5-HT in these stable cell lines was
measured by ELISA. Values are the means = se from at least three
experiments. *, P < 0.05 vs. TPH1™"* cells. B, The efficiency of
differentiation was measured using the accumulation of oil red O by
densitometric analysis in wild-type 3T3-L1, TPH1™", and TPH1™u*
treated with 5-HT (20 uwm). *, P < 0.05. C, Photographs show oil red O
staining of differentiated adipocytes at various concentrations of 5-HT
in 3T3-L1 cells and SVF. D and E, The efficiency of differentiation was
measured using the accumulation of oil red O by densitometric
analysis. Effects of 5-HT or PCPA on adipocyte differentiation in 3T3-L1
cells (D) and SVF (E). The data shown are means = st from six
experiments.*, P < 0.05; **, P < 0.01 vs. control cells.

the TPH1™"" cell line (Fig. 2A). This was consistent with
the prediction that 5-HT peptide synthesis is reduced in
TPH1™" cells. We also confirmed that the mutant phe-
notype is caused by the lack of 5-HT. We compared the
differentiation efficiency among three lines of wild-type
3T3-L1, TPH1™", and TPH1™" treated with 20 um
5-HT. As shown in Fig. 2B, 5-HT clearly enhanced the
staining of oil red O to the same level as wild-type 3T3-L1
cells 8 d after differentiation. The effects of 5-HT and
serotonergic agents on adipocyte differentiation were
studied in 3T3-L1 cells and a stromal vascular fraction
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(SVF) prepared from C57/BL6 mice. When 5-HT was
added along with differentiation-inducing agents, triglyc-
eride accumulation shown by oil red O staining was en-
hanced significantly in 3T3-L1 cells and in SVF (Fig. 2C).
We also measured the effects of p-chlorophenylalanine
(PCPA), which inhibits TPH activity, on adipogenesis.
The stimulatory effect of 5-HT on adipogenesis was mea-
sured on d 8 using oil red O. Although 5-HT enhanced
adipogenesis, PCPA inhibited adipogenesis in a concen-
tration-dependent manner in 3T3-L1 cells (Fig. 2D) and
in SVF (Fig. 2E).

5-HT receptors (5-HTRs) and adipogenesis

The effect of 5-HT on physiology and behavior are me-
diated by multiple 5-HTRs clustered into seven distinct fam-
ilies that are widely expressed in the central and/or periph-
eral nervous systems (18). The distribution of 5-HTR
subtypes in white adipose tissue had not been determined in
detail. We detected numerous kinds of 5-HTRs, including
5-HT,,R, 5-HT,zR, 5-HT,pR, S-HTR, 5-HT,,R,
5-HT,cR, 5-HT 4R, 5-HTR, 5-HT,R, and 5-HT-R (Fig,.
3A). We have found that the 5-HT, R antagonist ketan-
serin and the 5-HT, R antagonist SB-242084 both inhibited
adipocyte differentiation (Fig. 3B). The expression of H#r2¢
was increased in 3T3-L1 cells differentiated by treatment
with differentiation-inducing agents. On the other hand, the
expression of Hir2a was decreased during adipocyte differ-
entiation (Fig. 3C).

miR-448 inhibits 3T3-L1 cell differentiation

miR-448 is encoded by an intron of Htr2¢ (Fig. 3D).
We measured the expression level of miR-448 during adi-
pocyte differentiation. The miR-448 expression level was
increased in 3T3-L1 cells differentiated by treatment with
differentiation-inducing agents (Fig. 3E).

