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ABSTRACT

Purpose Inhibition of Notch signaling has been recently dem-
onstrated to promote beige adipocyte biogenesis. However,
most y-secretase inhibitors (GSIs) used to achieve pharmaco-
logical inhibition of Notch signaling are at the basic research
or preclinical stage, limiting the translation of fundamental
findings into clinical practice. This present study aimed to
evaluate the potential of several clinical candidates of GSIs
as browning agents for the treatment of obesity.

Methods Seven GSIs that are clinical candidates for the
treatment of Alzheimer’s disease or cancer were selected and
their impacts on Notch inhibition as well as promoting beige
biogenesis were compared using in vitro culture of 3T3-L1
preadipocytes.
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Results Four compounds (i.e.R0O4929097, PF-03084014,
LY3039478, and BMS-906024) that efficiently inhibited the
expression of Notch target genes in 3T3-L1 preadipocytes
were identified. Moreover, these compounds were optimized
for dose-dependent effects at three gradient concentrations
(0.5, 1, and 10 uM) to promote beige adipogenesis and mito-
chondrial biogenesis in 3T3-L1 preadipocytes without causing
severe cytotoxicity.

Conclusions Our findings not only highlight the potential of
cross-therapeutic application of these GSIs for obesity treat-
ment via inhibition of y-secretase-mediated processing of
Notch signaling, but also provide important experimental ev-
idence to support further design and development of clinically
translatable Notch-inhibiting drug delivery systems.

KEY WORDS Obesity - Notch signaling pathway -
y-secretase inhibitor - Adipose browning - 3T3-L | preadipocytes

ABBREVIATIONS

BAT Brown adipose tissues

C/EBPs CCAAT/enhancer binding protein family
proteins

CIDEA Cell death-inducing DNA fragmentation factor

alpha-like effector A

COX5B Cytochrome c¢ oxidase subunit 5B

DAPT (N-[N-(3,5-Difluorophenacetyl)-l-alanyl]-S-
phenylglycine t-butyl ester)

DIO2 Type 2 deiodinase

FABP4 Fatty acid binding protein 4

GSls y-secretase inhibitors
NICD Notch intracellular domain
PPARs

Peroxisomal proliferator-activated receptor
family proteins

@ Springer


https://doi.org/10.1007/s11095-020-02916-7
mailto:deng65@purdue.edu
mailto:deng65@purdue.edu
http://crossmark.crossref.org/dialog/?doi=10.1007/s11095-020-02916-7&domain=pdf

185 Page 2 of 13

Pharm Res (2020) 37:185

PPARGCla  Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha

PRDM 16 PR domain containing 16

RBP)J Recombination signal binding protein for
immunoglobulin kappa J region

TMEM26 Transmembrane protein 26

UCPI Uncoupling protein 1

WAT White adipose tissue

INTRODUCTION

Obesity 1s a chronic disease that is strongly associated with a
reduction in life expectancy and an increase in mortality from
cardiovascular disease, diabetes, cancer, and other causes.
Current estimates show that over 50% of the world’s popula-
tion will be overweight or obese by the year 2030 if the trends
continue [1]. Understanding the processes and metabolic per-
turbations that contribute to fat accumulations accompanying
obesity 1s particularly important for the development of ther-
apeutic strategies [2]. The expansion of white adipose tissue
(WAT) contributes to insulin resistance and inflammation that
may lead to type 2 diabetes. In contrast, brown adipocytes
found in brown adipose tissues (BAT) can break down and
utilize lipids to generate heat via uncoupling protein 1
(UCP1)-mediated thermogenesis, and BAT abundance is pos-
itively associated with systemic metabolic activity [3].
Thermogenic adipocytes called beige (or brite, for brown-in-
white) adipocytes can also be found in certain WAT depots
and their presence 1s dynamically regulated by intrinsic factors
and external stimuli. Beige adipocytes can be transformed
from white adipocytes through a process termed ‘browning’
or ‘beiging’. Recent studies have shown that previously iden-
tified BAT deposits in adult humans are primarily composed
of beige adipocytes, providing a foundation for studying adi-
pose browning with therapeutic potential in the treatment of
obesity [4, 5].

Notch signaling plays a critical role in development and
regeneration of stem/progenitor cells as well as in regulation
of cell fate [6]. It is known to be an evolutionarily conserved
mechanism that balances differentiation and proliferation in
several cell types, including muscle stem cells and adipocyte
progenitor cells [7-9]. Notch signaling is mediated by binding
of Delta-like and Serrate/Jagged family ligands with Notch
receptors (Notch-1, =2, —3, and —4), leading to y-secretase-
mediated proteolytic cleavage and the release of Notch intra-
cellular domain (NICD). Subsequently, NICD translocates to
the nucleus, where it interacts with the recombination signal
binding protein for immunoglobulin kappa J region (RBP])
transcriptional complex to activate the transcription of down-
stream targets, including HES and HEY family genes, to reg-
ulate cell differentiation [10].
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The process of adipogenesis includes five steps, which are
cell proliferation, cell contact inhibition/growth arrest, clonal
expansion, permanent growth arrest, and lipid accumulation
[11]. The transcriptional control of adipogenesis involves the
activation of several families of transcription factors, such as
CCAAT/enhancer binding protein family proteins (C/EBPs)
and peroxisomal proliferator-activated receptor family pro-
teins (PPARs). Adipogenic stimuli induce the increased ex-
pression of PPARy and C/EBPa. Subsequently, C/EBPa di-
rectly binds to PPARy promoter and results in its expression.
Previous studies have shown that Notch signaling is involved
in adipogenesis, however, paradoxical results were observed
with Notch signaling either promoting or inhibiting the differ-
entiation of 3T3-L1 preadipocytes [8, 12]. In human primary
cell cultures, inhibition of Notch signaling has been shown to
facilitate adipogenic differentiation of adipose-derived mesen-
chymal stem cells [13].

