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Brown Adipose YY1 Deficiency Activates Expression of Secreted
Proteins Linked to Energy Expenditure and Prevents Diet-Induced
Obesity
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Mitochondrial oxidative and thermogenic functions in brown and beige adipose tissues modulate rates of energy expenditure. It
is unclear, however, how beige or white adipose tissue contributes to brown fat thermogenic function or compensates for partial
deficiencies in this tissue and protects against obesity. Here, we show that the transcription factor Yin Yang 1 (YY1) in brown
adipose tissue activates the canonical thermogenic and uncoupling gene expression program. In contrast, YY1 represses a series
of secreted proteins, including fibroblast growth factor 21 (FGF21), bone morphogenetic protein 8b (BMP8b), growth differenti-
ation factor 15 (GDF15), angiopoietin-like 6 (Angptl6), neuromedin B, and nesfatin, linked to energy expenditure. Despite sub-
stantial decreases in mitochondrial thermogenic proteins in brown fat, mice lacking YY1 in this tissue are strongly protected
against diet-induced obesity and exhibit increased energy expenditure and oxygen consumption in beige and white fat depots.
The increased expression of secreted proteins correlates with elevation of energy expenditure and promotion of beige and white
fat activation. These results indicate that YY1 in brown adipose tissue controls antagonistic gene expression programs associated

with energy balance and maintenance of body weight.

he incidence of obesity has become a global epidemic, leading

to an increase in associated pathologies such as cardiovascular
disease, type 2 diabetes, and cancer (1). Obesity is the result of a
net imbalance between the energy intake and the energy expendi-
ture (2). An important component of energy expenditure is adap-
tive thermogenesis caused by the heat dissipated in response to
lower temperatures or diet and produced in the mitochondria of
brown adipose tissue (BAT) and skeletal muscle. In BAT, this
thermogenic process is largely dependent on inducible mitochon-
drial uncoupling respiration mediated by uncoupling protein 1
(UCP1) (3, 4). In addition to brown adipocytes, the presence of
clusters of inducible thermogenic adipocytes within subcutaneous
white fat depots, referred to as browning, has been proposed as an
additional or compensatory site of energy dissipation and body
weight control (5-7). Although these adipocytes, named “beige”
(or “brite”), are derived from a different developmental lineage
than BAT, they express UCP1 and similar thermogenic compo-
nents (5, 8, 9). Moreover, under some conditions, white adipocytes
activate thermogenic processes that contribute to energy expen-
diture (6, 10). In humans, the presence of these inducible thermo-
genic adipocytes opens the possibility to identify targets to thera-
peutically treat obesity. Toward this goal, it is necessary to identify
the molecular and cellular mechanisms governing beige or white
adipocyte thermogenesis that, despite recent advances (11-15),
are currently not completely understood.

At the transcriptional level, activation of the canonical thermo-
genic program in BAT (often in response to adrenergic agonism)
(16), involves inducible coactivation of peroxisome proliferator-
activated receptor gamma (PPARYy) coactivator-la (PGC-1la)
with transcription factors such as PPARa and PPARY, leading to
Ucp1 expression, along with the concomitant expression of mito-
chondrial genes through estrogen-related receptor o (ERRat) and
nuclear respiratory factors (NRFs) (17, 18). We recently identified
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the transcription factor Yin Yang 1 (YY1) as part of the PGC-1a
transcriptional complex driving mitochondrial gene expression
(19, 20). YY1 can act as a transcriptional activator or repressor,
depending on its cofactor recruitment (21-24). In skeletal muscle,
YY1 activates nucleus-encoded mitochondrial genes through
PGC-1a binding; in contrast, YY1 represses insulin signaling
genes via recruitment of Polycomb proteins and increased histone
H3 trimethyl K27 (H3K27me3) (25). Loss of YY1 in skeletal mus-
cle results in a global decrease of mitochondrial gene expression,
decreasing oxidative function, and exercise intolerance (19).
These studies suggest that the transcriptional activities of YY1
in BAT might be important to promote the canonical mito-
chondrial thermogenic pathway and impact energy balance and
body weight.