Through a bioinformatics approach (Targetscan data-
base http://www.targetscan.org/), Krippel-like factor §
(KLF35) was identified as a potential target of miR-448
(Fig. 4A). Using a luciferase reporter assay, we confirmed
that miR-448 targets the KIf5 3'-UTR. We cotransfected
a construct containing a luciferase gene with the 3’-UTR
of KIf5 cloned immediately downstream and the miR-448
expression plasmid into human embryonic kidney (HEK)
293T cells and we measured luciferase activity. Overex-
pression of miR-448 resulted in a reduction of luciferase
activity (Fig. 4B and Supplemental Fig. 3A). To further
confirm this specificity, we mutated the candidate miR-
448 target sites (Fig. 4A), which resulted in the loss of
miR-448-mediated repression (Fig. 4B). Overexpression
of miR-448 reduced the protein level of KLFS, whereas it
did not change the KIf5 mRNA level (Fig. 4C and Sup-
plemental Fig. 3B). Transfection of miR-448 in 3T3-L1
cells before the addition of differentiation-inducing
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ence in differentiation by Western blot-
ting for PPARY. As shown in Fig. 4H,
the PPARy protein expression level was
clearly reduced in miR-448-overex-
pressing cells.

3T3-L1 cells
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FIG. 3. 5-HTRs are related to adipogenesis. A, The expression of 5-HT receptor subtypes in 3T3-
L1 cells was measured by RT-PCR. 5-HT; sR, 5-HT,gR, 5-HT;5R, 5-HT (R, 5-HT, AR, 5-HT,¢R, 5-
HTsaR, 5-HTsgR, 5-HTgR, and 5-HT,R were detected in 3T3-L1 cells. B, Effects of 5-HT, AR
antagonist (ketanserin) and 5-HT, R antagonist (SB-242084) on adipocyte differentiation in 3T3-
L1 cells. The graphs shows oil red O staining of differentiated adipocytes under various
concentrations at 8 d after differentiation. The data shown are means = st from six replicates.

* P<0.05; **, P < 0.01 vs. control cells. C, The expression levels of 5-HT, AR and 5-HT,R after
induction of differentiation. D, mmu-miR-448 is located within the fourth intron of 5-HT2R. E,
Mature miR-448 expression during adipocyte differentiation was measured in 3T3-L1 cells by RT-
PCR. U6 was used as an internal control for normalization. The mean expression level at 8 d after
differentiation was defined as 100%. The data shown are means = st. from three experiments.

*,P<0.05vs. 3T3-L1 on d 0.

agents inhibited differentiation, which was confirmed by
oil red O staining (Fig. 4D) or by direct measurement of
intracellular triglyceride content (Fig. 4E). We deter-
mined the expression levels of adipogenic markers by re-
al-time RT-PCR in cells overexpressing miR-448 (Fig.
4F). The expression of C/EBPa and PPAR y was decreased
significantly in cells transfected with miR-448. Mature
adipocyte marker aP2 was decreased on d 2,d 4, and d 8.
Moreover, the expression level of perilipin, which is im-
portant in lipolysis, was lower in miR-448-overexpress-
ing cells than in control-microRNA (c-miR) expressing
cells. In contrast, C/EBPB and C/EBPS& were not affected
significantly by miR-448. We also confirmed the differ-

3T3-L1 cells

miR-448 with decoy-miR-448 into
HEK 293T cells (Fig. 5B). The cotrans-
fection of decoy-miR448 and miR-448
reduced luciferase activity compared
with c-miR. Next, we examined the
functions of endogenous miR-448 in
adipocyte differentiation using decoy
miR-448. The differentiation efficiency
of 3T3-L1 cells transduced with decoy
miR-448 was greater than those trans-
fected with the control-luc gene. Pro-
tein levels of KLFS were higher in de-
coy-miR-448-transduced cells than in
control cells (Fig. 5C). The greater
amount of intracellular lipid accumula-
tion was confirmed by oil red O stain-
ing (Fig. 5D) and by direct measure-
ment of the intracellular triglyceride
content (Fig. SE). The expression level
of perilipin was elevated in decoy-miR-448 transduced
cells compared with control cells (Fig. 5F). To further
confirm that KLFS5 is the target of miR-448, we examined
the effect of decoy miR-448 with or without the depletion
of KLF5. As shown in Fig. 5G, the effect of decoy-miR-
448 was abolished after silencing KLFS. Therefore, this
experiment also suggested that KLFS is a main target of
miR-448 in the differentiation of 3T3-L1. We also con-
firmed the functions of KLFS5 in adipocyte differentiation.
We constructed KIfS small interfering RNA (siRNA) se-
quences and transduced them into 3T3-L1 cells before
hormonal induction. KIf§ siRNA led to a reduction of