Several strategies have been developed to target the Notch
signaling pathway. They include antibodies that block Notch-
1, —2, and —3 receptors, decoys that compete with the endog-
enous Notch receptors or ligands, peptides that interfere with
the transcriptional complex formed by NICD, RBPJ and
coactivators, as well as y-secretase inhibitors (GSIs) that block
the cleavage of NICD [14]. Over the past decades, GSIs have
been extensively investigated for the potential to block the
generation of amyloid B-peptide that is associated with neuro-
degeneration observed in Alzheimer’s disease patients [15].
Two promising compounds are currently being evaluated in
clinical trials for the treatment of Alzheimer’s disease, includ-
ing LY450139 (originally developed by Eli Lilly and
Company, IN, USA; Phase 3) and BMS-708163 (originally
developed by Bristol-Myers Squibb, NY, USA; Phase 2).
Since Notch receptor cleavage and amyloid precursor protein
processing are triggered by a similar proteolytic process me-
diated by y-secretase, GSIs are also investigated at different
stages of clinical trials for the treatment of neoplastic diseases
and tumors known to harbor constitutive Notch activation.
For instance, a phase 3 clinical trial for a GSI, PF-03084014
(developed by Pfizer, NY, USA), has been launched for deter-
mining its safety and efficacy in the treatment of desmoid
tumor/aggressive fibromatosis [16].

Previous studies on the role of Notch signaling in adipo-
genesis has principally focused on white adipocyte differenti-
ation with few studies reporting how Notch signaling regulates
beige adipogenesis and mitochondrial biogenesis [17, 18]. In
addition, although several GSIs, such as GSI-XI (N-[N-(3,5-
Difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester,
DAPT) and dibenzazepine, have been used to inhibit Notch
signaling, many of which are currently at the basic research or
preclinical stage, limiting the translation of fundamental find-
ings into clinical practice. Herein, we screened for the first
time seven GSIs that have been investigated in clinical trials
for the treatment of Alzheimer’s disease or cancer. Their
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efficiency in inhibition of Notch signaling and promotion of
adipocyte browning as well as mitochondrial biogenesis was
systematically compared using i vitro culture of 3T3-L1 pre-
adipocytes. These findings provide insights into the effects of
Notch inhibition in the metabolism of adipose tissue, highlight
the potential of cross-therapeutic application of GSIs to obe-
sity treatment via inhibition of y-secretase mediated process-
ing of Notch signaling, and bridge the gap between basic

science and clinical investigation.

MATERIALS AND METHODS

Materials

MK-0752 was purchased from APExBIO (Houston, TX,
USA). RO4929097, PF-03084014, LY3039478, and
LY450139 were obtained from Selleckchem (Houston, TX,
USA). BMS-708163 and BMS-906024 were purchased from
Tocris Bioscience (Bristol, UK) and MilliporeSigma
(Burlington, MA, USA), respectively. CellTiter 96® AQ), cous
one solution reagent containing a tetrazolium compound
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] was pur-
chased from Promega (Madison, WI, USA). Propidium iodide
(P4864) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). UCP1 antibody (ab10983) and goat polyclonal second-
ary antibody to rabbit immunoglobulin G (IgG) - H&L (Alexa
Fluor® 488, ab150077) were obtained from Abcam
(Cambridge, UK). CCAAT/enhancer-binding protein alpha
(C/EBPa, SC-61), and B-Actin (SC-47778) antibodies were
purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). Cleaved caspase-3 (9661S), peroxisome proliferator-
activated receptor gamma (PPARYy, 81B8), and horseradish
peroxidase (HRP)-conjugated secondary antibodies, including
anti-rabbit IgG (7074S) and anti-mouse IgG (7076S), were
purchased from Cell Signaling Technology (Danvers, MA,
USA). All other reagents and solvents were purchased from
Sigma-Aldrich.

Cell Culture and Drug Treatment

3T3-L1 preadipocytes were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotics (penicillin and streptomycin)
at 37°C, 5% COy, and 95% relative humidity. The medium
was routinely changed every two days and cells were separated
by trypsin before reaching confluency. Beige adipocyte differ-
entiation was induced by treating confluent preadipocytes
with the adipogenic induction medium containing DMEM,
10% FBS, 0.5 mM isobutylmethylxanthine, 1 pM dexameth-
asone, 1.75 pM insulin, and 1 pM rosiglitazone. Three days
after induction, medium was switched to the differentiation

medium containing DMEM, 10% FBS, 850 nM insulin, and
10 nM tritodothyronine until adipocytes matured. For the
drug treatment, a series of GSIs were added to the cells in
culture medium at the same final drug concentrations of 0.3,
1, and 10 pM, respectively, and cells were induced for
differentiation.

