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Background: Increasing adaptive thermogenesis in adipose tissue may be a potential therapeutic target for over-
coming obesity and obesity-related disorders. Preadipocyte factor 1 (Pref-1), a preadipocyte secreted protein,
plays an inhibitory role in adipogenic differentiation. However, the role of Pref-1 in adipose tissue browning re-
mains unknown. We investigated whether Pref-1 regulates thermogenic program and beige fat biogenesis.
Methods: Pref-1 expression levels were examined in inguinal white adipose tissue (iWAT) and differentiated
3T3-L1 adipocytes in thermogenic conditions induced by cold exposure or a beta-adrenergic stimulus
(CL316,243). Overexpression and knockdown studies were performed both in vivo and in vitro to clarify the
role of Pref-1 in iWAT browning.
Results: Cold exposure or CL316,243 induced a thermogenic program in adipose tissue of C57BL/6N mice and in
3T3-L1 adipocytes. Notably, Pref-1 levels were down-regulated in iWAT and adipocytes under these conditions.
Overexpressing Pref-1 showed reduced thermogenic gene expressions in response to CL316,243 treatment,
whereas depletion of Pref-1 augmented thermogenic program in 3T3-L1 adipocytes. Correspondingly, treating
C57BL/6N mice with Pref-1 resulted in reduced expression of thermogenic and beige fat markers, a reduced
rate of oxygen consumption, blunting of UCP1 expression and beige fat formation in iWAT in response to cold ex-
posure or CL316,243 injection compared to the untreated mice. The opposite phenotype was observed in mice
with inducible fat-specific knock-out of Pref-1. Mechanistically, these effects were regulated by modulation of
TNF-α-converting enzyme activity and Pref-1 cleavage.
Conclusion: Our findings establish a novel role of Pref-1 that regulates adaptive thermogenesis. This offers a
unique target for improving energy homeostasis and treating obesity.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

Obesity is associated with serious comorbidities, such as diabetes,
cardiovascular disease, chronic kidney disease, certain cancers and
mortality. Despite its alarming increase and threat to global health [1],
measures that are effective at reducing adiposity are limited. Lifestyle
intervention is difficult to maintain, and the use of anti-obesity drugs
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is often related to safety problems [2,3]. Since the identification of
functional brown adipose tissue (BAT) in adult humans [4–6], biogene-
sis or induction of brown or beige adipocytes has been considered a
promising target to improve energy homeostasis and overcome obesity.
Notably, manipulation of beige adipocytes was sufficient to alter energy
expenditure and glucose homeostasis in mouse models [7,8]. Although
various stimuli, including environmental factors, hormones, cytokines
and metabolites, have been suggested to have a browning effect
[9–11], further understating of this issue is necessary.

Preadipocyte factor 1 [Pref-1; also called Delta-like protein 1 (Dlk1)]
is a molecular gatekeeper of adipogenesis that is mainly expressed in
preadipocytes [12,13]. It is synthesized as a transmembrane protein
that contains six EGF-like repeats at the extracellular domain. Its soluble
form, produced by TNF-α-converting enzyme (TACE)-induced proteo-
lytic cleavage, is biologically active and acts in an autocrine/paracrine
manner. Pref-1 expression inhibits adipocyte differentiation, and
downregulation of Pref-1 is required during differentiation, affecting
growth and development of adipose tissue. Pref-1 null mice display
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accelerated adiposity and increased serum lipid metabolites [14]. Con-
versely, mice overexpressing Pref-1 show a decrease in adipose tissue
mass, reduced expression of adipocyte markers, and reduced levels of
adipocyte-secreted hormones. Thesemice also suffer from lower insulin
sensitivity, hypertriglyceridemia, and impaired glucose tolerance due to
reduced adipose tissue development [15].

Pref-1 may also be involved in brown adipocyte differentiation. The
adipogenic program could be initiated by bone morphogenetic protein
(BMP) 7-induced suppression of Pref-1 in brown preadipocyteswith in-
sulin resistance [16]. Under the control of C/EBPδ, upregulation of Pref-1
impaired thermogenic gene expression in BAT [17]. However, the role of
Pref-1 in the browning of white adipose tissue remains to be elucidated.
Therefore, we aimed to explorewhether Pref-1 regulates a thermogenic
program and beige fat biogenesis by performing overexpression and
knockdown studies in both in vivo and in vitro model system. Here
we show that Pref-1 regulates adipose tissue browning via TACE-
mediated cleavage in response to adrenergic stimuli.

