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Lsd1 prevents age-programed loss of beige adipocytes
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Aging is accompanied by major changes in adipose tissue distri-
bution and function. In particular, with time, thermogenic-
competent beige adipocytes progressively gain a white adipocyte
morphology. However, the mechanisms controlling the age-
related transition of beige adipocytes to white adipocytes remain
unclear. Lysine-specific demethylase 1 (Lsd1) is an epigenetic
eraser enzyme positively regulating differentiation and function
of adipocytes. Here we show that Lsd1 levels decrease in aging
inguinal white adipose tissue concomitantly with beige fat cell
decline. Accordingly, adipocyte-specific increase of Lsd1 expres-
sion is sufficient to rescue the age-related transition of beige
adipocytes to white adipocytes in vivo, whereas loss of Lsd1
precipitates it. Lsd1 maintains beige adipocytes by controlling the
expression of peroxisome proliferator-activated receptor « (Ppara),
and treatment with a Ppara agonist is sufficient to rescue the loss
of beige adipocytes caused by Lsd1 ablation. In summary, our data
provide insights into the mechanism controlling the age-related
beige-to-white adipocyte transition and identify Lsd1 as a regulator
of beige fat cell maintenance.
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In mammals, adipose tissue is essential for the regulation of
energy homeostasis. White adipose tissue (WAT) is deposited
s.c. [i.e., inguinal WAT (ingWAT)] and around internal organs
[ie., epididymal WAT (epWAT)], whereas brown adipose tissue
(BAT) is predominantly found between the scapulae of rodents
and in the supraclavicular/thoracic regions of adult humans (1).
Adipocytes that constitute WAT and BAT display distinguish-
able morphological features and functions. White adipocytes
contain a single (unilocular) large lipid droplet and few mito-
chondria, and serve for lipid storage and adipokine production.
In contrast, brown adipocytes have numerous smaller (multi-
locular) lipid droplets and abundant mitochondria, and are
thermogenically active. They are defined by high expression of
uncoupling protein-1 (Ucpl), a mitochondrial membrane pro-
tein that provides these cells with the unique ability to dissipate
large quantities of energy as heat (2). The presence of Ucpl-
positive brown-like adipocytes has been described in WAT.
These cells were termed “brite” (brown in white) (3) or “beige”
adipocytes (4). In mice, two types of beige adipocytes are
formed, namely basal beige adipocytes that emerge during em-
bryonic development (5, 6), and beige adipocytes that can be
recruited upon environmental challenge (7). Basal and induced
beige adipocytes prevail predominantly in ingWAT of young
rodents, but are thought to have distinct origins. During em-
bryonic development, a certain percentage of basal beige fat cells
are derived from Myf5-positive precursor cells (8, 9) sharing
common origins with brown adipocytes (10). In contrast, other
studies suggest that basal beige cells originate from smooth
muscle (11, 12). Appearance of induced beige adipocytes in
WAT can be induced by adrenergic stimuli or exposure to cold
(7). 1t is yet unclear whether the induced beige adipocytes pre-
exist in WAT as “masked” unilocular cells that acquire their
thermogenic properties and beige morphology upon cold or
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p3-adrenergic (B3AR) stimulation or develop by differentiation
from precursor cells (9).

