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Abstract

Objectives: Notch signalling plays an important
role in many cell activities, involving proliferation,
migration, differentiation and cell death. The aim
of this study was to investigate effects of such sig-
nalling on adipogenesis of mouse adipose-derived
stem cells (mASCs).

Materials and methods: Jaggedl (50 and 100 ng/
ml) was added to mASCs to activate Notch signal-
ling, 2 days before adipogenic induction. At 5 and
7 days after induction, oil red-O staining was per-
formed to evaluate lipid accumulation. Then real-
time PCR was performed to examine expression of
Notch downstream genes (Notch-1, -2, Hes-1 and
Hey-1) and adipogenic transcription factor (PPAR-y).
Expressions of Hes-1 and PPAR-y at protein level
were confirmed by immunofluorescence staining.
Results: Our data indicated that Jaggedl promoted
adipogenic differentiation of mASCs. Moreover,
Jagged1 also increased expression of Notch down-
stream genes and PPAR-y. Expressions of Hes-1
and PPAR-y were found to be enhanced in Jaggedl
pre-treated mASCs when compared to controls.
Discussion: The results led to the conclusion that
activation of Notch signalling had stimulated adipo-
genesis of mASCs in the presence of adipogenic
medium by promoting expression of PPAR-y.

Introduction

Mesenchymal stem cells (MSCs) compose a group of
adult stem cells that can differentiate into a variety of
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cell types, such as osteoblasts, chondrocytes, adipocytes,
myocytes and beta-pancreatic islet cells. MSCs can be
isolated from many organs and tissues including
marrow, umbilical cord blood, adipose tissue, adult mus-
cle and dental pulp of deciduous teeth (1-3). In recent
years, research interest has grown rapidly on adipose
tissue as a stem-cell source from which MSCs can be
isolated. Because of the relatively high frequency of
clonogenic cells and easy isolation from adipose tissue,
adipose-derived stem cells (ASCs) are thought to hold
promise for a wide range of therapeutic applications.

Notch signalling is a highly conserved pathway of
multicellular organisms that orchestrates cell fate deter-
mination, including cell proliferation, migration, differ-
entiation and cell death (4-6). Notch signalling is
activated as a result of cell/cell contact through interac-
tions of Notch receptors and their DSL (Delta and
Serrate for Drososphila and LAG-2 of Caenorhabditis
elegans) ligands. Mammals possess four Notch recep-
tors: Notchl-Notch4 and five ligands: DIl1, DII3, DIl4
(homologues of Delta) and Jaggedl & Jagged2 (homo-
logues of Serrate) (4). The Notch receptor is activated
when bound to members of the Delta and Jagged/Serrate
families of ligands, leading to metalloprotease TNF-o
converting enzyme and y-secretase complex-dependent
cleavage of the Notch intracellular domain (NICD) (7,8).
NICD then translocates into the cell nucleus, where it
interacts with the CSL family of transcriptional regula-
tors and forms part of a Notch target gene-activating
complex (9-11). Notch activation through NICD-CSL
complex can in turn activate transcription of various
target genes, including Hes (Hairy/ Enhancer of Split)
(12,13), Hes-related repressor protein (HERP) (14, 15),
nuclear factor-kB (NF-xB) (16) and peroxisome
proliferator-activated receptor-y (PPAR-y) (17).

Notch-1 has been related to regulation of differentia-
tion programmes in several vertebrate cell types such as
in adipocytes (18), erythrocytes (19), myeloid cells
(20), T cells (21,22), keratinocytes (23,24) and more.
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Moreover, constitutively activating Notch-1 induces
expression of early differentiation markers and prevents
expression of late differentiation markers. However,
roles of Notch signalling in adipogenic differentiation of
pre-adipocytes remain controversial. It has been argued
that Notch is dispensable in cell fate specification of
adipocytes (25). However, further studies indicate that
activation of the Notch signalling pathway or expression
of its target genes could either promote or inhibit differ-
entiation of pre-adipocytes (18,26,27). The vital link
between Notch signalling and adipogenesis is transcrip-
tion factor PPAR-y master of the complex process of
adipogenic differentiation, involving many transcription
regulators and extracellular signals (28). PPAR-y has
been suggested to interact with the Notch signalling net-
work. For instance, Notch-1 is necessary for expression
of PPAR-y in murine preadipocytes (18). However,
interactions between Notch signalling and PPAR-y in
ASCs has never been investigated.