2. Materials and methods

2.1. Animal experiments

The Animal Care Committee of The Catholic University of Korea ap-
proved the experimental protocol, and all procedures performed
followed the ethical guidelines for animal studies. Male C57BL/6N
mice were purchased from Orient Bio Inc. (Sungnam, Korea). aP2-
CreERT2 transgenic mice were kindly provided by Prof. Hail Kim
(Korea Advanced Institute of Science and Technology, Daejeon, Korea)
and Dlk1 floxmice (STOCK Dlk1tm1.1Jvs/J) were purchased from the Jack-
son Laboratory (BarHarbor,ME, USA). SinceDlk1 is paternally inherited,
female aP2-CreERT2 mice were crossed with male Dlk1 flox mice. To
generate mice with inducible inactivation of the Pref-1 gene in adipo-
cytes (aP2-Dlk1 KO), tamoxifen [2mg/100 μl of corn oil (Sigma-Aldrich,
ST. Louis, MO, USA)] was intraperitoneally (IP) injected for 5 consecu-
tive days in 8-week-old mice. For genotyping, PCR was performed
using the Allele-In-One Tail PCR Direct PCR system (Allele Biotechnol-
ogy, San Diego, CA, USA) with the following conditions; aP2-CreERT2;
95 °C for 20 s, 56 °C for 30 s, and 72 °C for 45 s; Dlk1 flox; 94 °C for
1 min, 59 °C for 1 min, and 72 °C for 30 s. PCR primers are described
in Supplementary Table 1.

For cold exposure studies, each mouse (male, 10 weeks of age) was
housed in an individual cage in a cold room(4 °C) for the indicated time.
For pharmacological induction of thermogenesis using a β3-adrenergic
receptor agonist, mice were subjected to an IP injection of CL316,243
[1 mg/kg body weight/day (Sigma-Aldrich)] or vehicle (saline) for 3
consecutive days. For thermoneutral condition studies, mice were
housed in a 30 °C room starting at 5 weeks of age. To test the effect of
Pref-1 overexpression on white adipose tissue (WAT) thermogenesis,
mice were IP injected daily with 4 μg/kg of recombinant mouse Pref-
1-Fc (AdipoGen Inc., Incheon, Korea) or vehicle [phosphate-buffered sa-
line, PBS (Thermo Fisher Scientific, Waltham, MA, USA)] for 10 days.

2.2. Measurement of body temperature

Core body temperature was measured using a digital thermometer
(Tecpel CO. LTD., New Taipei City, Taiwan) with an attached rectal
probe. Rectal temperature was recorded at the indicated time points.

2.3. Cell culture and transfection

3T3-L1 preadipocytes were kindly provided by Prof. Jae Bum Kim
(Seoul National University, Seoul, Korea). Cellswere cultured and differ-
entiated according to published methods [18]. Human Pref-1-
expressing vector [pSPORT6-hDLK1 (Open Biosystems, Huntsville, AL,
USA)] and Pref-1 siRNA [siDLK (Santa Cruz Biotechnology, Santa Cruz,
CA, USA)] were used to regulate Pref-1 levels in the cells. On day 6
after induction of differentiation, Pref-1-expressing vector or siPref-1
were delivered to cells via a lipid-mediated Lipofectamine 2000 Trans-
fection Reagent (Invitrogen, Carlsbad, CA, USA) according to published
methods [19]. pCMV and SignalSilence control siRNA (Cell Signaling
Technology, Beverly, MA, USA) were used as transfection controls. For
induction of the thermogenic program, cells were treated with 0.5 μM
of CL316,243 for the indicated times after 24 h of transfection.

2.4. Primary adipocyte and SVF isolation

Primary adipocytes and stromal vascular fraction (SVF) cells were
prepared according to published methods [20]. Briefly, inguinal WAT
(iWAT) and epididymal WAT (eWAT) were washed with PBS, minced
and incubated in collagenase type I (Thermo Fisher Scientific). Freshly
isolated and cultured SVF cells were differentiatedwith the standard in-
duction medium containing 3-isobutyl-1-methylzanthine (IBMX,
Sigma-Aldrich), dexamethasone (Sigma-Aldrich) and insulin (Roche,
Indianapolis, IN, USA).