Assessment of Cell Proliferation

Effects of GSIs at three concentrations on cell proliferation
were determined using an MT'S assay, which is based on the
mitochondrial conversion of a tetrazolium salt. 3T3-L1 prea-
dipocytes were seeded onto 96-well plates at a density of 1 X
10" cells per well and cultured in 5% CO, at 37°C for 48 h.
GSIs were then added to the cells in culture medium at the
same final drug concentrations of 0.3, 1, and 10 pM, respec-
tively, and cells were further incubated at 37°C for 12 h.
Subsequently, 20 puL of CellTiter 96® AQ),c.,s 0ne solution
reagent was added to each well in 100 pL of culture medium
and incubated at 37°C in a humidified, 5% COy atmosphere
for 2 h. The absorbance was measured using a T'ecan Spark™
10 M microplate reader (Tecan, Mannedorf, Switzerland) at a
wavelength of 490 nm with background subtraction at
680 nm. Cells incubated with 0.1% Triton X-100 and di-
methyl sulfoxide (DMSO) in culture medium served as posi-
tive and negative controls, respectively.

Cell Viability and Apoptosis Assays

3T3-L1 preadipocytes were treated with GSIs at a final drug
concentration of 10 pM for 12 h at 37°C. After treatment,
cells were stained with propidium iodide (1:500) and Hoechst
33342 (1:1000) in phosphate buffered saline (PBS) for 10 min
at 37°C.. Propidium iodide labeled cells were considered dead
cells. For apoptosis analysis, the level of cleaved caspase-3 was
used as a marker. Briefly, cells were fixed with 4% parafor-
maldehyde (PFA), quenched with glycine (100 mM glycine
and 0.1% sodium azide in PBS), and blocked with PBS con-
taining 2% BSA, 5% goat serum, and 0.2% Triton X-100 for
1 h at room temperature. Subsequently, cells were incubated
with the cleaved caspase-3 antibody diluted at 1:300 in the
same blocking buffer overnight at 4°C and the Alexa Fluor®
488 conjugated goat anti-rabbit IgG (1:1000 dilution) for 1 h
at room temperature. Nuclel were counterstained with 4/,6-
diamidino-2-phenylindole (DAPIL, 1 ng/mL), which was pre-
mixed with the secondary antibody. The stained cells were
photographed using a CoolSnap HQ) charge coupled-device
camera installed on a Leica DMI 6000B microscope (Leica
Camera, Wetzlar, Germany) with a X 20 objective.
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Morphological Observation of Lipid Droplets

The morphology of mature adipocytes after treatments with
various GSIs was observed using a Leica DMI 6000B micro-
scope with a X 20 objective. Oil Red O staining was subse-
quently conducted to demonstrate the presence of accumulat-
ed lipid droplets in the cells. Briefly, cells were fixed with 4%
PFA and stained with freshly prepared Oil Red O working
solutions containing 6 mL of Oil Red O stock stain (5 mg/mL
in 1isopropanol) and 4 mL of ddH5O for 15 min. The stained
cells were washed repeatedly with PBS and photographed
using an OMAX 14 MP USB3.0 camera installed on a
Leica DMI 6000B microscope with a X 20 objective. After
imaging, Oil Red O was extracted from stained cells using
1sopropanol and absorbance was determined spectrophoto-
metrically at a wavelength of 500 nm.

RNA Extraction, cDNA Synthesis, and Real-Time qPCR

Total RNA was extracted from cells using TRIzol (Thermo
Fisher Scientific, Waltham, MA, USA) in accordance with the
manufacturer’s protocol. RNA was treated with RNase-free
DNase I to remove contaminating genomic DNA and the
purity as well as concentration of extracted RNA were deter-
mined by a spectrophotometer NanoDrop 2000c¢ (Thermo
Fisher Scientific, Waltham, MA, USA). Subsequently, 2 ug
of RNA was reverse transcribed to cDNA using random hex-
amer primers with M-MLYV reverse transcriptase (Invitrogen,
Carlsbad, CA, USA). Real-time qPCR was performed in the
Roche Light Cycler 480 PCR system (Roche, Basel,
Switzerland) with SYBR Green master mix. The sequences
of gene-specific primers were listed in Table S1. The 244"
method was used to analyze the relative changes of gene ex-
pression after normalization to the expression of f-Actin.