In this study, we aimed to investigate effects of
Notch signalling on adipogenesis of mouse adipose-
derived mesenchymal stem cells. Between Jaggedl pre-
treated groups and the control group, we compared (i)
accumulation of lipid droplets; (ii) activation of the
Notch signalling pathway and expression of PPAR-vy,
after adipogenic induction; (iii) Hes-1 and PPAR-y pro-
tein expression after adipogenic induction. Our data
indicate that activation of Notch signalling enhanced
adipogenesis of mouse adipose-derived mesenchymal
stem cells by overexpression of PPAR-y.

Materials and methods

Isolation and culture of mASCs

Three-week-old Kunming mice from the Sichuan
University Animal Center were used in this study, in
accordance with the International Guiding Principles for
Animal Research (1985). All surgical procedures were
performed under approved anaesthetic methods using
Nembutal at 35 mg/kg. Inguinal fat pads were dissected
from the mice, chopped and washed extensively with
sterile PBS to remove contaminating debris. Then they
were incubated in 0.075% type 1 collagenase (Sigma-
Aldrich, St. Louis, MO, USA) for 60 min at 37 °C with
agitation. Cells released from adipose tissues were fil-
tered and collected by centrifugation at 1200 g for
10 min. Resulting pellets were resuspended, washed
three times in medium and cells were seeded in tissue
culture-treated flasks in basic medium (o-MEM plus
10% FBS). Cultures were maintained in a humidified
atmosphere of 5% CO, at 37 °C and mASCs were
passaged three times prior to all assays.
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Jaggedl treatment, adipogenic induction and oil red-O
staining

Fourth passage mASCs were seeded into six-well plates
at 1 x 10> cells/well. Once 60% confluency was reached,
all wells were divided into three experimental groups:
one control and two Jaggedl pre-treated groups, with at
least three parallel wells in each group. Recombinant Rat
Jagged 1 Fc Chimera (R&D Systems, Minneapolis, MN,
USA) was dissolved in sterile PBS to obtain stock solu-
tion of 200 pg/ml, which was then diluted with basic
medium to desired concentrations. Cells cultured in basic
medium alone was set as control. In Jaggedl groups,
mASCs were incubated in Jaggedl solution in gradient
concentrations (50 and 100 ng/ml) for 2 days. Cells in
control and Jaggedl pre-treated groups were then cul-
tured in adipogenic differentiation medium containing
o-MEM, 10% FBS, dexamethasone (1 pm), insulin
(10 pm), indomethacin (200 um) and 3-isobutyl-1-meth-
ylxanthine (0.5 mm) (Sigma-Aldrich, Oakville, ON, Can-
ada). Lipid droplets of differentiated mASCs were
analysed using oil red-O (ORO) staining as follows: Cells
in each well were fixed in 10% paraformaldehyde solu-
tion for 20 min, washed in PBS and stained in ORO
(Amresco, Solon, OH, USA) solution (in 60% isopropa-
nol) for 20 min. To quantify adipogenic progress, 10 ran-
dom microscopic fields (amplification time: 10 x 10)
were observed using an Olympus IX 710 microscope
(Olympus, Tokyo, Japan) for each well. Images were
captured for each field and image analysis was carried
out using Image-Pro Plus 6.0.0.260 (Media Cybernetics,
Silver Spring, MD, USA). After microscopic study, quan-
tification of lipid accumulation was measured by ORO
staining extraction assay. Four hundred microlitre extrac-
tion solution (100% isopropanol) was added to each well,
gently mixed for 15 min, then extract was transferred to
a 96-well plate; absorbance was recorded at 510 nm
using a Varioskan Flash spectral scanning multimode
reader (Thermo Scientific, Waltham, MA, USA).