20z Iudy GO uo 3senb Aq G108€.2/8.61/01/7Z/o101He/pusL/WOo dno-dlWapede//:sdiy woly papeojumod



Mol Endocrinol, October 2010, 24(10):1978-1987

UACCCUGUAGGAUGUAUACGUU

5 L.UUCCGAAUUUUGUAAAUAUGCAA..

A Mouse miR-448 ¥

Mouse KLF5 3'UTR (wild type)

Mouse KLF5 3'UTR
{mutated sequence)

5 LUUCCGAAUUUUGUAACUCGCOGEL.,

B KLFs3uTR  KLFSSUTR G ;
= Wild-type Mutated sequence -miR miR-448
[
2 Z 100 — . 125 NS —— 0 12 72 96 0 12 72 96(H)
S 80 ___ 100 KLFs - - o
g § 60 75
24 - GAPDH Wi WP GHD WD WD W Wy W
[
529
e38 cmR  miR448 0  omiR  miR-448
D E s TG
: E
: Ea 10 *+
s 208
8506
[
oz 04
EZo2
2 oo
2 o - -
Control miR-448 cmiRy  miRi4l
F CIEBPB CIEBP3 aP2 ., "
< 350 < 700 < 12 M —
Z_300 —=c-miR Z_ 600 E’=1oo
nég 250 mmmiR-448 nég 500 £2 *
oip 200 o 400 2875 ™
28150 28 300 2% 50
55100 B8 200 S5 25
x? 50 &£° 100 [
"% 2 4 6 38 "% 2 4 6 8 "0 2 4 6 8
Days after differentiation Days after differentiation Days after differentiation
C/EBPa FRARY G Perilipin
L 'L’;' I.._I. ™ .
s _= m g 125 T < 100
3 ¥s100 Zc wx
@ 100 £S . go0.76
28 s . 28 7 H 280.50
= o —/ == 50 =
&= 50 1 -
T o 2x 2 %0.25
x 25 S 25 530
® 0 2 4 6 8 ‘s 1 4. 8 00077 MR miR-448
Days after differentiation Days after differentiation
H c-miR miR-448 Days

o 4 8 0 4 g after

. induction

PPARy
p-actin

FIG. 4. Effect of miR-448 on KIf5 expression levels and adipogenesis. A, Mature miR-448
sequence and the 3’-UTR of the KIf5 mRNA. Constructs with mutated seed sequences were
used as mutated controls. B, KIf5 3’-UTR firefly luciferase activity in HEK 293T cells and
normalized using Renilla luciferase. Left, Cotransfection of the constructs containing the
luciferase gene with the 3’-UTR of KIf5 (wild type) and the miR-448 or control miR expression
plasmids. Right, Cotransfection of constructs containing the luciferase gene with the 3’-UTR
of KIf5 (mutated sequence) and the miR-448 or control-miR expression plasmids. Mean values
of the miR-control were set at 100%. The data represent means = st from at least three
experiments. *, P < 0.05; **, P < 0.01 vs. control-miR cells. C, Western blotting analysis for
the expression of KIf5 in 3T3-L1 cells transduced with miR-448 or control-miR during
adipogenesis. D, Oil red O staining of 3T3-L1 cells transfected with miR-448 or control at 8 d
after differentiation. E, The amounts of intracellular triglyceride (TG) of 3T3-L1 cells
transfected with miR-448 or control were quantified at 8 d after differentiation. The data
represent means = st from at least three replicates. **, P < 0.01 vs. control 3T3-L1 cells. F,
Expression levels of adipogeneic marker genes determined by real-time RT-PCR after
normalization to Gapdh mRNA in 3T3-L1 cells transfected with miR-448 or control-miR. The
mean expression level at 8 d after differentiation in control 3T3-L1 cells was defined as
100%. The data shown are means = st from three independent experiments. *, P < 0.05;
** P < 0.01 vs. control 3T3-L1 cells. G, Relative amounts of perilipin were quantified at 8 d
after differentiation. The data represent means =+ st from at least three replicates. **, P <
0.01 vs. control 3T3-L1 cells. H, Protein expression of PPARy by Western blotting in c-miR and
miR-448-overexpressing cells.
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KIfS at the mRNA level (Supplemental
Fig. 4A). Consequently, knockdown of
KLFS resulted in a remarkable reduc-
tion in adipogenesis (Supplemental Fig.
4, B and C).