Recently, systemic factors have been shown to regulate brown
and beige adipose tissue thermogenesis, including fibroblast growth
factor 21 (FGF21) (26), bone morphogenetic protein 4 (BMP4)
(27), BMP7 (28), BMP8b (29), FGF19 (30), growth differentiation
factor 5 (GDF5) (31), natriuretic peptides (32), prostaglandins
(33, 34), vascular endothelial growth factor (VEGF) (35), B-ami-
noisobutyric acid (BAIBA) (36), meteorin-like (14), and irisin
(37). These factors are involved in the control of energy expendi-
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ture and body weight through modulation of BAT or beige fat.
Within this context, whether BAT-secreted factors can contribute
to energy expenditure or to compensate for defective BAT ther-
mogenesis through activation of other thermogenic tissues, in-
cluding beige or white adipose tissue, is poorly understood.

Here, we report that loss of YY1 in BAT leads to a strong sup-
pression of mitochondrial and thermogenic gene expression. De-
spite reduced BAT thermogenic function, YY1-deficient mice are
protected against diet-induced obesity and have activated ther-
mogenic beige and white adipose tissue. We show that YY1 has an
antagonistic control of BAT genes, in that it activates genes linked
to adaptive thermogenesis through activation of the canonical
thermogenic pathway but suppresses a series of secreted proteins,
including FGF21, BMP8b, and GDF15, which activate whole-
body energy expenditure.

MATERIALS AND METHODS

Animal experiments. All experiments and protocols were approved by
the Institutional Animal Care and Use Committees of Dana Farber Can-
cer Institute or Beth Israel Deaconess Medical Center. YY1-Ucp1Cre and
YY1-AdipoCre mice were generated by breeding animals harboring a
floxed YY1 allele (38) with transgenic mice expressing Ucpl Cre (39) or
Adiponectin Cre recombinase, respectively (40). For wild-type mouse ex-
periments, 8-week-old C57BL/6 mice were purchased from Taconic
Farms. Mice were maintained on standard chow or 60% high-fat diet
(HFD) (Research Diets) with 12-h cycles. For cold exposure experiments,
mice were placed in 4°C or 30°C incubators at the indicated time points,
and body temperature was measured with a rectal probe. For metabolic
studies, energy expenditure was analyzed using a comprehensive lab ani-
mal monitoring system (Columbus Instruments). Mice were acclimated
for 24 h before measurements were taken. Whole-mouse magnetic reso-
nance imaging (MRI) measurements were performed in a CITI-scan in-
strument.

Gene expression and Western blot analysis. Total RNA from cul-
tured cells or tissues was purified using TRIzol (Invitrogen) for cDNA
synthesis (ABI high-capacity kit). Relative mRNA expression was quanti-
fied by quantitative PCR (qPCR) using SYBR green dye (ABI) and specific
primers (data not shown). For Western blotting, whole-cell lysates were
prepared with radioimmunoprecipitation assay (RIPA) buffer, separated
by SDS-PAGE, and transferred to Immobilon-P membranes (Millipore).
For detection of circulating GDF15, 1 pl of plasma was used for SDS-
PAGE. The following antibodies were used: anti-YY1 (Santa-Cruz), anti-
UCP1 (Abcam), anti-NDUFA9 (Abcam), anti-succinate dehydrogenase
(anti-SDHA) (Abcam), antiaconitase (Abcam), anti-GDF15 (Abcam),
anti-MTCO1 (Abcam), anti-UQCRC2 (Abcam), pCREB (Cell Signaling),
total CREB (Cell Signaling), and antitubulin (Millipore).

Coimmunoprecipitations. A pool of interscapular brown adipose tis-
sue from 5 mice was homogenized with a motorized pestle in 4 ml of
nuclear isolation buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM
MgCl,, 0.5 mM dithiothreitol [DTT], Complete protease inhibitors
[Roche]) and incubated on ice for 10 min. Nuclei were pelleted by cen-
trifugation at 3,200 X g for 5 min and washed in 4 ml of the same buffer
before centrifugation at 3,200 X g for 5 min. Nucleus pellets were then
resuspended in 600 wl of immunoprecipitation buffer (0.1% NP-40, 150
mM NaCl, 20 mM HEPES, 1 mM EDTA, Complete protease inhibitors
[Roche]). Two hundred micrograms of protein was incubated with 3 pg
of YY1 antibody (sc1703; Santa Cruz Biotechnology, Inc.) or rabbit IgG
for controls overnight at 4°C with rotation. Immunocomplexes were pre-
cipitated with magnetic protein G beads (DynaBeads; Invitrogen) during
a 1-h rotation at 4°C. Samples were then washed 5 times in immunopre-
cipitation buffer. Samples were finally boiled, and the supernatants were
run on SDS-PAGE, including input samples for Western blot detection
using PGC-1a antibody (Santa Cruz), YY1 antibody (Santa Cruz Biotech-
nology, Inc.), and lamin B1 (Abcam).
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The brown fat cell line De2.3 was treated with dimethyl sulfoxide
(DMSO) or 10 uM forskolin at 10 uM for 4 h. The nuclei were directly
isolated by incubation of cell pellets with nuclear isolation buffer. The
same protocol was used for brown fat tissue to coimmunoprecipitate
YY1-PGC-1la complex.