Extraction of total RNA, RT-PCR and real-time PCR

We assessed expression of Notch-1, Hes-1, Hey-1,
PPAR-y1, -y2 at transcriptional levels by real-time PCR.
Initially, total RNA was extracted from fresh cells using
Simply P total RNA extraction kit (BioFlux, Hangzhou,
China) and was reverse transcribed into cDNA using a
PrimeScript RT reagent Kit with gDNA Eraser (Takara
Bio, Tokyo, Japan) according to manufacturer’s instruc-
tions. Total RNA and cDNA of each sample were exam-
ined using agarose electrophoresis according to the
protocol outlined in Molecular Cloning: A Laboratory
Manual (2001, 3rd edition). To establish the standard
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curve for a certain gene, cDNA samples were amplified
using an RT-PCR kit (Tiangen, China) with primers as
displayed in Table 1. Expression of certain genes was
then quantified with real-time PCR, utilizing SYBR™
Premix ExTaqTM(Perfect Real Time) kit (Takara, Japan).
Reactions were carried out on an ABI 7300 system
(ABI, Foster City, CA, USA). For each reaction, a
melting curve was generated to test primer dimmer
formation and false priming. Then relative expression of
mRNA levels was carried out by means of the double
standard curve method. GAPDH was used for normali-
zation of real-time PCR results.

Immunofluorescence staining of Hes-1 and PPAR-y

To demonstrate distribution of Hes-1 and PPAR-y pro-
teins, cells were seeded on glass coverslips for immu-
nofluorescence (IF) staining. Before staining, cells were
treated with 100 ng/ml Jaggedl in basic medium, for
2 days. Controls were cells cultured in basic medium.
Cells were next induced to adipocytes in DM for
6 days. They were then washed briefly in PBS, fixed in
cold paraformaldehyde for 20 min at room temperature,
then blocked in 0.5% bovine serum albumin for
20 min. Coverslips were subsequently incubated over-
night at 4 °C in rabbit polyclonal antibody against Hes-
1 (1:100) (Abcam, Cambridge, UK), rabbit polyclonal
antibody against PPAR-y (1:100) (Abcam) and rabbit
polyclonal antibody against PPAR-y with phosphoserine
at residue 84 (1:100) (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Sequentially, slides were incubated
with secondary antibodies conjugated to fluorescein
isothiocyanate (Invitrogen, Carlsbad, CA, USA) for 1 h
at room temperature, and nuclei were counterstained
with DAPI (Molecular Probes, Eugene, OR, USA) for

Table 1. Primer Sequences of target genes and GAPDH for real-time
PCR assay

Genes NM Primer Sequence (5'-3')

Hes-1 008235.2 F: GCCAATTTGCCTTTCTCATC
R: AGCCACTGGAAGGTGACACT

Hey-1 010423.2 F: AATGGCCACGGGAACGCTGG
R: CACCACGGGAAGCACCGGTC

Notch-1 008714.3 F: AACGTGGTCTTCAAGCGTGAT
R:AGCTCTCCACACGGTTCATC

Notch-2 010928.2 F: TTGTGTGCCGCAGGGCATGT
R: AGCCGACTTGGCAGGTGCAC

PPAR-y1 001127330.1 F: CCAACTTCGGAATCAGCTCT

R: CAACCATTGGGTCAGCTCTT

PPAR-y2 011146.3 F: TGCACTGCCTATGAGCACTT
R: TGATGTCAAAGGAATGCGAG
GAPDH 017008 F: TATGACTCTACCCACGGCAAGT

R: ATACTCAGCACCAGCATCACC
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5 min. After being rinsed in PBS, cells were observed
and photomicrographs were taken using the Olympus
IX 710 microscope. Images were analysed using
Image-Pro Plus 6.0.0.260 and integral optical density
(IOD) was measured to evaluate Hes-1 and PPAR-y
concentration.