Discussion

The present study provides the first evi-
dence that serotonin (5-HT) is a novel
autocrine/paracrine factor that is re-
quired for adipocyte differentiation. The
major findings of this study include; 1)
TPHI1 is expressed in adipocytes and is
required for their differentiation; 2)
S-HT signaling is involved in adipocyte
differentiation in culture, especially
through 5-HT,, Rand 5-HT,R; and 3)
miR-448, which is located in the fourth
intron of 5-HT,¢ R, inhibited adipocyte
differentiation through targeting KLF5.
It has been well documented that the
transcription factors PPARy, SREBP-1,
and the C/EBP family function as mas-
ter regulators of adipocyte differentia-
tion (22). To obtain new insights into
the mechanism of the regulation of
adipocyte differentiation, we used a
functional gene identification proce-
dure based on the poly-A trap tech-
nique. The combination of a poten-
tially strong splice acceptor and an
effective polyadenylation signal as-
sured complete disruption of the func-
tion of the trapped gene (23). Because
loxP contains LTRs at both ends, the
integrated proviruses can be removed
from the genome of infected cells by
Cre-mediated homologous recombina-
tion (24). This method enabled us to
confirm that the resulting resistance to
the adipogenic inducers was actually
brought about by provirus insertion.
Although fat tissue is known to syn-
thesize a variety of peptide growth fac-
tors and cytokines (25-27), before our
studies there was no evidence of bio-
genic monoamine synthesis in adipo-
cytes. The 5-HT biosynthetic system
was demonstrated by the discovery of a
Tph1 gene that was preferentially ex-
pressed in peripheral tissues as well as a
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FIG. 5. Knockdown of endogenous miR-448 accelerates adipocyte differentiation. A, Decoy-
miR-448 vector in which a 3’-UTR with three tandem sequences complementary to miR-448
was linked to the luciferase reporter gene. B, The graph shows luciferase activity.
Cotransfection of decoy-miR448 and miR-448 was compared with decoy-miR-448 and
control-miR. C, Western blotting analysis for the expression of KLF5 in 3T3-L1 cells
transduced with control-luc or decoy-miR-448 during adipogenesis. D, Oil red O staining of
3T3-L1 cells transfected with control-luc or decoy-miR-448 at 8 d after differentiation. E, The
amounts of intracellular triglyceride (TG) were quantified at 8 d after differentiation. The data
represent means * st from at least three experiments. F, Expression levels of perilipin by real-
time RT-PCR after being normalized to GAPDH mRNA levels in 3T3-L1 cells transfected with
decoy-miR-448 or control at 8 d after differentiation. The data shown are means = st from
three replicates. *, P < 0.05; **, P < 0.01 vs. control 3T3-L1 cells. G, The amounts of
intracellular TG were quantified at 8 d after differentiation after transduction of decoy miR-
448 with or without the depletion of KLF5. The data represent means = st from at least three
experiments. *, P < 0.05 vs. control. CMV, Cytomegalovirus; LUC, luciferase.

gene for Tph2, a neuronal Tph isoform (28). We discov-
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will be needed to sort out the roles of
each 5-HTR subtype according to their
specific functions in fat tissue, the
present results indicate that 5-HT,, R
and 5-HT, R signaling is involved
in adipocyte differentiation. We did
not show detailed mechanisms in this
manuscript; however, both 5-HT,,R
and 5-HT,cR are coupled with a Gq
subunit, and signaling events initiated
through these G protein-coupled recep-
tors may affect adipocyte differentia-
tion in vitro.