Aging is accompanied by dramatic metabolic changes and
gradual weight gain as calorie-burning skeletal muscle is de-
creasing in mass and fat tissue is accumulating. In modern so-
cieties, age-related phenotypes are favored by increased lifespan,
high-caloric diet, and sedentary lifestyle. In particular, changes in
the morphology and function of adipose tissue have been
reported in rodents and humans (13). Of note, beige adipocytes
of young adult mice and human newborns are progressively lost
during aging and replaced by white fat cells. In mice, expression
of Ucpl transcript in ingWAT dramatically declines between
3 and 12 mo of age, and, at 12 mo of age, multilocular Ucpl-
positive beige adipocytes are lost from WAT depots (14). De-
spite the high interest in understanding beige adipocyte devel-
opment and metabolism, the molecular mechanism orchestrating
age-related beige-to-white adipocyte transition remains unknown.
We and others previously reported that lysine-specific demeth-
ylase 1 (Lsdl) is required for the differentiation of white and
beige adipocytes, and that ubiquitously increased expression of
Lsdl promotes thermogenic and oxidative capabilities of WAT
(15). Therefore, we questioned whether Lsd1 may also play a role
in the age-dependent loss of beige fat cells. In the present study,
we show that Lsdl levels decrease with age in ingWAT concom-
itantly with the age-related loss of beige adipocytes. Maintenance
of Lsdl expression specifically in adipocytes of transgenic mice
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rescues the age-related beige-to-white transition of ingWAT.
Conversely, adipocyte-specific loss of Lsd1 induces a premature
progressive whitening of ingWAT before 10 wk of age. Lsdl
ablation allows the emergence of basal beige adipocytes but
prevents the formation of beige adipocytes induced upon cold
exposure. Finally, basal and cold-induced beige adipocytes can-
not be maintained after conditional Lsd1 ablation in WAT even
in the presence of continuous cold stimulus. Progressive beige-
to-white transition of ingWAT is mediated by the Lsdl target
gene peroxisome proliferator-activated receptor o (Ppara). In
beige fat, Lsdl is recruited to the Ppara promoter, boosting
Ppara expression and promoting the beige phenotype. In sum-
mary, our data uncover Lsdl as a key player controlling the age-
related beige-to-white transition of ingWAT via direct control of
Ppara expression.

Results

Lsd1 Is Essential for the Maintenance of Basal Beige Adipocytes. To
evaluate whether Lsd1 might contribute to the age-programmed
loss of basal beige adipocytes, we analyzed Lsdl expression in
WAT of mice at 10 wk (young adult) and 30 wk (old) of age.
Lsdl transcript and protein levels dramatically decreased in
epWAT and ingWAT of old compared with young WT mice
(Fig. 1 A and B and Fig. S14), which was not observed in other
tissues such as liver (Fig. 14 and Fig. S14). H&E staining of WT
ingWAT displayed an age-related conversion from beige to white
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Fig. 1. Lsd1 prevents the age-programmed loss of beige adipocytes. (A) qRT-
PCR analysis showing relative Lsd1 mRNA levels in epWAT and ingWAT and in
liver of 10- and 30-wk-old WT mice (mean + SEM; ***P < 0.001; 10-wk-old
mice, n = 9; 30-wk-old mice, n = 12). (B) Western blot analysis of Lsd1 protein
levels in ingWAT of 10- and 30-wk-old WT mice. p-Tubulin was used as a
loading control. (C) H&E staining and (D) immunohistochemical detection of
Ucp1 on representative sections of ingWAT from control (Ctrl) and adipose
tissue-specific Lsd1 overexpressing (Lsd1"9) mice at 10 and 30 wk of age.
(Scale bars: 200 um.) (E) gRT-PCR analysis showing relative mRNA levels of
indicated genes in ingWAT of control and Lsd1<™® mice at 10 and 30 wk of
age (mean + SEM; *P < 0.05; n = 12).
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adipocyte morphology (Fig. 1C) as previously reported (14). We
thus hypothesized that Lsd1 might play a role in the maintenance
of beige adipocytes and that the gradual loss of Lsdl with age
might be responsible for the morphological changes observed in
ingWAT of older mice. To validate this hypothesis, we aimed to
maintain Lsd1 expression selectively in adipocytes during aging.
We engineered transgenic mice in which the flag-tagged human
Lsd1 coding sequence followed by a floxed translational stop
cassette is under the control of the chicken p-actin promoter
(Methods and Fig. S1B). The transgenic mice were crossed with
the well described adiponectin (Adipoq)-Cre deleter strain (16)
to generate adipocyte-specific Lsd1-overexpressing mice, here-
after named Lsd1°'# (Fig. S1B). Western blot analysis confirmed
that Lsdl levels remained high in 30-wk-old Lsd1°™® mice but
decreased with age in control mice (Fig. S1C). In ingWAT of
young Lsd1°™® mice, we did not observe any morphological
changes compared with age-matched control mice (Fig. 1C).
Importantly, the typical age-related phenotypic beige-to-white
adipocyte transition was robustly impaired in ingWAT of old
Lsd1°™® mice (Fig. 1C), and old Lsd1"® mice conserved their
pool of Ucpl-positive beige fat cells to a similar extent as young
WT animals (Fig. 1D and Fig. S1D). Next, we tested whether the
transcription levels of beige-selective markers (17) and genes
involved in thermogenesis and oxidative metabolism were altered in
ingWAT during aging. In accordance with the observed morpho-
logical changes, analyzed markers were strongly down-regulated
with age in ingWAT of control mice (Fig. 1E and Fig. S1C). In
contrast, this decrease was less severe in old Lsd1°™® mice, and the
expression pattern resembled that of young mice (Fig. 1E). As a
control, the expression of general adipogenic markers was not al-
tered (Fig. S1E). These data show that maintaining Lsd1 levels in
ingWAT during aging is sufficient to preserve basal beige adipocyte
morphology and gene expression program.