Histological analysis. Freshly harvested tissues were fixed in 4% para-
formaldehyde overnight. Paraffin embedding, sectioning, and hematoxy-
lin and eosin staining were performed by the Dana Farber/Harvard Can-
cer Research Pathology core facility.

Fatty acid and glutamine oxidation. Brown adipose tissue was
Dounce homogenized in cold STE buffer (0.25 M sucrose, 10 mM Tris-
HCI, 1 mM EDTA) and centrifuged at 420 X g for 10 min. The superna-
tant was added to 370 .l of a reaction mixture containing a final concen-
tration of 100 mM sucrose, 10 mM Tris-HCl, 5 mM KH,PO,, 0.2 mM
EDTA, 80 mM KCl, 1 mM MgCl,, 2 mM r-carnitine, 0.1 mM malate, 0.05
mM coenzyme A, 2 mM ATP, I mM DTT, and bovine serum albumin
(BSA)-palmitate solution (0.7% BSA, 500 wM oleic acid, 0.4 p.Ci ['*C]o-
leic acid or ["*C]glutamine). Samples were incubated at 37°C for 1 h, and
the reaction was stopped by adding 200 .l of 1 M perchloric acid. Next,
2-phenylethylamine-saturated Whatman paper was placed under the
tube cap in order to trap radiolabeled CO, during overnight incubation.
Finally, the Whatman paper was placed in scintillation liquid, and radio-
active counts were measured in a scintillation counter.

Oxygen consumption. Direct ex vivo tissue respiration was performed
using a Clark electrode (Strathkelvin Instruments). Freshly isolated tissue
was minced in respiration buffer (1.5 mM pyruvate, 25 mM glucose, 2%
BSA) and placed in electrode chambers. The O, consumption rate was
normalized to tissue weight.

For direct mitochondrial respiration from brown adipose tissue, mi-
tochondria were isolated in STE buffer (0.25 M sucrose, 5 mM Tris, 2 mM
EDTA) and centrifuged for 10 min at 8,500 X g. The pellet was resus-
pended in STE buffer and centrifuged again twice at 8,500 X g. Pelleted
mitochondria were resuspended in 0.5 ml of STE buffer, and the total
protein concentration was measured. Respirometry was performed using
the XF24-3 platform from Seahorse Biosciences as previously described
(19).

Primary adipocyte cell culture. The stromal vascular fraction (SVF)
of brown adipose tissue of 6-week-old mice was isolated by collagenase
digestion followed by two alternative filtration steps (using 100 and 40
WM strainers) and centrifugations for 5 min at 500 X g. Then cells were
plated and differentiated upon confluence with adipogenic cocktail (0.5
mM 3-isobutyl-1-methylxanthine [IBMX], 1 pM dexamethasone, 1 uM
rosiglitazone, 0.02 wM insulin, 1 nM T3) for 48 h. The cells were main-
tained in 0.02 wM insulin and 1 nM T3 and harvested at days 6 to 8
postdifferentiation.

ChIP. Brown adipose tissue was dissected, cut in small pieces and
cross-linked in 1% formaldehyde—phosphate-buffered saline (PBS) for 10
min; the reaction was then quenched in 0.125 M glycine. BAT was then
homogenized in isolation buffer (250 mM sucrose, 5 mM Tris, 2 mM
EDTA) using a motorized pestle followed by chromatin isolation in buffer
containing 50 mM HEPES, 140 mM NaCl, I mM EDTA, 1%Triton X-100,
0.1%, Na-deoxycholate, 0.1% SDS, and Complete protease inhibitors
(Roche). Samples were sonicated in a Diagenode Bioruptor for 5 cycles of
5 min with a duty cycle of 30 s “on” and 30 s “oft.” Samples were immu-
noprecipitated with specific antibodies to YY1 (Santa Cruz) and
H3K27me3 (Abcam), and DNA was isolated for qPCR analysis as de-
scribed previously (25).