Data analysis

All experiments were repeated a minimum of three
times and representative data are presented as
mean = SD. ANOVA was used to analyse differences
within groups in all assays. To specify significant differ-
ence between experimental groups and controls, the
Dunnett r-test was conducted. To determine effective-
ness of different Jaggedl concentrations, data were also
analysed using the LSD #-test. P-values <0.05 were con-
sidered significantly different in all 7-tests.

Results

Jaggedl promoted accumulation of lipid droplets

After 2 days treatment with Jaggedl (50 and 100 ng/
ml), mASCs were cultured in 24-well plates in insulin-
containing cocktail DM. After 5 and 7 days differentia-
tion, oil red-O staining had been performed to analyse
adipogenesis (Fig. 1a). At early time points, morpholog-
ical transformation of mASCs was observed. Cells were
found to have become more spherical in shape. Next to
this, large numbers of small lipid droplets appeared in
the cells, throughout the cytoplasm. Oil red-O positively
stained lipid vacuoles, strongly suggesting that Jaggedl
had significantly advanced differentiation and the pro-
cess of adipogenesis (Fig. 1b). Furthermore, oil red-O
spectrophotometer quantification was evaluated for each
group (Fig. 1c). Lipid droplets in the 100 ng/ml Jagged1
groups were significantly more concentrated than in con-
trols on days 5 and 7, respectively.

Jaggedl promoted Hes-1, Hey-1, Notch-1, 2 and PPAR-
Yy transcription after adipogenic induction

After 5 and 7 days induction of differentiation, Hes-1,
Hey-1, Notch-1, -2 and PPAR-y1, -y2 mRNAs were
detected using real-time PCR (Fig. 2). mRNA level of
Hes-1 in 100 ng/ml Jaggedl groups was significantly
higher than in 50 ng/ml groups and control groups at
each time point, and on day 7 was significantly higher
than on day 5 in 100 ng/ml Jaggedl groups. However,
transcript levels of the gene coding for Hey-1 were simi-
lar to that of the control in Jaggedl groups on day 5.
mRNA levels were found to be higher compared to
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Figure 1. Jaggedl promotes lipid accumulation in ASCs. (a) After
5 and 7 days in differentiation medium, oil red-O staining was carried
out to investigate adipogenic differentiation of ASCs. (b) Oil red-O
positively stained adipocytes in each group suggest that Jaggedl
advanced the process of adipogenesis. (¢) Oil red-O spectrophotometer
quantification was performed for each group. The data demonstrate that
lipid accumulation of thel00 ng/ml Jaggedl group, was significantly
higher than that of the control group, at each time point, as indicated
by *. Jaggedl pre-treatment also promoted adipogenesis time depen-
dently as indicated by *. Both * and * represent P < 0.05.

controls and with significant difference between the two
Jaggedl groups on day 7. Also, it was significantly
higher than on day 5 in both Jaggedl-treated groups.
Notch-1 transcript levels in 100 ng/ml Jaggedl groups
was significantly higher than the 50 ng/ml Jaggedl and
control groups at each time point, and on day 7, it was

© 2012 Blackwell Publishing Ltd
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significantly higher than on day 5 in both Jaggedl-
treated groups. Transcript levels of the gene coding for
Notch-2 were similar to those of controls in both Jag-
gedl groups on day 5. On day 7, however, in the
100 ng/ml Jaggedl groups, it was significantly higher
than in 50 ng/ml Jaggedl and control groups, and also
higher than in 100 ng/ml Jaggedl groups on day 5
respectively. PPAR-y1 transcript levels in 100 ng/ml
Jaggedl groups were found to be significantly higher
than in 50 ng/ml Jaggedl and control groups at each
time point. On day 5, mRNA level of PPAR-y2 in both
Jaggedl groups was significantly higher than in control
groups, but without significant difference between the
two treated groups. In the 100 ng/ml Jaggedl groups, it
was significantly higher than in 50 ng/ml Jaggedl and
control groups on day 7, and also higher than the
100 ng/ml Jaggedl groups on day 5.