2.5. RNA extraction and RT-qPCR

Total RNA was extracted from tissues and cells using the TRIzol re-
agent (Invitrogen). Total RNA (1 μg) was used in the RT reaction with
the PrimeScript™ 1st strand cDNA synthesis kit (Takara Bio Inc.,
Tokyo, Japan), according to themanufacturer's instructions. All qPCR re-
actions were performed with PowerSYBR® Green PCR Mater Mix (Ap-
plied Biosystems, Foster City, CA, USA). PCR primer sequences are
described in Supplementary Table 1.

2.6. Western blot analysis

Westernblot analysiswas performed aspreviously described [19]. In
brief, total protein lysates were separated by SDS-PAGE and transferred
onto an Immobilon polyvinylidene difluoridemembrane (Millipore, Bil-
lerica, MA, USA). After blocking, these membranes were incubated with
following primary antibodies and HRP-conjugated secondary antibod-
ies: anti-UCP1 (1:2000, ab10983, Abcam, Cambridge, MA, USA), anti-
Pref-1 (1:500, AF8277, R&D systems, Minneapolis, MN, USA), anti-
total OXPHOS (1:4000, ab110413, Abcam), anti-Cytochrome C
(1:4000, ab110325, Abcam), anti-HSP90 (1:2000, sc7947, Santa Cruz
Biotechnology) or anti-β-actin (1:5000, A5441, Sigma-Aldrich). Pro-
teins were visualized using an enhanced chemiluminescence kit in ac-
cordance with the manufacturer's recommendations.

2.7. Histology and immunohistochemistry

Tissues were fixed with 10% formalin solution (Sigma-Aldrich) for
16 h, processed using a standard paraffin-embedding protocol and sec-
tioned as described previously [21]. Rehydrated sections were stained
with hematoxylin and eosin (Sigma-Aldrich) or incubated with anti-
UCP1 antibody. Anti-rabbit biotinylated antibodies and normal serum
were purchased from Vector Laboratory (Burlingame, CA, USA). Images
were acquired on an optical microscope [DMI 6000B, (Leica, Wetzlar,
Germany)] and analyzed with LAS-AF software.

2.8. Oxygen consumption rate (OCR) measurement

Mitochondrial function in tissues and cells was measured using the
mitochondrial stress test (Seahorse Bioscience, North Billerica, MA,
USA) in accordance with manufacturer's instructions. Fully-
differentiated cells were rinsed 3 times with assay medium supple-
mented with glucose (25 mM) and pyruvate (1 mM) and incubated in
a 37 °C, non-CO2 incubator for 1.5 h. For analysis of iWAT OCR, small
(~10 mg) pieces of iWAT were washed with assay medium, and placed
in the center of each well of an XF24 Islet capture microplate using an
islet capture insert tool. Mitochondrial inhibitors were added at the
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Fig. 1.Decrease in Pref-1 expression levels in response to thermogenic stimuli. Relative expression of Pref-1mRNA levels in differentiated 3T3-L1 cells treatedwith 0.5 μMof CL316,243 for
indicated times (A) and indicated doses for 24 h (B) (n=4). (C) Pref-1mRNA expression levels in inguinalwhite adipose tissue (iWAT), brown adipose tissue (BAT) and epididymal white
adipose tissue (eWAT) frommice during cold exposure and warm acclimation (n=5). mRNA (D) and protein (E) expression levels of Pref-1 and UCP1 in iWAT frommice maintained at
thermoneutrality (30 °C), room temperature (RT, 23 °C) or exposed to cold temperature (4 °C) for 24 h (n=6). Data are presented as themean± SE. ⁎P b 0.05, ⁎⁎P b 0.01 comparedwith
untreated or thermoneutral controls.
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following concentrations; 1.0 μM oligomycin, 0.5 mM trifluoromethoxy
carbonylcyanide phenylhydrazone (FCCP), and a 0.5 mM mix of rote-
none and antimycin A (Seahorse Bioscience). To induce the thermo-
genic program, 0.5 μM CL316,243 and 10 μM isoproterenol were
added. A clark-type oxygen electrode (Mitocell S200, Strathkelvin
Instruments, Scotland) was also used to measure tissue OCR. Minced
iWAT was incubated in 500 μl of respiration buffer (4.5 g/l glucose, 2%
BSA, 1 mM pyruvate in PBS), and OCR was quantified.

2.9. IP-glucose and insulin tolerance test

For the glucose tolerance test (GTT), a 50% glucose solution was
injected IP (2 g/kg body weight) after overnight fasting. For the insulin
tolerance test (ITT), human insulin was injected IP (1.0 U/kg body
weight) after 5 h of food withdrawal. Blood samples were drawn from
the tail vein at the indicated time after administering either glucose or
insulin. Glucose levels were measured using a glucometer (Arkray,
Minneapolis, MN, USA).