Because Htr2c is up-regulated dur-
ing adipocyte differentiation and it has
miR-448 in its fourth intron, we fur-
ther evaluated its function during ad-
ipogenesis. WAY-161503 is a mod-
estly selective 5-HT,cR agonist that
possesses exceptional potency with
5-HT,c R (Ki = 3 nv; ECsy = 8 nv)
(29, 30). WAY-161503 decreases food
intake in several animal models of obe-
sity and decreases body weight gain or
body weight after repeated administra-
tion (29). Because WAY-161503 in-
duced adipocyte differentiation (Sup-
plemental Fig. 5), the present results
are consistent with the improvement of
insulin sensitivity by 5-HT,- R ago-
nists, which act not only in the central
nervous system but also in non-central
nervous system sites, such as adipose
tissues (31).

miRNAs are endogenous, noncod-
ing RNAs, generally 21-23 nucleotides
in length, that control gene expression
at the posttranscriptional level by tar-
geting mRNAs for degradation or

ered that the peripheral Tph1 gene is expressed in adipo-
cytes and is required for adipocyte differentiation. Treat-
ment with 5-HT enhanced adipocyte differentiation in
3T3-L1 cells and in a stromal vascular fraction prepared
from mice. Conversely, inactivation of the 5-HT pathway
by a TPH inhibitor, a 5-HTR antagonist, or Tph1 gene
deletion resulted in reduced differentiation potency in
preadipocytes. These findings demonstrated that adipo-
cytes constitute a serotonergic and autocrine-paracrine
system that plays an important regulatory role in adipo-
cyte differentiation.

Although detailed and extensive pharmacological studies
with a variety of serotonergic agonists and antagonists

translational repression or both (14-16). miRNAs con-
trol cell growth and differentiation and are involved in
diseases such as cancer, neurological disorders, and other
developmental diseases (32). Although miRNA expres-
sion profiles and functions have been investigated exten-
sively in the hematopoietic system and neuronal and mus-
cle tissues, little is known about the role of miRNAs in
metabolic disorders. Several groups have examined the
expression of miRNAs during adipocyte differentiation
(33, 34). miR-143 is up-regulated after induction of dif-
ferentiation in human preadipocytes and mouse 3T3-L1
cells, and its inhibition with antisense oligonucleotides
blocked differentiation (35). Up-regulated expression of
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miR-143 is associated with obesity in adipose tissue of
mice fed a high-fat diet (36). let-7 is up-regulated during
3T3-L1 adipogenesis, and ectopic introduction of let-7
inhibits clonal expansion as well as terminal differentiation
by targeting HMGA2 (37). On the other hand, the miR-
17-92 cluster accelerates adipocyte differentiation by nega-
tively regulating tumor-suppressor RB2/P130 (38).

In the present study, we focused on miR-448, which is
encoded in an intronic sequence of the serotonin Hir2c.
The miR-448-binding site in the 3’-UTR of KIf5 is highly
conserved among mammals (TargetScan), and the lucif-
erase assay indicated that miR-448 targets KIf5 3'-UTR.
Both overexpression and knockdown of miR-448 did not
alter the mRNA level of KIf5 but changed the protein level
in 3T3-L1 cells. These findings were consistent with the
translational repression by miRNAs. miR-448 expression
levels were increased during adipogenesis especially in the
late stage. On the other hand, the peak mRNA level of
KIfS was in the early differentiation stage, and expression
was reduced drastically in the late stage. This reciprocal
change indicated that KLFS is the direct target of miR-
448. Moreover, miR-448-transduced cells had lower ex-
pression levels of C/EBPa and PPARy during adipocyte
differentiation, which are the direct targets of KLF5, and
also supported the notion that KLFS is regulated by
miR-448.

KLFS is a basic transcription factor and mediates sig-
naling functions in cell proliferation, cell cycle, apoptosis,
migration, and differentiation by regulation of gene ex-
pression in response to environmental stimuli (39). KLF
proteins have been shown to regulate both the early and,
in the case of KLF135, also the later stages of adipogenesis.
KLF2 inhibits expression of the PPARy gene (40),
whereas KLFS and KLF15 drive it (17, 41). The present
results, 7.e. that KIf5 siRNAs decreased adipocyte differ-
entiation, are in accordance with the report by Oishi ez al.
(17) about the role of KLF5 during adipogenesis.