Loss of Lsd1 in Adipocytes Causes Premature Beige-to-White Transition
of ingWAT. As the presence of Lsd1 protein seems to be essential
to maintain basal beige fat cells in ingWAT, we hypothesized
that loss of Lsd1 in adipocytes would lead to a premature loss of
the beige fat cells. Therefore, we crossed mice harboring con-
ditional Lsd1 alleles (Lsd1PP mice) (18) with the Adipog-Cre
deleter strain, resulting in Cre-mediated loss of Lsdl selec-
tively in adipocytes, hereafter named Lsd1°*° mice (Fig. S2 A4
and B). Of note, beige adipocytes emerged in ingWAT of control
and Lsd1¥° mice. However, already at 6 wk of age, ingWAT of
Lsd1°%© mice morphologically resembled that of 10-wk-old
control mice (Fig. S2C). More importantly, at 10 wk of age,
ingWAT of Lsd1°®C mice elicited uniformly white adipocyte
appearance (Fig. 24). Consistently, Ucpl protein levels were
decreased (Fig. 2B and Fig. S2 B and D), and transcript levels of
beige fat-selective markers were down-regulated in 10-wk-old
Lsd1°®© mice compared with their control littermates and
were similar to the levels of 30-wk-old control mice (Fig. 2B and
Fig. S2E). Of note, the loss of beige adipocytes in Lsd1°%° mice
was not caused by apoptosis as shown by transcript levels of Bax
and Bcl2 and protein levels of Parp and Casp3 (Fig. S2 E and F).
In summary, beige adipocytes emerge in ingWAT in the absence
of Lsd1. However, beige adipocytes in young Lsd1°¥° mice alter
their morphology and transcriptional repertoire prematurely to
resemble mature adipocytes of old WT mice. These data indicate
that Lsdl loss contributes to the age-related depletion of beige
adipocytes.

To unravel the destiny of beige adipocytes in Lsd1°%° mice,
i.e., to determine whether Ucpl-positive beige fat cells are
progressively converted to white adipocytes with age, we crossed
Lsd1“C mice with the previously published Ucpl-diphtheria
toxin receptor (Dtr)-GFP reporter strain (19) to generate
Lsd1KO-C™" mice. These mice express GFP fused to a trans-
membrane protein, the Dtr, under the control of the Ucp! promoter.
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Fig. 2. Loss of Lsd1 in adipocytes accelerates the beige-to-white transition
of ingWAT. (A) Immunohistochemical detection of Ucp1 on ingWAT from
control (Ctrl) and adipocyte-specific Lsd1 KO (Lsd1<“°) mice at 6, 10, and
30 wk of age. (Scale bars: 200 um.) (B) qRT-PCR analysis showing relative
mRNA levels of indicated genes in ingWAT of control and Lsd1%® mice at
10 and 30 wk of age (mean + SEM; *P < 0.05; n = 10). (C) Immunofluores-
cence detection using anti-GFP and anti-perilipin (Plin1) antibodies on rep-
resentative sections of ingWAT of control and Lsd1?“%"“" mice containing
Ucp1-Dtr-GFP fusion construct, which enables detection of membrane-
localized GFP protein in Ucp1-positive cells and their descendants. (Scale
bars: 100 pm.)