2.10. TACE activity assay

Fully-differentiated 3T3-L1 cellswere treatedwith 0.5 μMCL316,243
for 60min to determine if TACE activity was altered in the thermogenic
condition. TACE activity was measured using a SensoLyte® 520 TACE
(α-secretase) activity assay kit (Anaspec Inc., Fremont, CA, USA).

2.11. TACE activity modulation

To determine whether adipocyte thermogenesis is controlled
through TACE-mediated cleavage of Pref-1, TACE enzymatic activity
was enhanced or inhibited by recombinant mouse TACE/ADAM17 [0.5
μg/ml, (R&D systems)] or GM6001 [10 μM, (Calbiochem, San Diego,
CA, USA)], respectively. At 24 h after overexpression of Pref-1, 3T3-L1
cells were rinsed and incubated with serum-free medium. Cells were
pre-treated with recombinant mouse TACE/ADAM17 or GM6001 for
10 min before stimulating thermogenesis.

2.12. ELISA

Soluble Pref-1 levels were measured to assess if Pref-1 secretion is
involved in adipocyte thermogenesis using themouse protein Delta Ho-
molog 1 (Dlk1) ELISA kit following the manufacturer's protocol
(Cusabio, Wuhan, China).

2.13. Statistical analysis

All data were analyzed using Prism GraphPad Software (San Diego,
CA, USA). Data are presented as the means ± SE. An unpaired or paired
Student's t-test was performed as appropriate. A P value b0.05 was con-
sidered statistically significant.

3. Results

3.1. Pref-1 expression is affected by thermogenic stimuli

Pref-1 expression during adipocyte differentiation was confirmed
using SVF isolated from mouse adipose tissue and the 3T3-L1 cell line.
Pref-1 expression was significantly lower in differentiated adipocytes
compared with preadipocytes, as has been previously shown (Supple-
mental Fig. 1A–B). Additionally, primary adipocytes had reduced ex-
pression of Pref-1 when compared with SVF in both iWAT and eWAT.

To testwhether Pref-1 expression is affected by thermogenic stimuli,
3T3-L1 adipocytes were treated with CL316,243 at day 6 of differentia-
tion for 24 h. As expected, thermogenic genes (Ucp1, Pgc1α,Dio2, Elovl3,
Cidea, Cox8b) and beige fat marker (Cd137, Tbx1, Tmem26) expression
markedly increased (Supplemental Fig. 2A–B), whereas Pref-1 levels
were markedly reduced in a time- and dose-dependent manner
(Fig. 1A–B). Decrease in Pref-1 expression levels were not due to

Image of Fig. 1


Fig. 2. Changes in adipocyte thermogenesis by Pref-1 modulation. Relative expression levels of Pref-1, thermogenic genes and beige fat markers in Pref-1 overexpressing (A) or knock-
down (B) 3T3-L1 cells treated with 0.5 μM of CL316,243 (CL) for indicated times (n = 4). (C) Oxygen consumption rates (OCR) in Pref-1-overexpressing or knock-down 3T3-L1 cells.
Basal and maximal respiration was measured as described in the experimental procedures (n = 6). (D) Effect of Pref-1 on CL-induced cellular OCR (n = 8). Oligo, oligomycin; FCCP,
trifluoromethoxy carbonylcyanide phenylhydrazone; ant/rot, antimycin A/rotenone. Data are presented as the mean ± SE. ⁎P b 0.05, ⁎⁎P b 0.01 compared with untreated control. #P b

0.05, ##P b 0.01 between groups.
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differentiation, as this was not observed during the same period in un-
treated cells (Supplemental Fig. 1C). We expanded these observations
to an in vivo model system. C57BL/6N mice housed at room tempera-
ture (RT) were subjected to 4 °C cold exposure for 24 h and then
moved back to RT for 24 h (Supplemental Fig. 3A). Core body tempera-
ture decreased to approximately 36 °C after cold exposure and recov-
ered rapidly after mice were returned to RT (Supplemental Fig. 3B).
The expression of thermogenic genes and beige fat markers in iWAT
was markedly increased by cold exposure and were decreased by
returning the mice to RT (Supplemental Fig. 3C). Histological findings
(beige fat formation and UCP1 staining) were compatible with these
changes (Supplemental Fig. 3D). Interestingly, Pref-1 expression was
decreased in iWAT by exposure to cold temperatures (Fig. 1C). In con-
trast, Pref-1 expression in iWATofmice housed in thermoneutral condi-
tions (30 °C) for 3weekswas significantly higher than Pref-1 expression
levels in mice housed at RT (Fig. 1D–E, Supplemental Fig. 4A).
Temperature-dependent changes in Pref-1 and UCP1 expression were
prominent in iWAT, but less clear in eWAT. These data suggest that
Pref-1 expression is suppressed by thermogenic stimuli both in vitro
and in vivo.