Protein Extraction and Western Blotting

Total protein was extracted from cells using RIPA buff-
er containing 25 mM Tris-HCI (pH 8.0), 150 mM NaCl,
I mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate
and 0.1% SDS. Protein concentrations were determined
by Pierce BCA Protein Assay Reagent (Pierce
Biotechnology, Waltham, MA, USA). Proteins were sep-
arated by SDS-PAGE and transferred to a polyvinyli-
dene fluoride membrane (Millipore, Burlington, MA,
USA). The membrane was then blocked with 5% fat-
free milk for 1 h at room temperature and incubated
with primary antibodies in 5% milk overnight at 4°C as
well as secondary antibodies for 1 h at room tempera-
ture. Primary antibodies, including UCP1 (1:1000 dilu-
tion), C/EBPa (1:500 dilution), PPARy (1:500 dilution),
and P-Actin (1:5000 dilution), were used. HRP-
conjugated secondary antibodies, including anti-rabbit
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and anti-mouse IgG, were also used at a dilution of
1:10,000. A luminol reagent for enhanced chemilumi-
nescence detection of western blots (Santa Cruz
Biotechnology, Dallas, TX, USA) was employed and
signals were detected with a FluorChem R imaging sys-
tem (ProteinSimple, San Jose, CA, USA).

Immunofluorescence Staining of UCPI

Cells were fixed with 4% PFA, quenched with glycine,
and blocked with PBS containing 2% BSA, 5% goat
serum, and 0.2% Triton X-100 for 1 h at room tem-
perature. Subsequently, cells were incubated with the
UCP1 antibody diluted at 1:500 in the same blocking
buffer overnight at 4°C and the Alexa Fluor® 488 con-
jugated goat anti-rabbit IgG (1:1000 dilution) for 1 h at
room temperature. Nuclei were counterstained with
DAPI (1 pg/mL), which was premixed with the second-
ary antibody.

Statistical Analysis

All studies were performed in triplicate and data points were
expressed as mean values plus or minus standard error of the
mean (mean = SEM). To determine statistical significance,
analysis of variance (one-way or two-way ANOVA) followed
by Tukey’s multiple comparison test was performed using
GraphPad Prism 7. Differences were considered statistically
significant if p <0.05.

RESULTS
Effects of GSls on Notch Inhibition

To determine the impact of GSIs on inhibition of
Notch signaling, 3T3-L1 preadipocytes were treated
with a series of GSIs (Table 1) at a concentration of
I pM and the change in mRNA level of Hesl, a
Notch downstream transcriptional target gene, was eval-
uated using real-time qPCR. As shown in Fig. 1A, the
expression of Hes/ was significantly inhibited after the
treatment with RO4929097 (»<0.01), PF-03084014 (p <
0.01), LY3039478 (p<0.001), and BMS-906024 (p<
0.001), suggesting efficient inhibition of Notch signaling.
However, other GSIs used in the experiment, including
LY450139, MK-0752, and BMS-708163, did not signif-
icantly decrease the expression level of Hes! at the con-
centration of 1 pM (Fig. 1A). The difference in inhibi-
tory activity of Notch signaling among drug treatments
might be due to variable effective concentrations.

To further examine the relationship between drug
concentration and inhibitory effect of GSIs, cells were



Pharm Res (2020) 37:185 Page 50f 13 185
Table |  Seven GSls used in this study
Compound Chemical structure Originally developed by Study phase ~ Condition or disease
R0O4929097 s al 1 FF Roche 2 Metastatic colorectal
HN N)%E FF ' cancer; recurrent or
‘ ‘ progressive  glioblastoma;
renal cell carcinoma;
metastatic pancreas cancer;
recurrent and/or metastatic
epithelial ovarian cancer,
fallopian tube cancer, or
primary peritoneal cancer
PF-03084014 o N7 < Pfizer 3 Desmoid tumor/aggressive
g H\/H\N =~/ \H .
ACY YR fibromatosis
A~
LY3039478 N Eli Lilly 2 T-cell acute lymphoblastic
= —OH
I N leukemia; T-cell
I 5
o lymphoblastic lymphoma
/o
F"F'-"
LY450139 o Eli Lilly 3 Alzheimer's disease
OH 4 \)(1 ~
MK-0752 Merck 2 Metastatic breast cancer
cl
{0
HO. | B F
o FN
BMS-708163 Bristol-Myers Squibb 2 Alzheimer's disease
O-
QNE\CQF
F
02
& /©/ 07 NH,
y Bristol-Myers Squibb 2 Adenoid cystic carcinoma

BMS-906024 =

treated with the four most promising inhibitors (i.e.
RO4929097, PF-03084014, LY3039478, and BMS-
906024) at three gradient concentrations (0.5, 1, and
10 uM). It was observed that the mRINA level of Hes!
was significantly downregulated by 40-50% across all
the treatment groups compared to the DMSO control
group (p<0.01), even at the lowest concentration of

0.5 uM (Fig. 1B). The inhibitory effects became stron-
ger with increasing concentrations of PF-03084014,
LY3039478, and BMS-906024, whereas the treatment
of RO4929097 did not result in a dose-dependent de-
pression in Hes! expression. These results suggest that
3T3-L1 preadipocytes respond to a variety of GSIs with
different sensitivity.
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Fig. | Effects of GSIs on Notch inhibition. (a) Real-time gPCR analysis showing the mRNA levels of the Notch target gene Hes | in 3T3-L| preadipocytes
after 12 h treatments with seven GSls at a concentration of | uM; (b) Real-time qPCR analysis showing the mRNA levels of Hes/ in 3T3-L| preadipocytes after
12 h treatments with four most efficient GSIs at concentrations of 0, 0.5, I, and 10 uM. “p < 0.05, “p < 0.01, “"p < 0.005and ~"p < 0.001 (One-way or
two-way ANOVA followed by Tukey’s multiple comparison test). Data are shown as mean = SEM. n = 3 individual experiments