Thus, GFP is selectively expressed and addressed to the mem-
brane of Ucpl-positive cells, allowing us to trace the fate of
Ucpl-expressing beige adipocytes. Lsd1PP mice expressing
Ucpl-Dtr-GFP were used as controls. Importantly, a gogulation
of white adipocytes present in ingWAT of Lsd1°*°"S** mice
stained positive for GFP (Fig. 2C), demonstrating that, in the
absence of Lsdl, Ucpl-expressing basal beige adipocytes are
formed but converted into cells with white adipocyte appearance.

Lsd1 Is Required for the Maintenance of Beige Adipocytes in Adult
Mice. To address whether Lsdl is required for the maintenance
of basal beige adipocytes at adult stage, we generated tamoxifen
(Tam)-inducible Lsd1'¥°-S** mice by crossing Lsd1PP mice with
the Adipog-CreER™deleter (20) and the Ucpl-Dtr-GFP re-
porter strains (Fig. S2G). Lsd1PP mice expressing Ucpl-Dtr-
GFP were used as controls. In Lsd1'¥©-S*f mice, adipocyte-
specific Lsd1 ablation is induced upon Tam administration at
7wk of age (Fig. S2 H-J). Consistent with the data obtained from
Lsd1°%© mice, we observed a beige-to-white adipocyte transition
in ingWAT of Lsd1*O-SFF mice 3 wk after depletion of Lsdl
(Fig. S2K). Of note, GFP tracing revealed that Lsd1-depleted
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white adipocytes in ingWAT of Lsd1¥O¢P mice emerged
from preexisting beige fat cells (Fig. S2 L and M), confirming
that Lsd1 is required to maintain the pool of basal beige fat cells
in young adult mice. Taken together, our Lsd1-proficient and
-deficient mouse models present Lsd1 as an important regulator
of beige-to-white adipocyte transition in ingWAT.

Lsd1 Is Required for the Formation and Maintenance of Cold-Induced
Beige Adipocytes. To address whether Lsdl is required for
emergence and maintenance of induced beige adépocytes, we
administered Tam to 7-wk-old control and Lsd1°-°** mice. At
9 wk of age, mice were exposed for 10 d to cold (Fig. S34).
Although the appearance of cold-induced beige adipocytes was
evident in control mice (Fig. S34), very few cold-induced beige
adipocytes emerged in ingWAT of Lsd1'¥°-SFP mice (Fig. S34).
To rule out the ‘Eossibility that induced beige adipocytes were
formed in Lsd1™°C* mice but immediately converted into
white adipocytes, we traced GFP-positive cells. Upon cold ex-
posure, the number of GFP-positive beige adipocytes strongly
increased in control mice, whereas no GFP-positive adipocytes
displaying a beige morphology were detected in Lsd1™©-CF?
mice (Fig. S3B). To test whether the impairment of cold-induced
beige adipocyte formation affects the functional properties of
ingWAT, we assayed mitochondrial respiration. Cold-induced
respiratory capacities of ingWAT of Lsd1™°C*" mice were
significantly hampered, contrary to that of control mice (Fig.
S3C), indicating an impaired thermogenic response. In accor-
dance, expression of oxidative and thermogenic markers was only
slightly elevated in Lsd1°-SFP mice exposed to cold (Fig. S3D),
unlike their control littermates, which responded to cold by ro-
bust up-regulation of these markers. Finally, we inquired whether
Lsd1 also governs the maintenance of inducible beige adipocytes.
Therefore, control and Lsd1™°-*? mice were exposed to cold
to induce appearance of beige fat cells (Fig. 34). After 10 d of
cold treatment, mice were injected with Tam in the presence of
the continuous cold stimulus and kept at 10 °C for another 2 wk
(in total, 25 d of cold exposure; Fig. 34). Control mice exposed
to cold for 25 d developed significantly more beige fat cells in
ingWAT compared with mice exposed for 10 d (Fig. 34). On the
contrary, upon Lsdl loss, cold-induced beige adipocytes in
ingWAT of Lsd1™°-“"F mice underwent a massive beige-to-
white adipocyte transition (Fig. 34). Importantly, white adipo-
cytes observed in mice with Lsdl ablation were GFP-positive,
indicating that they originated from Ucpl-expressing beige adi-
pocytes (Fig. 3B). Loss of Lsdl caused decreased mitochondrial
respiration (Fig. S3E) and down-regulation of beige fat-selective
markers (Fig. 3C), confirming that adipocytes from ingWAT
have reduced thermogenic capacities. In summary, our data
show that development and maintenance of cold-induced beige
adipocytes critically depend on Lsdl (Fig. S3 F and G).