3.2. Thermogenic gene expression and OCR are affected bymodulating Pref-
1 in 3T3-L1 cells

We performed overexpression or knock-down studies in 3T3-L1
cells to further examine how Pref-1 affects thermogenesis. Transfection
of a Pref-1-overexpression vector resulted in approximately 3-fold
higher expression of Pref-1. Pref-1 overexpressing cells showed blunted
expression of thermogenic and beige fat genes in response to CL316,243
treatment compared to controls (Fig. 2A). In contrast, opposite findings
were observed by Pref-1 knock-down (Fig. 2B). CL316,243-induced ex-
pression of Dio2, Elovl3, Cidea and Cox8b was amplified by siPref-1

Image of Fig. 2


Fig. 3. Pref-1 treatment inhibits thermogenic activity and browning of inguinal white adipose tissue (iWAT) in CL316,243 (CL)-treated mice. (A) Schematic representation of the experiment.
Body weight (B), core body temperature (C), relative expression levels of Pref-1 (D), thermogenic genes (E) and beige fat markers (F) in iWAT of vehicle or Pref-1-mFc treated mice with or
without CL treatment (n = 5). Representative histologic findings (G) (scale bar, 50 um) and tissue oxygen consumption rates (OCR) (H) of iWAT under the same conditions (n= 5). OCR
of iWAT from wild type mice before and after 0.5 μM CL (I) or 10 μM isoproterenol (ISO, J) treatment (n = 7). Tissues were pre-incubated with vehicle or Pref-1-mFc in respiration buffer
for 1.5 h before OCR measurement. Western blot of OXPHOS complex and UCP1 (K) (n = 3) and relative expression levels of OXPHOS genes (L) (n= 5) in iWAT of vehicle or Pref-1-mFc
treated mice with or without CL treatment. Data are presented as the mean ± SE. ⁎P b 0.05, ⁎⁎P b 0.01 compared with untreated control. #P b 0.05, ##P b 0.01 between groups.
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Image of Fig. 3


Fig. 4. Pref-1 treatment inhibits thermogenic activity and browning of inguinal white adipose tissue (iWAT) in cold-exposed mice. (A) Schematic representation of the experiment. Body
weight (B), core body temperature (C), relative expression levels of Pref-1 (D), thermogenic genes (E) and beige fat markers (F) in iWAT of vehicle or Pref-1-mFc treated mice with or
without 48 h of cold exposure (n = 5). (G) Representative histologic findings of iWAT under the same conditions (scale bar, 50 μm). Data are presented as the mean ± SE. ⁎P b 0.05,
⁎⁎P b 0.01 compared with unexposed control. #P b 0.05, ##P b 0.01 between groups.
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transfection. The basal andmaximal OCRwere inversely correlatedwith
the levels of Pref-1 expression, where OCR was decreased by Pref-1
overexpression and increased by Pref-1 knock-down (Fig. 2C). The
OCR increase achieved by CL316,243 treatment was absent in Pref-1-
overexpressing cells (Fig. 2D). These data suggest that modulation of
Pref-1 expression in an in vitro system results in changes in thermo-
genic gene expression and energy expenditure.