Detection of plasmatic norepinephrine. Thirty microliters of plasma
was used to measure plasmatic norepinephrine by enzyme-linked immu-
nosorbent assay (ELISA) (Rocky Mountain Diagnostics) according to the
manufacturer’s guidelines.

Arrays and gene set enrichment analysis. Extracted RNA from BAT
or inguinal subcutaneous white adipose tissue (IWAT) was used to per-
form gene arrays using a Mouse 430A 2.0 GeneChip at the Microarray
Core Facility at the Dana Farber Cancer Institute. To generate the gene
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expression files (GCT), CEL files were used as input for the Gene Pattern
(http://genepattern.broadinstitute.org/) module Expression File Cre-
ator using robust multiarray average (RMA) and quantile normalization.
For gene set enrichment analysis (GSEA), GCT files were used as input
using the GSEA 2.0 software (http://www.broadinstitute.org/gsea) using
the default parameters (41).

Microarray data accession number. The Gene Expression Omnibus
accession number for the gene expression data reported is the super series
no. GSE68443.

RESULTS

Genetic deletion of YY1 in adipose tissue leads to protection
against diet-induced obesity. We have previously shown that
YY1 loss of function in skeletal muscle of mice leads to a defective
mitochondrial function that results in a decreased oxidative ca-
pacity and exercise intolerance (19). Adipose tissue largely con-
tributes to energy balance by either storing excessive nutrient in-
take or by uncoupling mitochondrial respiration in specialized
brown and beige adipocytes (3). In order to determine the YY1-
dependent transcriptional networks of genes linked to energy bal-
ance in adipose tissue and how they might affect body weight, we
generated adipose-specific YY1 KO mouse models using a Cre
recombinase-based conditional strategy with Adiponectin Cre
(AdipoCre) (40) or Ucpl Cre (UcplCre) (39) in YY1 floxed mice.
This strategy allows the deletion of YY1 in all adipocytes, using
AdipoCre (YY1aKO mice), or in brown adipocytes, using
Ucpl1Cre (YY1bKO mice). When both YY1aKO and YY1bKO
mice were challenged with a high-fat diet, they exhibited de-
creased body weight compared to respective YY1 floxed littermate
control mice (Fig. 1A and B). In addition, YY1 KO mice fat depots
had lower weights (Fig. 1C and D) that were consistent with de-
creased adiposity assessed using MRI (Fig. 1E). Female mice also
showed similar reduced body weight and decreased fat accumula-
tion (Fig. 1F). To further analyze the energy balance of YY1 KO
mice, we subjected these mice to metabolic analysis using a com-
prehensive laboratory analysis system (CLAMS). The higher O,
consumption and CO, production observed in both types of YY1
KO mice revealed increased total energy expenditure compared to
that in control mice (Fig. 1G and H). Importantly, the increased
oxygen consumption of YY1 mutant mice occurred without dif-
ferences in food intake measured by CLAMS over 3 days or by
monitoring the weight of consumed food for 8 and 12 days (Fig.
2A and B). In addition, movement behaviors were similar in con-
troland YY1 mutant mice (Fig. 2C). The changes in energy expen-
diture were already observed as soon as 2 weeks after initiation of
high-fat feeding when body weights between control and mutant
mice were still comparable (Fig. 2D and E). Collectively, these
results show that loss of YY1 in adipose tissue protects from diet-
induced obesity due to increased energy expenditure.