Effects of GSls on Cell Proliferation and Viability

To investigate the cytotoxicity of GSIs in 3T3-L1 preadipo-
cytes, cells were treated with GSIs at three gradient concen-
trations (0.5, 1, and 10 pM) for 12 h and cell proliferation was
measured by an MTS assay. It was found that RO4929097,
PF-03084014, and BMS-906024 inhibited cell proliferation
(Fig. 2A). Induction of cytotoxicity by these three GSIs was
dose-dependent with most considerable effects observed at the
highest concentration of 10 uM, particularly in the group
treated with PF-03084014 (p <0.001). The result is consistent
with previously published data, showing inhibition of cell
growth by PF-03084014 might be partially due to its effect
on induction of cell cycle block and apoptosis [19]. To further
address whether high-dose GSIs-induced cytotoxicity is medi-
ated through apoptotic cell death, 3T3-L1 preadipocytes were
incubated GSIs at 10 pM for 12 h and stained with propidium
iodide. As shown in Fig. 2B and C, the percent propidium
iodide positive cells increased in the GSI-treated groups com-
pared to that in the vehicle control group. The difference was
statistically significant between PF-03084014 and DMSO
treated cells (p <0.05), suggesting that cells were undergoing
cell death. To better understand if GSI-induced cell death is
due to apoptosis, the level of activated caspase-3 was deter-
mined through staining the cleaved substrate. Compared to
the control group, the percent caspase-3 positive cells signifi-
cantly increased in GSI-treated groups, including
R0O4929097 (p <0.05), PF-03084014 (p <0.001), and BMS-
906024 (p<0.01) (Fig. 2D and E). This confirmed the involve-
ment of caspase-3 in high-dose GSI-induced apoptosis, al-
though additional caspase-independent mechanisms could al-
so contribute to the cell death. It was noted that the treatment
with LY3039478 even at the highest concentration of 10 pM
did not result in any significant changes in cell proliferation
and viability, indicating the promising safety of this
compound.
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GSls Promote Differentiation Efficiency of 3T3-LI
Preadipocytes

To determine the role of Notch signaling in adipogen-
esis, 3T3-L1 preadipocytes were treated with various
GSIs at three gradient concentrations (0.5, 1, and
10 pM) after induced to differentiate. As shown in
Fig. 3A, differentiation of 3T3-L1 cells was efficiently
induced with lipid droplets accumulated in the cyto-
plasm after incubation with induction medium for three
days followed by differentiation medium for five days.
Both phase contrast and Oil Red O staining images
confirmed that the number and size of lipid droplets
increased in the GSI (1 pM) treated cells compared to
the DMSO control, suggesting that GSIs enhanced the
differentiation efficiency of 3T3-L1 cells. However, no
obvious differences were observed among the four com-
pounds. It was also noted that three gradient concen-
trations did not cause remarkable differences in the
number and size of lipid droplets (Fig. S1). Total lipid
content within the cells was further determined by
quantitative analysis of Oil Red O intensity. Results
show that the absorbance value of Oil Red O extracted
from the GSI treated cells was significantly higher than
that in the control group (Fig. 3B), demonstrating that
even very low dosages of GSIs promote the differentia-
tion of 3T3-L1 cells and accumulation of lipid droplets.

GSls Upregulate the Expression of Beige Adipogenic
and Browning Marker Genes in Differentiated 3T3-LI
Cells

Although the Notch signaling has been shown to affect adipo-
cyte differentiation, its potential role in regulation of beige
adipocyte biogenesis has only been investigated recently
[17]. To identify the impact of GSIs on beige adipogenesis,
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Fig. 2 Effects of GSls on cell proliferation and viability. (a) MTS assay showing dose-dependent cytotoxicity and inhibitory effects of cell proliferation
induced by GSls at concentrations of 0.5, |, and 10 uM after |12 h of incubation. DMSO negative control without any inhibitors (O uM) and 0. 1% Triton X-100
positive control were included; (b) Propidium iodide staining showing an increase in cell death when treating 3T3-L| preadipocytes with GSIs at a high
concentration (10 uM); (c) Quantification of percent propidium iodide positive cells; (d) Induction of apoptotic cell death was accompanied by cleavage of
caspase-3 as demonstrated by immunofluorescence staining; (e) Quantification of percent cleaved caspase-3 positive cells. ‘p < 0.05, “p < 0.01,
and""p < 0.001 (One-way ortwo-way ANOVA followed by Tukey’s multiple comparison test). Data are shown as mean = SEM. n = 3 individual experiments

we examined the mRINA expression of adipogenic, mitochon-
dria-related, and beige fat-selective genes in differentiated
3T3-L1 cells following the consecutive treatment with GSIs
using real-time qPCR. As shown in Fig. 4A, the expression of
fatty acid binding protein 4 (Fabp4) increased in the cells trea-
ted with GSIs at all the concentrations; however, the differ-
ences were not significant. The GSI treatments also upregu-
lated the expression of peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (Ppargelo) with significant
changes observed in the groups treated with PF-03084014
and 1.Y3039478 at the highest concentration of 10 pM (p<
0.05). In addition, Fig. 4B shows that RO4929097 increased