3.3. Pref-1 treatment impairs thermogenesis and browning of iWAT inmice

Next, we investigated the effect of Pref-1 treatment in vivo. Eight
week-old C57BL/6N mice were injected IP with 4 μg/kg/day of Pref-1
protein or PBS (control) for 10 days and were given 1 mg/kg/day of
CL316,243 for the last 3 days (Fig. 3A). Western blot of serum indicated
significantly higher concentration of Pref-1 in Pref-1-Fc treated mice
(Supplemental Fig. 5). CL316,243 injection induced weight loss in
both control and Pref-1 groups, but no difference between groups was
observed by this short-term treatment (Fig. 3B). CL316,243-induced
rise in core temperature was significantly lower by Pref-1 pretreatment
when compared with the PBS-treated group (Fig. 3C). Pref-1 expression
was suppressed by CL316,243 in both groups (Fig. 3D). Similar to the
findings observed in 3T3-L1 adipocytes, the increased expressions of
thermogenic and beige fat genes in response to CL316,243 treatment
were significantly blunted in the iWAT of the Pref-1 group compared
to the controls (Fig. 3E–F). Consistently, browning of iWAT was im-
paired, and ex vivo OCR was reduced in the Pref-1-treated group
(Fig. 3G–H). In addition, acute effects of adrenergic stimuli were exam-
ined using iWAT explants. Increased OCR by CL316,243 or isoproterenol
treatmentwas not observed in tissues incubatedwith Pref-1-containing
media (Fig. 3I–J). Western blot analysis of UCP1 and OXPHOS complex
subunits also confirmed the inhibitory role of Pref-1 in adipose tissue
browning (Fig. 3K, Supplemental Fig. 4B). Analysis of gene expression
patterns of OXPHOS complex subunits supported functional changes
(Fig. 3L). These effects of Pref-1 were not prominent in eWAT or BAT
(Supplemental Fig. 6A–C).

We also tested whether cold exposure, instead of pharmacological
stimulus, would exert a similar effect. Eight week-old C57BL/6N mice
were injected IP with Pref-1 protein or PBS for 10 days and exposed to
4 °C cold for the last 48 h (Fig. 4A). There were no differences in the
body weight or core temperature after cold exposure between two
groups (Fig. 4B–C). Pref-1 expression was suppressed in both groups
(Fig. 4D). Similar to the findings observed with CL316,243 treatment,
the increased expression of thermogenic andbeige fat genes in response
to cold exposure was significantly blunted in the iWAT from the Pref-1
group compared to the controls (Fig. 4E–F). Histologically, iWAT brow-
ning was impaired in the Pref-1-treated group (Fig. 4G). Collectively,
these data suggest that Pref-1 pretreatment attenuates adipose tissue
browning and thermogenesis in micewith beta-adrenergic stimulation.

3.4. Pref-1 knock-out amplifies thermogenesis and browning of iWAT in
mice

We generated adipose tissue-specific inducible Pref-1 knock-out
mice to examine the effect of Pref-1 depletion, and compared the
CL316,243-induced thermogenic potential with a control group
(Fig. 5A). Because Pref-1 expression level is higher in thermoneutral
conditions compared to RT (Fig. 1D–E), these mice were housed at 30
°C from 5 weeks of age for clearer detection of the effect of Pref-1

Image of Fig. 4


Fig. 5.Pref-1 knock-out in adipocytes promotes thermogenic activity andbrowningof inguinalwhite adipose tissue (iWAT) inCL316,243 (CL)-treatedmice.Micewere raised in a thermoneutral
environment from5wks of age. (A) Schematic representationof the experiment. Bodyweight (B), core body temperature (C), relative expression levels of Pref-1 (D), thermogenic genes (E) and
beige fatmarkers (F) in iWAT ofDlk1flox or aP2-Dlk1KOmicewith orwithout CL treatment (n=4–6). Representative histologicfindings (G) (scale bar, 50 μm)and tissue oxygen consumption
rates (OCR) (H) of iWATunder the same conditions (n=4–6). OCRof iWAT fromcontrol or aP2-Dlk1KOmice before and after 0.5 μMCL (I) or 10 μMisoproterenol (ISO, J) treatment (n=3–7).
Western blot ofUCP1 (K) (n=3)and relative expression levels of OXPHOSgenes (L) (n=4–6) in iWATofDlk1flox or aP2-Dlk1KOmicewithorwithout CL treatment. Data are presented as the
mean ± SE. ⁎P b 0.05, ⁎⁎P b 0.01 compared with untreated control, DLk1 flox;CL (I) or Dlk1 flox;ISO (J). #P b 0.05, ##P b 0.01 between groups.
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Image of Fig. 5
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Fig. 8. Proposed model for a role of Pref-1 in adipose tissue browning.
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knock-out. There were no differences in the body weight or core tem-
perature between groups after CL316,243 treatment (Fig. 5B–C). Pref-1
expression was further suppressed by CL316,243 treatment in aP2-
Dlk1 KO mice (Fig. 5D). In contrast to the findings observed by Pref-1
treatment, increased expression of thermogenic genes in response to
CL316,243 treatment was significantly augmented in the iWAT of aP2-
Dlk1 KO mice compared to Dlk1 flox mice, whereas the effect on beige
fat markers was not prominent (Fig. 5E–F). Consistently, beige fat for-
mation was increased, and ex vivo OCR was higher in aP2-Dlk1 KO
mice compared to Dlk1 floxmice (Fig. 5G–H). Additionally, acute treat-
ment with CL316,243 or isoproterenol in iWAT explants resulted in an
increased OCR in aP2-Dlk1 KO mice compared to Dlk1 flox mice
(Fig. 5I–J). Western blot analysis of UCP1 and gene expression patterns
of OXPHOS complex subunits supported functional changes (Fig. 5K–L,
Supplemental Fig. 4C). These effects of Pref-1 knock-outwere not prom-
inent in BAT (Supplemental Fig. 7A–C). Because lower random glucose
levels were noted in aP2-Dlk1 KO mice compared to Dlk1 flox mice
both before and after CL316,243 treatment (Fig. 6A), we also performed
GTT and ITT. Slightly improved glucose tolerance was observed with
borderline significance in aP2-Dlk1 KO mice compared to Dlk1 flox
mice, whereas no difference in insulin sensitivity was observed within
a few days of inducing genetic knock-out (Fig. 6B–C). Collectively,
these data suggest that Pref-1 knock-out amplifies adipose tissue brow-
ning and thermogenesis in mice with beta-adrenergic stimulation.