Lsd1 Targets Ppara to Maintain Beige Adipocytes in ingWAT. To
identify Lsd1 target genes that contribute to the maintenance of
beige adipocytes, we determined the transcriptome of Lsd1%©
and control mice at 6 wk of age, when beige adipocytes prevail in
ingWAT of WT mice. We identified 727 differentially expressed
genes (DEGs) in Lsd1°¥© compared with control mice. Among
these 727 DEGs, 449 were up- and 278 were down-regulated
(Fig. S4A4). Pathway analysis of the 449 up-regulated transcripts
uncovered genes related to glucose metabolism (Table S1),
similar to what we observed in BAT (21). Ppar signaling was one
of the most enriched pathways among the 278 down-regulated
genes (Fig. S4B and Table S1). Ppars are ligand-regulated nu-
clear receptors that have been shown to play important roles in
fat differentiation and metabolism (22, 23). In particular, Ppara
is expressed at substantially higher levels in brown relative to
white adipocytes (24, 25). Interestingly, our RNA sequencing
(RNA-seq) data revealed a 50% decrease in transcript levels of

PNAS | May 16,2017 | vol. 114 | no.20 | 5267

PHYSIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702641114/-/DCSupplemental/pnas.201702641SI.pdf?targetid=nameddest=ST1

L T

/

1\

=y

A H&E staining in ingWAT (-TAM) H&E staining in ingWAT (+TAM)

Ctrl Lsd1(iKO-GFP) Ctrl Lsd1(iKO-GFP)
a BO 1 s : @ A T T T
24°C |- 10°C
@ (1) 24°C —
or | 10°C t
10°C (2) 24°C &
i o Tam
@) 240 —A9C 2" T 7ime
(weeks)
7 8 9 10 11
B ingWAT (GFP and Plin1 immunofluorescence)
Ctrl -Tam Lsd1(iKO-GFP) -Tam
GFP Overlay

Overlay

- B

Ctrl +Tam Lsd1(iKO-GFP) +Tam
GFP Overlay GFP

Overlay

qRT-PCR in ingWAT

Thermogenesis OXPHOS

Beige adipocyte

Relative mRNA levels O

NN A0 A2 0B T D «2© 0P N WD
VO oo 98 0° W 0 ¥ oo™ o (1P
a Ctrl 0 Lsd1(iKO)-GFP

Fig. 3. Lsd1 is required for development and maintenance of cold-induced
beige adipocytes. (A) H&E staining and (B) immunofluorescence detection us-
ing anti-GFP and anti-Plin1 antibodies on representative sections of ingWAT of
control (Ctrl) and Lsd 1“°6F" mice in the absence or presence of Tam treatment.
Time scale indicates age of the mice and start and end of Tam and cold
treatment. Dagger indicates the time point at which mice were killed. (Scale
bars: 200 pm.) (C) gRT-PCR analysis showing relative mRNA levels of indicated
genes in ingWAT extracts from control and Lsd1%°%" mice treated as de-
scribed in A (mean + SEM; *P < 0.05, **P < 0.01, and ***P < 0.001; n = 7).

Ppara in Lsd1%%° compared with control mice. We therefore

hypothesized that Lsdl, at least in part, might exert its action by
regulating Ppara.