Loss of YY1 leads to defective mitochondrial/thermogenic
gene expression and function of brown adipose tissue. To deter-
mine the molecular mechanisms that could explain the increased
energy expenditure in adipose-specific YY1 KO mice, we analyzed
YY1-dependent gene expression programs in brown adipose tis-
sue. Consistent with our previous findings in skeletal muscle that
YY1 activates mitochondrial genes (19), YY1aKO and YY1bKO
mutant mice exhibited downregulation of several mitochondrial
genes encoding oxidative phosphorylation (OXPHOS) proteins,
including Ndufa9, Cox5b, Cycs (Fig. 3A, B, and C), canonical ther-
mogenic genes, including Ucpl, Cox8b, Cox7al, and Cidea (Fig.
3B, C,and D), and the fatty acid oxidation genes Cpt1b, Acox2, and
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Mcad (Fig. 3B and C) in BAT. In addition, expression of key tran-
scriptional regulators of brown fat thermogenic activation and
function, including the Ppar-a and Ppar-y genes, was also de-
creased (Fig. 3C). Interestingly, BAT of YY1 mutant mice exhib-
ited augmented phosphorylation of CREB, a downstream target of
adrenergic signaling involved in UCP1 and mitochondrial gene
expression (42) (Fig. 3E), independent of changes in plasma nor-
epinephrine (Fig. 3F) suggesting activation of a transcriptional
mechanism to compensate for defective thermogenic function.
Next, to support the mechanistic regulatory control of YY1 in the
physiological thermogenic process, we tested whether endoge-
nous YY1 and PGC-la interacted in brown adipocytes. In agree-
ment with our previous results that YY1 interacts with PGC-1a in
different cell types (19, 20), Fig. 3G shows by immunoprecipita-
tion analysis that both endogenous proteins form part of a com-
plex, and importantly, this interaction is increased during cold
exposure. Similar results were obtained using the brown fat cell
line De2.3 (43): treatment with forskolin strongly induced the
capacity of YY1 to immunoprecipitate PGC-la at early time
points when the amount of PGC-1a remained unchanged (Fig.
3H). These results suggest that during activation of the thermo-
genic process, adrenergic agonism causes YY1 to recruit PGC-1a,
driving activation of mitochondrial and thermogenic genes. Con-
sistent with these molecular results, histological analysis of BAT
revealed increased lipid content from YY1aKO and YY1bKO mu-
tant mice compared to controls, suggesting a decreased mito-
chondrial oxidative function (Fig. 3I; data not shown). Function-
ally, we measured fatty acid oxidation rates by quantifying the
release of radioactive '*CO, in brown fat homogenates incubated
with '*C-radiolabeled oleic acid. Interestingly, YY1aKO and
YY1bKO mice showed reduced fatty oxidation rates in BAT com-
pared to control mice (Fig. 3]; data not shown). In addition, BAT
mitochondria isolated from YY1 mutant mice had reduced oxy-
gen consumption in both basal and maximal respiration (Fig. 3K).
These results show that loss of YY1 in brown adipocytes compro-
mises the mitochondrial thermogenic capacity and the fatty acid
oxidation in BAT cells, and this is consistent with the physical
interaction between YY1 and PGC-1a. Because YY1aKO and
YY1bKO mice are protected against diet-induced obesity by in-
creasing energy expenditure, these results indicate that other tis-
sues, including white fat depots, compensate for the defective BAT
thermogenic capacity and may account for the leaner phenotype.