3.5. Thermogenic gene expression is dependent on TACE-mediated Pref-1
cleavage

We measured TACE activity in 3T3-L1 cells after short-term treat-
ment with CL316,243 to explore a possible mechanism that explains
how thermogenic stimuli might control Pref-1 expression. We found
that TACE activity is remarkably suppressed in this condition, resulting
in markedly reduced levels of soluble Pref-1, which is produced by
TACE-induced proteolytic cleavage, in the culture medium (Fig. 7A–B).
Furthermore, treatment of GM6001, a TACE inhibitor, decreased levels
of soluble Pref-1, whereas increasing TACE levels showed the opposite
effect in 3T3-L1 cells overexpressing Pref-1 (Fig. 7B). Cellular Pref-1 ex-
pression levels were unchanged by either GM6001 or TACE treatment
(Fig. 7C). CL316,243-induced increase in the expression of thermogenic
genes and beige fat markers was generally preserved by GM6001
whereas these were blunted by TACE treatment in 3T3-L1 cells
(Fig. 7D). These data suggest that CL316,243-induced expression of
thermogenic and beige fat genes ismodulated by TACE activity and sub-
sequent changes in soluble Pref-1 levels, which is directly influenced by
adrenergic stimuli.
4. Discussion

Activation of brown or beige adipocytes has received great attention
as a novel approach to improve energy homeostasis and overcome obe-
sity. In this study, we identified Pref-1 as a novel regulator of WAT
browning. Levels of Pref-1 expression were inversely correlated to
levels of UCP1 in iWAT from mice. The major finding of our study is
that modulation of Pref-1 level affects cold or CL316,243-induced ther-
mogenic activity, including brown or beige fat gene expression, iWAT
browning and mitochondrial function. Mechanistically, TACE activity
and production of soluble Pref-1 were affected by beta-adrenergic stim-
uli, leading to alterations in the autocrine or paracrine actions of Pref-1
(Fig. 8).

Pref-1 plays a critical role in regulating differentiation in white adi-
pocytes [12,13]. It acts primarily by maintaining a preadipocyte state,
and its expression is downregulated during the differentiation process.
A similar role for Pref-1 was also observed in brown adipocytes. BMP7
promotes differentiation of brown preadipocytes and triggers commit-
ment of mesenchymal progenitor cells to a brown adipocyte lineage.
Overexpression of BMP7 in mice leads to increased energy expenditure
and thermogenesis [22]. In a study using insulin receptor substrate 1-
deficient brown adipocytes, Pref-1 was identified as a direct target of
BMP7, showing that BMP7-mediated Pref-1 suppression restored
brown adipogenesis and expression of thermogenic markers in cells
with insulin resistance [16]. In C/EBPα-null mice, a rodentmodel of im-
paired fetal BAT differentiation, Pref-1 was overexpressed and UCP1
was underexpressed. Pref-1 gene transcription was under the control
of transcription factor C/EBPδ, and overexpression of C/EBPδ was ob-
served in C/EBPα-null BAT [17]. These data suggest a possible role of
Pref-1 in controlling energy expenditure through nonshivering
thermogenesis.