Jaggedl promoted Hes-1 and PPAR-y protein
expression after 6 days adipogenic induction

PPAR-yiscommonly activated by dephosphorylationin cell
cytoplasm. Dephosphorylated PPAR-y moves into nuclei
and functions as an intranuclear transcriptional factor. After
6 days differentiation, IF was performed with anti-Hes-1
(Fig. 3a), anti-PPAR-y (Fig. 3b) anti-ph-PPAR-y (Fig. 3c)
antibodies. We observed that Hes-1 was expression was sig-
nificantly higher in Jagged1-treated groups (2.86 + 0.05%)
than in controls (2.23 £+ 0.06%). PPAR-y was found to be
condensed in nuclei, with significantly higher IOD in Jag-
gedl-treated groups (2.97 = 0.08%) than in controls
(2.25 + 0.14%). ph-PPAR-7y was also found to be higher in
Jaggedl  (1.54 £ 0.07%) than  control  groups
(1.20 + 0.08%) (Fig. 3d).

Discussion

In this study, we have demonstrated that Jagged-1
increased adipogenic differentiation of ASCs by activat-
ing Notch signalling. Addition of Jagged-1 influenced
cell distribution of multiple Notch receptors and acti-
vated Notch signalling. After Jagged-1-mediated activa-
tion of Notch signalling, not only were Notch receptor
levels increased during the differentiation process, but
triggering of ASCs terminal adipogenic induction and
accumulation of lipid droplets were found.

Notch signalling involves a complex network of pro-
cesses and plays a critical role in regulation of differentia-
tion and proliferation of stem cells (4,6). y-secretase
targets a range of signalling pathways and has important
effects on regulating Notch signalling, which in turn is
involved in developmental decisions in a diverse range of
progenitor cells (29). Upon receptor engagement,

Cell Proliferation, 45, 538-544



542 K. Ba et al.

*

] 1
e ' S 210 —3
£ # =
§‘ 5 é g
g a4 =
2 ] N
at i
s =, .
® 2 E
!l J .
= <
2 . 2 o il
E 5D 70 E 50 70
Hes-1 Hey-1
Ba i == T —
c [= r '
o
=4 3t §. 5
= = al
[ : g
2 b & _ 1 I
8 it M =
] w2
§1 2
< =1
z, ; Z 0 ;
E 5D 70 E 5D 7D
Notch-1 Notch-2
* L3
B0 . 2s T
= # =
o el S5 =] |
g 8 # -E._ 2
T 6 T 4 # Figure 2. Jagged 1 upregulated PPAR-y
ﬁ § 3 .4 expression by activating Notch signalling.
o T 2 At days 5 and 7 of adipogenic induction, Jag-
§ 2l 5 1 ged] pre-treated group showed higher expres-
f-._- g g sions of Hes-1, Hey-1, Notch-1, -2 and
€0 = ' 35 £ 0 = : s PPAR-yl, PPAR-72. **Significantly different
from control and specified Jaggedl group,
PPAR-y1 PPAR-y2
v ¥ respectively (P < 0.05 by *Dunnett r-test and
® Control ™ 50ng/mlJaggedl ® 100 ng/mlJaggedl *LSD t-test).

cleavage and nuclear redistribution of intracellular
domains of Notch receptors, is thought to convert the
ubiquitous transcription factor CSL, from a repressor to
be an activator, through dissociation of nuclear co-repres-
sors and histone deacetylase 1 (30) and recruitment of co-
activators (10) and histone acetyltransferases (31). This
triggers a cascade of transcriptional regulation that ulti-
mately affects cell fate. Notch, a transmembrane receptor
member of the homeotic epidermal growth factor-like
family of proteins, participates in cell/cell signalling to
control cell fate during development. Activated Notch-1
constructs lacking the extracellular region prevent differ-
entiation of several types mammalian cell in vitro. This
effect, however, bypasses normal mechanisms of cell/cell
interactions in which Notch-1 participates. Notch-1 is a
target gene of Notch signalling. Expression and function
of Notch-1 are necessary conditions for adipogenesis, and
it can induce PPAR-y expression, which plays a pivotal
role during adipogenic differentiation (18). Our real-time
PCR data show that Notch 1 and 2 may be involved in
this process, possibly in co-operation. This suggests that
sequential activation of different Notch receptors may co-
ordinate the ASCs differentiation programme.