the expression of cytochrome ¢ oxidase subunit 5B (Cox5B) at
all the concentrations with the low dose treatment inducing
the most significant change (<0.001). Significant upregula-
tion of Cox5B was also observed when cells were treated with
1 uM of PF-03084014 (p<0.01) and 10 uM of LY3039478
(p<0.05). PF-03084014, L.Y3039478, and BMS-906024 in-
creased the expression of transmembrane protein 26 (7mem26)
in a dose-dependent manner with the highest dose causing
significant differences between treatment and control
groups. Furthermore, the expression of beige fat-
selective genes, including uncoupling protein 1 (Ugpl),
cell death-inducing DNA fragmentation factor alpha-

@ Springer
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Fig. 3 GSlIs promote differentiation efficiency of 3T3-L| preadipocytes. 3T3-L| preadipocytes were treated with four GSIs at concentrations of 0.5,
I, and 10 uM and induced for differentiation. A DMSO vehicle control without any inhibitors (O uM) was also included. Medium containing GSIs were routinely
changed every two days during differentiation. (a) Representative phase contrast and bright field images of differentiated 3T3-L1 cells stained with Oil Red O after
the treatment with GSIs at the concentration of | uM; (b) Relative absorbance at 500 nm of cell lysates extracted from Qil Red O stained cells treated with
different concentrations of GSls. p < 0.05, “p < 0.01, p < 0.005and ™p < 0.001 (Two-way ANOVA followed by Tukey’s multiple comparison test). Data

are shown as mean = SEM. n = 3 individual experiments

like effector A (Cidea), PR domain containing 16
(Prdm16), and type 2 deiodinase (Dio2), was upregulated
after the treatment with all the GSIs (Fig. 4C).
However, significant changes were found only in the
groups of PF-03084014 and LY3039478 with the high
concentration of 10 pM (p<0.05). These results indicate
that GSIs promote beige adipogenesis and mitochondri-
al biogenesis in differentiated adipocytes, but the opti-
mal concentrations to achieve the maximum efficiency
are variable for each compound.

Western blot analysis revealed that the protein ex-
pression of UCPI was significantly upregulated when
cells were treated with 1 pM of R0O4929097 (p<0.05)
and PF-03084014 (p<0.01) (Fig. 4D and E). However,
the enhancement in expression level was decreased by
approximately 50% when the concentration of GSIs in-
creased from 1 pM to 10 pM, which might be attrib-
uted to the cytotoxicity induced by the high dose. The
protein levels of adipogenic markers, such as PPARy
and C/EBPa, were also evaluated (Fig. 4D and E). It
was found that four GSIs significantly increased the ex-
pression level of PPARYy at all concentrations examined.
The expression of C/EBPa was significantly upregulated

@ Springer

after the treatment with RO4929097 and LY3039478 at
all the concentrations as well as 1 pM of BMS-906024
(p<0.005). These results suggest that Notch inhibition
mediated by GSIs promote adipogenesis and browning
of white adipocytes. It was also noted that the low con-
centration of 0.5 pM was sufficient to increase the pro-
tein expression of PPARy, but a higher concentration of
1 pM was required to induce significant upregulation of
UCPL.

GSls Promote the Protein Expression of UCPI
in Differentiated 3T3-LI Cells

To further confirm whether GSI enhances thermogenic activ-
ities of UCP1 at the cellular level, the expression of UCP1 in
3T3-L1 cells after the treatment with GSIs at the concentra-
tion of 1 pM was mvestigated by immunofluorescence stain-
ing. As shown in Fig. 5, the green fluorescence signal indicat-
ing UCPI positive staining was detected in the cytoplasm of
3T3-L1 cells. Only few UCPI positive adipocytes were ob-
served in the DMSO control group, while a number of adi-
pocytes expressing UCP1 were seen in GSI treated groups.
Compared to RO4929097, PF-03084014, and LY 3039478,
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Fig. 4 GSls upregulate the expression of beige adipogenic and browning marker genes in differentiated 3T3-L1 cells. (A-C) Real-time gPCR
analysis showing the relative mRNA levels of adipogenic genes, including Fabp4 and Ppargca (a), mitochondrial and beige cell surface marker genes, including
Cox5B and Tmem26 (b), and browning marker genes, including Ucp !, Cidea, Prdm 16, and Dio2 (c); (d) Western blot results showing relative protein abundance
of UCPI, PPARy, and C/EBPa in differentiated 3T3-L | cells treated with GSls at three concentrations; (e) Quantification of the relative protein levels of UCPI,

PPARY, and C/EBPa normalized to B-Actin controls by densitometry analysis. 'p < 0.05, “p < 0.01, ""p < 0.005 and ~p < 0.001 (Two-way ANOVA

followed by Tukey’s multiple comparison test). Data are shown as mean = SEM. n = 3 individual experiments

BMS-906024 at the same concentration showed the minimal
efficiency in increasing UCP1 expression, which is consistent
with western blot results shown in Fig. 4D and E. Taken
together, our results demonstrate that GSIs could induce
browning of white adipocytes by upregulating UCP1
expression.