Image of Fig. 8
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Our data show that Pref-1 and UCP1 expression is dependent on the
ambient temperature in every adipose tissue depot we studied, al-
though less prominent in eWATor BAT. The browning effect in response
to thermogenic stimuli was also more prominent in iWAT compared to
eWAT, as expected. Notably, the regulation of adipose tissue browning
by Pref-1 modulation was only observed in iWAT, but not in eWAT.
Whether this is due to depot-specific action of Pref-1 or lower thermo-
genic potential of eWAT warrants further investigation.

Since induced browning of adipose tissue and its reversible nature
have been observed, the source of these beige adipocytes
(transdifferentiation from white adipocytes vs. de novo differentiation
of white or beige precursor cells) was under debate [9,23–26]. Since
beige adipocytes are composed of heterogenous cell populations, it is
also plausible that multiple mechanisms are involved. In our experi-
ments using differentiated 3T3-L1 adipocytes, modulation of Pref-1 ex-
pression level influenced the CL316,243-induced activation of
thermogenic genes and OCR. However, the CL316,243-induced increase
in brown or beige fat markers was negligible in undifferentiated
preadipocytes, possibly due to significantly higher expression of Pref-1
at this stage. Additionally, knock-down of Pref-1 in undifferentiated
preadipocytes did not induce significant changes in thermogenic gene
expression (data not shown). These observations suggest that the ob-
served role of Pref-1 is exerted by regulating transdifferentiation of ma-
ture white adipocytes into cells expressing beige cell characteristics.

Pref-1 has been shown to directly interact with fibronectin, and this
interaction via the integrinα5ß1 signaling pathway activatesMEK/ERK,
which increases Sox9 and inhibits adipocyte differentiation [27]. How-
ever, because the specific receptor of Pref-1 is yet unknown, identifying
this receptor would help achieve detailed exploration of the signaling
pathway involved in themetabolic action of Pref-1. Although themolec-
ular mechanism of Pref-1-mediated control of adipose tissue browning
is unclear at this point, a novel finding of this study is that TACE activity
and the resulting soluble Pref-1 level are under the influence of adren-
ergic stimuli. Activation of the sympathetic nervous system is a key
component in initiating adaptive thermogenesis in adipose tissue [28].
Beyond its classical mechanism of activating a cAMP-protein kinase A
pathway, several othermechanisms have been suggested, such as regu-
lating AMP-activated protein kinase or controlling norepinephrine up-
take by sympathetic neuron-associated macrophages [29,30]. Our
study adds another plausible mechanism.

Based on the known role of Pref-1, it could be assumed that adipose
tissue or serum Pref-1 level might be associated with a metabolic phe-
notype in humans. A study comparing adipose tissue expression of
Pref-1 in metabolically healthy and unhealthy obese subjects undergo-
ing bariatric surgery showed that metabolically healthy obese individ-
uals had lower levels of Pref-1 in adipose tissues, along with a more
favorable inflammatory profile [31]. Another study demonstrated
higher serum Pref-1 levelwith obesity, whichwas negatively associated
with insulin sensitivity, and that these levels decreased after bariatric
surgery [32]. In contrast, some studies identified a negative correlation
of Pref-1 with type 2 diabetes in obese individuals, or found that sub-
jectswith lower levels of circulating Pref-1 are at an increased risk of de-
veloping diabetes [33,34]. Inconsistent results among studies might
have been caused by different clinical characteristics of study partici-
pants or by themethods used formeasuring Pref-1.We found subtle im-
provement of glucose tolerance with borderline significance in adipose
tissue-specific Pref-1 knock-out mice. The longer effects of Pref-1 dele-
tion, or response to metabolic stress, such as a high fat diet, should be
explored in the future as the duration of knockout in our experiments
was very short. It would also be interesting to knowwhether Pref-1 ex-
pression is associated with the amount of brown or beige fat and ther-
mogenic potential in humans.

In conclusion, we demonstrated that Pref-1 expression level is de-
pendent on ambient temperature and that adaptive thermogenesis is
controlled by Pref-1 in iWAT and 3T3-L1 adipocytes. These findings
open a new possibility of promoting beige fat biogenesis and improving
energy homeostasis by regulating Pref-1 for the treatment of obesity
and metabolic diseases.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2019.153977.
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