The present study showed that 5-HT in adipose tissue
is a novel autocrine factor that is required for adipocyte
differentiation and a SHT, R agonist accelerated adipo-
genesis. In addition, we revealed that miR-448 inhibited
adipocyte differentiation through targeting KLF5. We
showed that 5-HT enhances adipocyte differentiation,
and PPARYy, aP2, lipoprotein lipase, and C/EBPB, are glo-
bally reduced in TPH1™"* cells. Because KLFS5 is known
to be induced by C/EBPB and -6, 5-HT seems to affect
adipocyte differentiation at an earlier stage than KLFS5.
There is a complex regulation of adipocyte differentiation
by the serotonergic system. A previous study suggested
that endogenous hypothalamic 5-HT is involved in with-
in-meal satiation and postmeal satiety (42). Thus, the
5-HT system may play important roles in weight control
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at both neural and peripheral levels. However, Tphl
mRNA is not expressed in the brain (28), and 5-HT does
not penetrate the blood-brain barrier (43). Therefore, our
discovery may lead to new approaches to treat diet-
induced obesity by specifically affecting peripheral 5-HT
actions.

Materials and Methods

Cell lines, reagents, and antibodies

Mouse 3T3-L1 cells were obtained from the American Type
Culture Collection (Manassas, VA) and from Human Science
Research Resources Bank (JCRB9014, Osaka, Japan). The an-
tibodies used were a goat polyclonal anti-TPH1 antibody (sc-
15114: Santa Cruz Biotechnology Inc., Santa Cruz, CA), a
mouse monoclonal anti-B-actin antibody (A5441: Sigma, St.
Louis, MO), a rabbit polyclonal anti-BTEB2 (KLF5) antibody
(sc-22797: Santa Cruz Biotechnology, Inc.), and an anti-glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) antibody (cat-
alog no. 2118; Cell Signaling Technology, Beverly, MA).

Cellular and tissue 5-HT concentrations were determined
using a 5-HT enzyme immunoassay kit (DLD Diagnostika
GmbH, Hamburg, Germany). PCPA, ketanserin, SB269970,
and 5-HT were purchased from Sigma. WAY-161503 and SB-
242084 were purchased from Tocris Bioscience (Ellisville, MO).

Cell culture and adipocyte differentiation

To prepare an SVF, inguinal and visceral adipose tissues were
excised from mice and digested with collagenase in DMEM for
60 min at 37 C. After sequential filtration through 100-wm and
40-um filters, isolated SVF was cultured in DMEM containing
10% fetal bovine serum (FBS) and penicillin/streptomycin.
3T3-L1 cells were cultured under the recommended conditions
in DMEM containing 10% bovine serum and P/S. For the dif-
ferentiation experiment, the medium was replaced with DMEM
containing 10% FBS, 10 ug/ml insulin, 0.5 mm 3-isobutyl-1-
methylxanthine, and 0.25 uM dexamethasone until 2 d after
confluence. After another 2 d, the medium was changed to
DMEM containing 10 pg/ml insulin and 10% FBS and replaced
every 2 d. Differentiation-resistant cell lines derived from
3T3-L1 cells were established by retroviral infection.

Retroviral vector construction

pDisrup-AEn-loxP was made by the insertion of Xbal and Clal
sites of the 3'-LTR of pRET.IS.Ires-EGFP(N2) (provided by Dr.
Philip Leder; Department of Genetics, Harvard Medical School,
Boston, MA) into the BstZ171 and Clal sites of pDisrup8 (23, 44).
For pFB-NLS/Cre, the coding region of pMC1-Cre was PCR am-
plified to generate a Kozak consensus sequence for efficient trans-
lational initiation and transferred into the pFB retroviral vector.
Reconstitution of viral insertion was achieved by the transfection
of Cre recombinase by retroviral infection.