DISCUSSION

Notch signaling, an evolutionarily highly conserved pathway,
is important in regulating cell-cell communication and cell-

fate determination during normal development of most
organs and tissues in the body. It has also been reported that
Notch signaling is required in tissue homeostasis, such as he-
matopoietic system [20], vasculature [21], skeletal muscle
[22], and adipose tissue [17]. Although understanding of sig-
naling pathways that regulate adipogenesis has been consid-
ered a fundamental for the treatment of obesity with the role
of Notch signaling characterized by various research groups
[23, 24], its function in modulating the adipocyte plasticity
and beige adipocyte biogenesis has just been discovered re-
cently [17]. Our group has previously found that Notch sig-
naling plays an important role in regulating adipocyte

@ Springer
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Fig. 5 GSls increase the protein expression of UCPI in differentiated 3T3-L1 cells. 3T3-L| preadipocytes were treated with four GSIs at the
concentrations of | UM and induced for differentiation. A DMSO vehicle control without any inhibitors (O uM) was also included. Medium containing GSIs were
routinely changed every two days during differentiation. UCP| was stained with Alexa Fluor® 488 in green and nuclei were counterstained with DAPI in blue

thermogenesis as well as conversion of white to beige adipo-
cytes in mice, consequently affecting body energy metabolism
[17]. It has been demonstrated that pharmacological inhibi-
tion of Notch signaling through administration of dibenzaze-
pine promotes widespread browning of WAT. Specifically,
the browning phenotype leads to metabolic beneficial effects,
including enhanced energy expenditure, glucose tolerance,
nsulin sensitivity, and resistance to high fat diet-induced obe-
sity. However, dibenzazepine is currently used for research
only and its effects in humans have not been studied, challeng-
ing the translation of fundamental findings into clinical

@ Springer

practice. Here, we screened a series of GSIs that have been
found to be reasonably safe in phase 1 clinical trials and are
currently being investigated in phase 2 or 3 for the treatment
of cancer or Alzheimer’s disease. Their impacts on inhibition
of Notch signaling pathway and induction of browning of
white adipocytes were systematically compared.

We found that four of seven GSIs, including RO4929097,
PF-03084014, 1.Y3039478, and BMS-906024, at the concen-
tration of 1 uM significantly downregulated the mRINA ex-
pression of Notch downstream target gene fHes/ in the initial
screening. The differences in inhibitory activity of Notch
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signaling induced by GSIs might be attributed to variable
1soform-specific binding sites and mechanisms of action. In
general, selective isoform inhibition is considered a relatively
safe therapeutic strategy with reduced systemic toxicity, pan-
inhibitors, on the other hand, could display enhanced inhibi-
tory efficiency [25]. Indeed, our present results showed that
1soform-specific inhibitors, such as BMS-708163 and MK-
0752, exhibited relatively moderate inhibitory effect of
Notch signaling compared to other pan-Notch inhibitors.
However, which class of agents between isoform-specific or
pan-inhibitors can achieve better treatment results is still an
open question and further investigations associated with toxi-
cology profile and clinical efficacy are certainly required.
Another possible factor that may contribute to the differences
among these GSIs is the selectivity of blocking target. For
instance, a GSI compound might not be specific for y-
secretase cleavage of Notch receptors, and can also inhibit
the processing of many other y-secretase substrates, such as
B-amyloid. The comprehensive blocking mechanisms could
lead to distinct pharmacological consequences. The selected
four compounds at three gradient concentrations were further
mnvestigated 1n the secondary screening with efficient inhibi-
tion of Notch achieved even at the lowest concentration of
0.5 uM. PF-03084014, LY3039478, and BMS-906024
exhibited a dose-dependent inhibition of Notch, whereas
RO4929097 did not display a clear correlation between drug
concentration and inhibitory activity in the range between 0.5
to 10 uM. This result suggests RO4929097 could be a very
potent GSI targeting Notch signaling and the inhibitory activ-
ity might have reached its threshold at the concentration of
0.5 uM. Previously, i vitro inhibitory activity of Notch induced
by RO4929097 has also been evaluated in human tumor-
derived cells by Roche [26]. They found that the compound
treatment led to a dose-dependent inhibition beginning at
0.1 uM, but no further reduction in protein and mRNA levels
of HesI was observed when the concentration was higher than
0.5 and 1 pM, respectively.

We next determined the cytotoxicity of GSIs at three con-
centrations in 3T3-L1 preadipocytes. We found that inhibit-
ing y-secretase activity by LY3039478 had no significant
effects on cell proliferation and viability at all the concentra-
tions used. In contrast, RO4929097, PF-03084014, and
BMS-906024 inhibited cell growth in a dose-dependent man-
ner and the reduction in cell viability was more considerable
at high doses. The cytotoxic effect of high-dose GSIs resulted
from induction of apoptotic cell death, which was also accom-
panied by increased cleaved levels of caspase-3. Previous stud-
ies have shown inhibition of Notch pathway can induce cell
apoptosis and cell cycle arrest through regulating the expres-
sions of apoptotic factors and cell cycle proteins [27, 28].
However, whether the cytotoxicity of GSIs is mediated by
inhibition of proteasome activity or y-secretase mediated pro-
cessing of Notch signaling has also been a subject of ongoing

investigation. For instance, Han et al. determined the cytotox-
icity of GSI Tin a number of cell lines, but the treatment with
two highly specific GSI did not affect the survival of these cells
[29]. The authors concluded that inhibition of proteasome
activity was the major contributor to the observed cytotoxic-
ity. Nevertheless, several questions regarding the action of
GSIs in Notch signaling-independent mechanisms remain to
be answered. Furthermore, in order to achieve enhanced in-
tracellular transport of GSIs with minimized cytotoxicity, de-
velopment of clinically translatable Notch-inhibiting drug de-
livery systems could be one of our future directions [18, 30].