YY1-Ucpl KO mice have a compensatory browning of sub-
cutaneous white adipose tissue. Defective brown fat function of-
ten leads to obesity (44, 45); however, despite the mitochondrial
and thermogenic deficiencies of YY1aKO and YY1bKO mice, they
are partially resistant to diet-induced weight gain (Fig. 1A and B).
In order to determine what tissues and mechanisms contribute to
this energetic compensation, we first measured gene expression in
different tissues linked to energy expenditure. Gene expression
analysis of liver and skeletal muscle from control and YY1aKO and
YY1bKO mice did not reveal significant differences in fatty acid
oxidation, oxygen consumption, or metabolic gene expression
(data not shown). Browning of inguinal subcutaneous white adi-
pose tissue (IWAT) relies on the emergence of thermogenic beige
cells, a process that is induced by adrenergic stimulation (46, 47).
Notably, when YY1bKO mice were challenged with a high-fat diet,
the expression of Ucpl in IWAT was elevated 25-fold compared to
control mice (Fig. 4A). Additional thermogenic markers such as
Cox8b and fatty acid oxidation gene Cptlb were also increased
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and (B) YY1bKO mice versus littermate controls when chronically fed a high-fat diet. (C and D) Decreased fat content measured by adipose tissue depot weights from
(C) YY1aKO and (D) YY1bKO mice. (E and F) Total body weight (BW), adiposity, or lean mass measured by MRI citi-scan in (E) male and (F) female mice chronically
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(Fig. 4A). This gene expression pattern linked to mitochondrial
oxidative and thermogenic pathways was also confirmed using
gene expression analysis. Gene set enrichment analysis (GSEA)
showed that pathways involved in mitochondrial biology and cat-
abolic processes such as breakdown of lipids and carbohydrates
were highly enriched (Fig. 4B). UCP1 was also strongly increased
at the protein level along with mitochondrial proteins COX4 and
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UQCRC2 (Fig. 4C). Moreover, histological analysis of IWAT
from mutant mice revealed the typical clustering of beige cells
with appearance of multilocular lipid droplet cells (Fig. 4D). The
oxygen consumption of IWAT measured in tissue extracts using
the Clark electrode and fatty acid oxidation rates measured by
radiolabeled ['*Cloleic acid were increased in mutant mice (Fig.
4E and F). Remarkably, when YY1aKO and YY1bKO mice were
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blot analysis. (I) Histological analysis of BAT cross sections stained with hematoxylin and eosin (H&E). (J) Fatty acid oxidation rates by ['“*C]oleic acid oxidation
from BAT extracts of YY1aKO versus control mice. (K) Oxygen consumption of isolated mitochondria of BAT from YY1aKO versus control mice measured by
Seahorse Bioscience technology. FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone. Data are represented as means = SEM. ¥, P < 0.05, and **, P <
0.01, by ¢ test (n = 8 to 10).
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exposed to cold, they did not show signs of dramatic initial tem-
perature drop (data not shown) as it occurs in Ucpl KO mice (48),
and they survived for as long as 2 weeks after cold exposure (data
not shown). Collectively, these results suggest that browning of
IWAT in YY1 mutant mice compensates for BAT defective ther-
mogenic function through elevation of energy expenditure in re-
sponse to a high-fat diet that leads to protection against obesity.

Adipose YY1 KO mice activate white fat nutrient uptake and
energy consumption pathways. In addition to subcutaneous
white adipose browning, visceral white fat can switch the energy
storage to an energy dissipation program that contributes to re-
duce body weight (6, 10). Based on the fact that epididymal white
adipose tissue (EWAT) was decreased in YY1 KO mice (Fig. 5A
and Fig. 1C and D), we performed GSEA from visceral adipose
tissue from wild-type and YYaKO mice. Interestingly, expression
of several members of the SLC25 family of nuclear-encoded mi-
tochondrial carriers was increased in EWAT from YY1aKO mice
(Fig. 5B). The nucleus-encoded SLC25 family of genes are in-
volved in a multiple import of solutes into the mitochondria. In-
terestingly, amino acid (Slc25a22 and Slc25a44), nucleotide
(Slc25a33), and carboxylate (SIc25a10) import carriers were ele-
vated in EWAT of YY1aKO mice fed a high-fat diet, as shown by
qPCRin Fig. 5C. In addition, major changes in mRNA transcripts
linked to nutrient intake (Glut4 and Fabp3) and mitochondrial
energy utilization (Ppar-a, Acot2, Cptlb, and Elovi3) were in-
creased in YY1aKO mice in either the high-fat-diet-fed or cold-
exposed groups (Fig. 5C and D).

To determine if these elevated levels of gene expression trans-
lated to functional energetics, fatty acid or glutamine substrate
oxidation was measured in white adipose tissue homogenates.
Oleic acid and glutamine oxidation rates measured by released of
radiolabeled '*CO, were elevated in EWAT of YY1aKO mice (Fig.
5E and F). Consistent with the increased complete substrate oxi-
dation, ex vivo oxygen consumption using epididymal white fat
showed increased respiration in YY1aKO mice (Fig. 5G). To-
gether, these results indicate that YY1 deficiency in adipose tissue
caused an increase in gene expression programs linked to energy
catabolism and expenditure in visceral fat. These specific energetic
changes in visceral adipose tissue might also contribute to the
lower body weight of adipose YY1-deficient mice.