To investigate whether Lsdl associates with the Ppara locus,
we used C3H-10T1/2 multipotent mesenchymal cells (26, 27) and
immortalized preadipocytes isolated from the stromal vascular
fraction from ingWAT, which can be differentiated into beige or
white adipocytes (Methods). Upon treatment with mixtures
promoting beige or white adipogenesis, immortalized pre-
adipocytes acquired the transcriptional repertoire of beige and
white adipocytes, respectively (Fig. S4C). In C3H-10T1/2 cells,
beige adipocyte properties were stimulated by treating the cells
with the P3AR agonist CL316,243 (15, 28, 29). In both cell lines,
Ppara expression increased in beige compared with white adi-
pocytes (Fig. S4D). This induction was efficiently abolished by
treating the cells with Lsd1-specific inhibitor QC6688 [Lsd1(i)]
(21) (Fig. S4 C and D). To unravel whether Lsdl directly con-
trols Ppara expression, both cell lines were subjected to ChIP
followed by quantitative PCR (qPCR). In the presence of stimuli
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promoting beige adipogenesis, Lsd1l was enriched at the pro-
moter of Ppara in both differentiated C3H-10T1/2 and immor-
talized adipocytes (Fig. 44 and Fig. S4F). Increased Lsdl
occupancy was accompanied by recruitment of the coactivator
protein p300 and increased Polll binding. Furthermore, we ob-
served increased levels of the active histone marks histone
H3 acetylated at lysine 27 (H3K27ac) and histone H3 di- and
trimethylated at lysine 4 (H3K4me2 and H3K4me3; Fig. 44 and
Fig. S4E), and decreased levels of the repressive histone marks
histone H3 di- and trimethylated at lysine 9 (H3K9me2 and
H3K9me3; Fig. 44 and Fig. S4E). Of note, these marks were not
enriched at an unrelated chromatin region (Fig. S4 F and G) or
when IgG was used as a control (Fig. 44 and Fig. S4E). Next, we
addressed whether the role of Lsd1 catalytic activity is involved
in the regulation of Ppara expression. The increase in the levels
of Lsdl, p300, Polll, H3K27ac, and H3K4me3/me2 in beige
adipocytes was abolished by treating the cells with Lsd1(i) (Fig.
44). Conversely, treatment with Lsd1(i) increased the levels of
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Fig. 4. Lsd1 targets Ppara to maintain beige adipocytes. (A) ChIP-qPCR

analysis of the Ppara promotor (-801 to —632 bp) performed with anti-
Lsd1, anti-p300, anti-Polll, anti-H3K27ac, anti-H3K4me2, anti-H3K4me3,
H3K9me2, H3K9me3, anti-H3 antibodies, and rabbit (rlgG) or mouse IgG
(mlIgG) in differentiated C3H-10T1/2 adipocytes treated with Lsd1-specific
inhibitor QC6688 [Lsd1(i)] or vehicle. The precipitated chromatin was quanti-
fied by gPCR using primers flanking the —801 to —632 bp region of the Ppara
gene (mean + SEM; *P < 0.05 and **P < 0.01; n = 3). (B) H&E staining and
(C) immunohistochemical detection of Ucp1 on representative sections and
(D) gRT-PCR analysis showing relative mRNA levels of indicated genes in
ingWAT of control (Ctrl) and Lsd 1™ mice at 30 wk of age treated for 3 d with
vehicle or the Ppara antagonist GW6471 (D) (mean + SEM; *P < 0.05, **P <
0.01, and ***P < 0.001; n = 6). (Scale bars: 200 pm.)
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the repressive marks H3K9me3/me2 (Fig. 44) and that of his-
tone H3 in white and beige adipocytes, indicating chromatin
compaction (Fig. 44). Together, our data demonstrate that
Lsdl enzymatic activity is essential for induced expression of
Ppara in beige adipocytes.

Lsd1-Dependent Maintenance of Beige Adipocytes Is Mediated by
Ppara. To demonstrate whether Lsd1l-dependent maintenance
of beige adipocytes is mediated by Ppara in vivo, we analyzed
Ppara protein levels in ingWAT of young and old WT mice.
Similar to Lsdl, the expression of Ppara strongly decreased be-
tween 10 and 30 wk of age (Fig. S4H). Thus, we used GW9578, a
potent synthetic Ppara agonist, to activate the residual Ppara
protein present in 10 wk-old Lsd1%° mice. Of note, treatment
with GW9578 was sufficient to alleviate the premature beige-
to-white adipocyte transition we observed in young Lsd1°%® mice
(Fig. S41 and S4J) and to increase the transcript levels of beige
fat markers in control mice (Fig. S4K). More importantly, in
GW9578-treated Lsd1°¥® mice, levels of these markers were
comparable to those of vehicle-treated control mice (Fig. S4K).
These data show that the Ppara agonist GW9578 efficiently
rescues the loss of beige adipocytes caused by Lsdl depletion
in ingWAT.