Isolation of mutant clones

After pDisrup retroviral infection, cells were treated with
blasticidin S-HCI to select clones the genes of which had been
disrupted. After isolation and expansion of each single clone,
differentiation was induced by 3-isobutyl-1-methylxanthine,
dexamethasone, and insulin. As expected, some of the blastici-
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din-resistant clones could not differentiate into mature adipo-
cytes. The identities of the disrupted genes in various differen-
tiation-resistant cell lines were determined by 3’-RACE of the
fused blasticidin mRNA.

3’-RACE

A portion of the endogenous gene that was fused with the
blasticidin gene was amplified by 3'-RACE, as described pre-
viously (23).

Plasmids

Expression vectors for the negative control and the microRNAs
were generated using BLOCK-T PolllmiR RNAI. Expression Vec-
tor Kits in accordance with the manufacturer’s protocol (Invitro-
gen, Carlsbad, CA). To create an anti-miR-448 (decoy) vector, the
luciferase 3’-UTR was modified to include three tandem sequences
complementary to miR-448 separated by three nucleotides spacers.
All of these constructs were correctly inserted into a pLenti6/VS5-
D-TOPO vector (Invitrogen). The siRNAs for mouse were: KLF5
siRNA (sense 5'-AGCTCACCTGAGGACTCAT-3'). The siRNA
constructs were made using a pSINsi-mU6 vector (Takara
Bio. Inc., Shiga, Japan). siRNAs were introduced into the
lentivirus vector plasmid pLenti6/V5-D-TOPO (Invitrogen).
These plasmids were transfected into 3T3-L1 cells by lentivi-
ral infection. The 3T3-L1 cells were subjected to adipocyte
differentiation 3 d after transfection.

Lentivirus production and DNA transduction

As previously described, lentiviral stocks were produced in
HEK 293T cells following the manufacturer’s protocol (Invitro-
gen). In brief, virus-containing medium was collected 48 h after
transfection and filtered through a 0.45-pum filter. One round of
lentiviral infection was performed by replacing the medium with
virus-containing medium (containing 8 ug of Polybrene per ml),
followed by centrifugation at 2500 rpm for 30 min at 32 C. Cells
were used for analysis 3 d after DNA transduction.

Measurement of adipogenesis

Adipogenesis was assessed at baselineand at2d, 4 d, 6 d, and
8 d after the initiation of adipogenesis using the triglyceride-
specific dye oil red O (Sigma-Aldrich) as described previously
(45). Triglyceride accumulation was then expressed by measur-
ing optical density (OD) units at 540 nm.

Triglyceride analysis

3T3-L1 cells were washed with PBS, and lipids were ex-
tracted using hexane-2-propanol (3:2, vol/vol). The amount of
intracellular triglyceride was determined using a Triglyceride E
test from Wako and normalized to the amount of total cellular
protein in accordance with each manufacturer’s instructions.

Quantification of mRNA by real-time RT-PCR

Real-time RT-PCR was performed using a 7900 Sequence
Detection System (Applied Biosystems). The primers used for
the assay are listed in the supplemental methods.

miRNA quantitative RT-PCR

miRNA expression levels were analyzed by quantitative RT-
PCR using a Tagman micro RNA Assays (Applied Biosystems,
Foster City, CA) for miR-448 in accordance with the manufac-

turer’s instructions. miRNA expression was normalized to small
nuclear RNA Ué.
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Western blotting

Cell lysates were prepared as described previously and sub-
jected to SDS-PAGE, followed by standard Western blotting
procedures.

Luciferase assay

A construct in which a fragment of the 3'-UTR of KLES mRNA
containing the putative miR-448-binding sequence was cloned into
a firefly luciferase reporter construct (PMIR-REPORT Luciferase)
and transfected into HEK 293T cells with a plasmid expressing
miR-448 or control-miR using Fugene 6 transfection reagent
(Roche Applied Science, Indianapolis, IN). Constructs with mu-
tated fragments of the 3’-UTR of KLF5S mRNA without putative
miR-448-binding sequences were used as mutated controls (seed
sequence AUAUGCAA was mutated to CUGCCGCU).

Statistics

Data are presented as means * SE. Statistical significance
(P < 0.05) was determined between groups using an ANOVA
followed by Tukey’s multiple comparison test for multiple
groups or a Student’s # test for two groups.
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