Secreted factors linked to energy expenditure are increased
in brown fat of YY1-Ucp1 KO mice. The decreased thermogenic
capacity of BAT and the increased thermogenic activity of beige
and white fat in YY1 mutant mice suggest that there may be alter-
native compensatory mechanisms driven by BAT, but indepen-
dent of BAT thermogenesis, that protect against obesity. Based on
the data that mitochondrial oxidation and thermogenic pathways
were activated in white adipose tissue but defective in BAT, we
hypothesized that BAT-secreted proteins might account for in-
creased energy expenditure in YY1 mutant mice. To test this,
whole-genome gene expression profiling comparing BAT from
control and YY1bKO mice was analyzed to identify upregulated
genes encoding secreted proteins. We used the Signal P4.1 algo-
rithm (49) to detect peptide signals (indicative of secreted pro-
teins) on protein sequences of upregulated genes in BAT YY1 KO
mice. Among the 167 genes that were upregulated more than
2-fold, 24 genes were found to contain a signal peptide. At the top
of this list, there were 6 secreted proteins that have been linked to
energy expenditure, including FGF21 (26), BMP8b (29), GDF15
(50, 51), angiopoietin-like 6 (ANGPTL6) (52), neuromedin B
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(NMB) (53), and nesfatin (NUCB2) (54), and verified by qPCR
(Fig. 6A). Plasmatic protein levels of GDF15 were also increased
(Fig. 6B). In addition, the expression of Gdf15, Bmp8b, Nmb, and
Fgf21 was also increased in IWAT of YY1bKO (Fig. 6C) and Gdf15
and Bmp8b in IWAT of YY1aKO (Fig. 6D), suggesting that these
factors could mediate an enhanced local action within IWAT. To
assess whether YY1 directly suppresses the expression of the genes
encoding these secreted proteins in a cell-autonomous manner,
we isolated preadipocytes from interscapular brown fat of wild-
type and YY1bKO mice and differentiated them in vitro. Brown
adipocytes from both genotypes exhibited the same degree of dif-
ferentiation as assessed by intracellular lipid accumulation (data
not shown) and markers such as aP2 and PPARvy (Fig. 6E). Among
the top six brown fat genes encoding increased expression of se-
creted proteins in YY1bKO mice, the expression of the BMP8b
and GDF15 genes was increased in YY1-deficient brown adi-
pocytes, while the expression of the other four genes remained
unchanged (Fig. 6F). These results suggest that within the list of
elevated transcripts encoding secreted proteins in YY1 KO brown
fat, the BMP8b and GDF15 transcripts were regulated by YY1 in a
cell-autonomous manner; however, the FGF21, neuromedin B,
nesfatin, and Angptl6 genes were regulated through the actions of
other tissues. To confirm that BMP8b and GDF15 were direct YY1
targets, we searched for the presence of YY1 DNA binding sites
(ATGGCG) (20) within the proximal promoter (1.5 kb upstream
of the transcription start site, TSS) using the Alibaba 2.1 algorithm
(TRANSFAC). The first two strong hits were Gdf15 and Bmp8b as
they harbor strong binding sites at bp —46 and —22, respectively
(data not shown). Chromatin immunoprecipitation analysis per-
formed with BAT showed that YY1 was recruited to the proximal
TSS regions of Gdf15 and Bmp8b (Fig. 6G), further supporting a
direct transcriptional repression of these genes. Our previous
studies showed that YY1 recruits Polycomb proteins, including
the histone methyltransferase EZH2 that forms H3K27me3 marks
in insulin signaling promoter genes in skeletal muscle (25). Thus,
we analyzed H3K27me3 epigenetic marks by ChIP on Bmp8b and
Gdf15 promoters comparing wild-type and YY1 mutant mice. Fig-
ure 6H shows that Bmp8b and Gdf15 promoters from BAT of YY1
mutant mice have decreased H3K27me3 marks, indicating that
YY1 functions as a repressor of Bmp8b and Gdf15 genes.

Finally, to strengthen the previous roles of Bmp8b and GDF15
in energy balance, we investigated their regulatory gene expression
in BAT from mice exposed to cold and fed with high-fat diet.
Notably, Gdf15 and Bmp8b were induced in cold-exposed mice,
but only Gdf15 was upregulated upon high-fat-diet feeding (Fig.
61 and J). Experiments using primary brown fat cells showed that
GDF15 is induced by forskolin, indicating that the cyclic AMP
(cAMP) pathway that is activated by both cold exposure and a
short-term high-fat diet controls GDF15 expression in BAT (Fig.
6l and]).