To further corroborate that Lsd1-dependent maintenance of
beige adipocytes is mediated by Ppara, we treated 30-wk-old
adipocyte-specific Lsdl-overexpressing Lsd1™® mice with the
Ppara antagonist GW6471. H&E staining and Ucpl immuno-
histochemistry analysis revealed that, upon GW6471 treatment,
maintenance of beige adipocytes is abrojgated, and beige adipo-
cytes were barely detectable in old Lsd1°*® mice (Fig. 4 B and C).
In addition, the increased transcription of beige fat markers
observed in old Lsd1°™® mice was completely abolished upon
GW6471 treatment, demonstrating that Ppara inhibition suf-
fices to deactivate the Lsd1-dependent expression program of
beige adipocytes (Fig. 4D). In conclusion, our data show that
maintenance of beige adipocytes is mediated by the Lsdl target
gene Ppara.

Discussion

Understanding the development and maintenance of beige adi-
pocytes provides exciting insights in establishing novel therapies
against obesity and obesity-associated disorders. Despite the
broad interest these cells sparked in recent years, the process of
progressive age-related beige-to-white transition (14) remains
unclear. In the present study, we identified Lsdl as a regula-
tor of beige adipocyte maintenance. We show that, in WAT,
Lsd1 mRNA and protein levels decrease concurrently with aging.
In accordance, adipocyte-specific Lsd1l ablation led to an un-
timely beige-to-white transition in early adulthood. Conversely,
adipocyte-specific elevation of Lsdl expression was sufficient to
maintain the pool of beige fat cells. We previously suggested that
ubiquitous Lsd1 overexpression induces appearance of beige fat
cells in WAT (15). Our findings unravel that adipocyte-specific
Lsdl expression is essential to maintain beige adipocytes. Fur-
thermore, our tracing experiments provide evidence that Lsdl
loss in beige adipocytes results in a beige-to-white adipocyte
transition. Maintaining Lsd1 levels in adipocytes would therefore
prevent the age-related beige-to-white transition that occurs in
adipose tissue.

In the present study, we also analyzed the role of Lsdl in the
development and maintenance of the population of beige ad-
ipocytes that are induced upon external stimuli. We found that
ablation of Lsd1 robustly impaired the thermogenic response
of ingWAT to cold stimulation. In addition, Lsd1 expression
was necessary to maintain inducible beige adipocytes and
prevent them from acquiring white adipocyte morphology. In
previous studies, Rosenwald et al. performed tracing experi-
ments showing in mice that cold-induced beige adipocytes are
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converted into white adipocytes upon warm adaptation (19). By
using a similar mouse model, we traced Ucpl-positive cells and
showed that induced beige adipocytes are not formed in Lsd1-
ablated ingWAT, contrary to the formation of basal beige ad-
ipocytes. To date, it remains unclear whether basal and in-
duced beige adipocytes represent the same cell population, or
if they emerge from different precursor cells (30-32). Our
findings unravel that Lsd1l expression is required for the de-
velopment of only induced beige adipocytes, whereas basal
ones are formed in ingWAT even upon Lsdl ablation. Poten-
tial explanations for distinct Lsd1 functions might be that basal
and induced beige adipocytes originate from different precur-
sors or that their formation is regulated by diverse signaling
pathways. However, Lsdl is necessary to prevent the pro-
gressive age-related beige-to-white transition in basal and in-
duced beige adipocytes.