© 2012 Blackwell Publishing Ltd

Conflicting findings have been reported concerning
roles of Notch signalling in terminal differentiation of
pre-adipocytes. Current data suggest that activation of
Notch signalling could either inhibit or promote adipo-
genesis of stem cells. The process of adipogenesis
involves downregulation of the gene encoding Hes-1,
which is now considered to function both as a repressor
or else as an activator. However, promoter analyses of
upregulated and downregulated genes in 3T3 pre-adipo-
cytes have indicated that Notch most likely blocks adipo-
genesis by induction of Hes-1 homodimers, which
repress transcription of key target genes (27). It estab-
lishes a new target downstream of the Notch—Hes-1 path-
way and suggests a dual role for Hes-1 in adipocyte
development (32). Nevertheless, findings in our study
suggest that Hes-1 transcription in mASCs was promoted
after 2 days Jaggedl treatment during subsequent adipo-
cyte differentiation, for at least 5 days. IF assay also
demonstrated that Hes-1 protein expression is
significantly increased in Jaggedl groups, and it may be
that there are further pathways over Notch—Hes-1. Hey-1
is also promoted by Jaggedl, but not as dramatically as
Hes-1, specially during early differentiation (5 days).
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Figure 3. Immunofluorescence staining revealed expression of
Hes-1 and PPAR-y in differentiated mASCs. (a—c) At day 6 of adi-
pogenic differentiation, expression of Hes-1, de-PPAR-y and
ph-PPAR-y in the Jaggedl pre-treated group and controls was exam-
ined. (d) IOD of Hes-1, de-PPAR-y and ph-PPAR-y was significantly
higher in the Jagged 1 group than in controls. *P < 0.05. Magnifica-
tion x400.

Activation of Notch signalling by Jaggedl promotes
formation of adipocytes and upregulates expression of
important adipocyte-specific marker genes. PPAR-y is
an important transcription factor for normal adipogenic

© 2012 Blackwell Publishing Ltd
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differentiation. Increased adipogenic formation seen in
Jaggedl-treated mASCs may thus be due to the
observed increase in PPAR-y expression in these sam-
ples. PPAR-y is the most important player in transcrip-
tional control of adipogenesis (33-35). When activated
by its ligands, PPAR-y alone can drive the complete
adipogenic process. It has been reported that expression
of PPAR-v is turned on early in adipogenesis, following
expression of transcription factors CEBP-f3 and C/EBP-
9, leading to increased expression of C/EBP-a (36,37).
PPAR-y expression and activation are key control com-
ponents for driving cells to the adipocyte phenotype.
PPAR-y is expressed preferentially in adipose tissue,
and its expression increases during the process of adipo-
genesis. It seems that Notch-1 is linked to expression of
PPAR-y gene by hormonal induction of adipocyte differ-
entiation. Our data demonstrate that transcription of
PPAR-y was induced dose-dependently by Jaggedl.
During MSC differentiation, PPAR-y is activated by a
process of dephosphorylation; it then translocates to cell
nuclei where it binds to target DNA sequences and
exerts its effects (38). Results of IF analysis from the
current study suggest that promotion of de-PPAR-y in
Jaggedl groups may due to activation of the PPAR-y
dephosphorylation-related signalling pathway by Jag-
gedl or increasing translation of PPAR-y mRNA.
Indeed, ph-PPAR-y was also promoted by Jaggedl in
our study. This indicates that a mechanism involving
activation of PPAR-y dephosphorylation may be trig-
gered by Jaggedl. Therefore, increased de-PPAR-y in
nuclei provides a reasonable explanation for promoted
adipogenesis processes in Jaggedl cases.

In conclusion, we demonstrate that activation of
Notch signalling by Jaggedl enhanced adipogenesis of
mASCs, with induction of PPAR-y. Upregulation of
PPAR-v is triggered by soluble Notch ligands through a
novel signalling mechanism.
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