More importantly, we found that the treatment with GSIs
promoted differentiation of 3T3-L1 preadipocytes and upregu-
lated adipogenic marker genes at the level of transcription and
translation. Our results are supported by previously reported
data, showing that the Notch signaling is a negative regulator in
adipogenesis of 3T3-L1 preadipocytes [31]. The process of adi-
pogenesis involves downregulation of the gene encoding Hes/,
which plays a dual role in adipocyte development as a sup-
presser and an activator. However, promoter analyses of up-
and down-regulated genes in 3T3-L1 preadipocytes has dem-
onstrated that the Notch signaling most likely inhibits adipo-
genesis through induction of Hes/ homodimers, which block the
transcription of target genes. In addition, this effect could also
be achieved by exposing 3T3-L1 preadipocytes to the Notch
ligand Jaggedl, associating with complete loss of PPARY and
C/EBPa [32]. This is supported by the findings in our study
that GSIs, even at the lowest concentration of 0.5 pM, are
effective to induce the depressed transcription of Hes/ and the
increased expression of adipogenic marker genes. Although
PPARY and C/EBPa are important regulators of the thermo-
genic program of beige adipocytes, additional transcriptional
components that cooperate with them, particularly PRDM16
and PGCa, have been shown to be necessary to activate the
beige fat-selective gene program [33, 34]. We therefore exam-
ined the expression of mitochondria-related and beige fat-
selective genes. Results reveal that Notch inhibition induced
by GSIs upregulate their expression levels, which is consistent
with our previous findings [17].

Furthermore, we determined the expression of UCPI,
which has long been considered the key protein stimulating
thermogenesis by uncoupling cellular respiration and mito-
chondrial ATP synthesis as well as playing a crucial role in
regulation of adipose conversion [35, 36]. In our study, signif-
icant upregulation of UCP1 was observed when cells were
with RO4929097, PF-03084014, and LY3039478 at the con-
centration of 1 uM. Compared to these three compounds,
BMS-906024 had the minimal impact on the increase in
UCPI protein expression. Interestingly, the upregulated ex-
pression of UCPI decreased by around 50% when a higher
concentration of 10 uM was used in the groups treated with
R0O4929097 and PF-03084014. In contrast, the high concen-
tration of LY3039478, has shown to be less cytotoxic than
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other compounds, did not significantly change the protein
expression of UCP1. These results demonstrate that the effi-
ciency of beige adipogenesis and browning of white adipocytes
might be affected by the cytotoxicity induced by high-dose
GSIs. Most studies to date use GSIs at a concentration of 10
puM to induce adipogenesis ¢ vitro and investigate the role of
Notch signaling [17, 37]; however, our present findings confirm
the efficiency of potent GSIs with relatively low concentrations
and point out the importance of selecting the optimal dose that
1s sufficient to achieve pharmacological activity and would be
expected to alleviate toxicities associated with overdose.

A limitation of our present study 1s that we only focused on
the canonical Notch target Hes!. Our previous studies have
shown that Hes! directly binds to the promoter regions of
Prdm16 and Ppargela to inhibit the transcription of these two
master regulators of mitochondrial biogenesis and beige adi-
pogenesis [17]. However, other canonical and non-canonical
Notch targets involved in adipogenesis and mitochondrial bio-
genesis could also be impacted by GSIs and contribute to the
pleiotropic effects of Notch signaling. It 1s worth noting that
non-canonical Notch signaling is RBPJ-independent and can
be either ligand-dependent or independent [38]. The func-
tions have mostly been identified in stem cells and progenitor
cells which are capable of expansion and/or differentiation,
suggesting that non-canonical signals might play a role in early
cell populations and interact with conserved cell regulators
[39]. The most well-studied and conserved effect of non-
canonical Notch function is regulation of Wnt/f-catenin sig-
naling [40]. Although canonical Notch signals are responsible
for the majority of Notch signaling, further investigation of
non-canonical Notch signaling modulated by GSIs is required
to better predict the final pharmacological consequences of
Notch targeting.

CONCLUSIONS

In the present study, we have shown that pharmacological
inhibition of Notch signaling by clinical candidates of GSIs
with an optimized concentration promotes beige adipogenesis
and mitochondrial biogenesis in 3T3-L1 preadipocytes. These
findings not only highlight the potential of cross-therapeutic
application of GSIs to obesity treatment via inhibition of y-
secretase-mediated processing of Notch signaling, but also
provide important experimental evidence to support further
design and development of clinically translatable Notch-
inhibiting drug delivery systems.
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