Lsd1 exerts its function in ingWAT by targeting a set of genes
involved in thermogenesis, oxidative phosphorylation, and genes
identified as beige fat markers (17). In particular, our tran-
scriptome analysis in Lsd1°© mice identified the nuclear re-
ceptor Ppara as an Lsd1 target. Of note, Ppara-null mice present
a phenotype close to what we observed in Lsd1°%° mice, as they
also showed a reduced number of beige adipocytes (33). A de-
tailed analysis of the Ppara locus by ChIP revealed that Lsd1 is
recruited in a beige adipocyte-dependent manner. By using a
pharmacological approach, we confirmed that Ppara mediates
the effects of Lsdl in mice to maintain beige adipocytes. The
Ppara agonist GW9578 was already shown to reduce adiposity
in vivo (34, 35) and to positively regulate the expression of
Ucpl in brown adipocytes in cell culture (6). However, to our
knowledge, we provide first evidence that the Ppara agonist
GW9578 promotes expression of the thermogenic gene program
in beige adipocytes and rescues the untimely beige-to-white fat
transition phenotype induced by loss of Lsdl. Conversely, our
data show that treatment of 30-wk-old Lsd1°™® mice with the
Ppara antagonist GW6471 significantly impairs Lsd1-dependent
expression program and counteracts the ability of Lsdl to
maintain beige adipocytes. Our findings give pioneering in-
sights in the potential use of pharmacological Ppara modulators
to maintain beige adipocytes and prevent age-related beige-
to-white fat transition. However, because we applied systemic
treatment of both Ppara agonist and antagonist, the observed
effects might not be fully mediated by Ppara in adipose tissue.
Therefore, it would be of interest to cross Lsd1°T® and Lsd1°K®
mice with adipocyte-specific Ppara-KO or -overexpressing mice,
respectively.

Adipose tissue is a plastic organ that can easily adapt to en-
vironmental cues. In this report, and in our former studies (15),
we show that levels of the epigenetic modifier Lsd1 are affected
by environmental stimuli in a two-way direction. Cold exposure
and treatment with p3-adrenergic agonists enhance Lsdl ex-
pression, which in turn will activate Ppara and a battery of
thermogenic genes. On the contrary, with progressing age or
upon a high-caloric diet, Lsd1 levels decrease and beige adipo-
cytes lose their thermogenic functions and accumulate lipids. In
this respect, Lsd1 might be considered as a sensor of metabolic
requirements in beige adipocytes. Thus, it will be important to
better understand the regulation of Lsd1l expression to control
maintenance and function of beige adipocytes to potentially
fight obesity.

Methods

All mice were housed in a pathogen-free barrier facility of the University
Medical Center Freiburg in accordance with institutional guidelines and
approved by the Regierungsprasidium Freiburg.

Generation of Conditional Lsd1-KO Mice. All experiments were performed in
C57/BI6N background. The targeting strategy for the conditional deletion
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of the first exon of Lsd1 (Lsd1tm1Schule) is available upon request (18).
Briefly, conditional Lsd1 mice were mated with Adipoqg-Cre (16) or
Adipoqg-CreERT2 (20) mice to selectively ablate Lsd1 in adipose tissue.
Homozygous conditional mice were used as controls. Mice were geno-
typed with primers for detection of conditional Lsd1 alleles and Cre
recombinase (Table S2).

RNA Preparation and qRT-PCR. RNA was isolated with TRIzol Reagent (Invi-
trogen) and processed as described previously (15). gRT-PCR data were an-
alyzed by using the standard curve method (39). 36b4 or Hprt were used for
normalization. Primer sequences used are given in Table S3.

RNA-Seq. Total RNA was sequenced by the standard Illumina protocol to
create raw sequence files (.fastq files). We annotated these reads to the
mm10 build of the mouse genome by using TopHat version 2. The aligned
reads were counted with Homer software (analyze RNA), and DEGs were
identified by using EdgeR and DESeq version 1.8.3. Differentially regu-
lated genes (reads > 50, P < 1073, and fold change >1.3 or <0.77) were
further used for pathway analysis in WebGestalt (36, 37). RNA-seq data
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are available from the Gene Expression Omnibus database (accession
no. GSE93293).

ChIP. ChIP experiments were performed by using anti-Lsd1 [R.S. laboratory
(15)], anti-H3K27ac (C15410196; Diagenode), anti-p300 (ab14984; Abcam),
anti-Polll (sc-899, N-20; Santa Cruz), anti-H3K4me1 (ab8895; Abcam), anti-
H3K4me2 (CS-035-100; Diagenode), anti-H3K4me3 (ab1012; Abcam), anti-
H3K9me2 (Mab-154-050; Diagenode), anti-H3K9me3 (C15410056; Diagenode),
and anti-H3 (ab1791; Abcam) antibodies, or a rabbit or mouse 1gG-negative
control on protein G-Sepharose 4B beads (GE Healthcare) as described pre-
viously (38). ChIPed DNA was used for qPCR analyses with the primers described
in Table S4.
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