Taken in aggregate, these results show that among the genes
with elevated expression, those encoding secreted proteins in BAT
from YY1 mutant mice, Bmpb8 and Gdfl5, are direct repressive
targets of YY1 maintaining H3K27me3 in their promoters. These
data suggest that the repression function of YY1 on Bmp8b and
Gdf15 promoters might be attenuated during an elevation in en-
ergy demand. In addition, YY1 deficiency in BAT caused an in-
crease in gene expression of secreted proteins, including expres-
sion of the FGF21, Neuromedin B, Nesfatin, and Angptl6 genes;
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FIG 4 Browning of subcutaneous white adipose tissue in YY1 KO mice fed a high-fat diet. (A) Gene expression of IWAT from YY1bKO versus control mice fed
a high-fat diet. (B) Gene Set Expression Analysis (GSEA) of IWAT from YY 1bKO versus control mice indicating increased catabolic pathways. (C) Western blot
analysis of mitochondrial proteins in IWAT from YY1bKO versus control mice on a high-fat diet. (D) H&E staining of IWAT cross sections from YY1bKO versus
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however, these genes are not direct YY1 targets and are controlled — has become a promising strategy to treat obesity (55). Within this

through the action of other tissues.

DISCUSSION

context, it is not completely understood how BAT communicates
with beige and white adipose tissue to contribute to energy expen-
diture or compensate partial deficiencies of BAT thermogenic

Increasing energy expenditure by inducing mitochondrial bio-  function. In these studies, we have found a compensatory thermo-
genesis and thermogenesis of brown/beige or white adipose tissue  genic mechanism associated with secreted BAT factors that pro-
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FIG 6 Identification of brown fat-secreted factors, including the products of the Gdf15 and Bmp8b genes, elevated in brown adipose tissue of YY1 mutant mice.
(A) Gene expression validation of identified secreted proteins by gPCR (n = 8). (B) Detection of plasma GDF15 by Western blotting and quantification of band
intensities from YY1bKO versus control mice fed a high-fat diet (2 weeks). (C and D) Gene expression of IWAT from YY1bKO (C) and YY1aKO (D) mice fed
a high-fat diet for 2 weeks (n = 6 to 8). (E) Gene expression of primary BAT cells from YY1aKO mice showing differentiation markers. (F) Gene expression of
primary BAT adipocytes from control and YY1aKO mice treated with DMSO or 10 wM forskolin (# = 3). (G) YY1 ChIP in BAT from wild-type mice showing
the relative binding versus IgG in Gdf15 and Bmp8b promoters. Cytochrome ¢ (Cycs) was used as a positive control. The genomic position of YY1 binding is
indicated as relative distance from the transcription start site (TSS) in base pairs. (H) ChIP of the repressive H3K27me3 mark in BAT from YY1bKO versus
control mice (n = 3) in Gdf15 and Bmp8b promoters indicating the relative position of the TSS. Cytochrome ¢ was used as the negative control. (I) BAT gene
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Angptl6, Neuromedin B, and Nesfatin linked to energy expenditure. With excessive caloric intake and loss of YY1, these factors are secreted from BAT, increase
thermogenesis in beige and white fat cells, and protect against diet-induced obesity.

tects against diet-induced obesity. The transcription factor YY1
plays an antagonistic function in the control of the thermogenic
gene expression in BAT. Using the activator function, YY1 con-
trols the canonical thermogenic and mitochondrial gene pro-
grams; in contrast, YY1 uses its repressor function to suppress a
series of genes encoding secreted proteins that are linked to energy
expenditure. Despite a relevant defective BAT thermogenic func-
tion, mice lacking YY1 in adipose tissue are protected against diet-
induced obesity and show increased thermogenic activity in beige
and white adipose tissue. We propose a model by which YY1 con-
trols a set of BAT thermogenic factors that promote beige adipose
tissue recruitment, leading to an increase in energy expenditure
and protection against obesity (Fig. 7).

Consistent with our previous findings that YY1 controls a tran-
scriptional program of mitochondrial function in skeletal mus-
cle (19, 20), here we show that in addition to mitochondrial
OXPHOS genes, YY1 also increases expression of the canonical
thermogenic program in BAT, including strong expression of the
specific marker UCP1. Mechanistically, YY1 binds to the pro-
moter of these genes and recruits the transcriptional coactivator
PGC-1la, suggesting that the elevation of PGC-la levels under
energy-demanding conditions mediated by adrenergic signaling,
such as cold, provides a transcriptional activation by YY1 of ther-
mogenic and mitochondrial genes. Whether additional proteins
involved in the BAT bioenergetic program, including PRDM16,
contribute to this YY1 activation function is unknown. Con-
versely, YY1 can also function as a repressor of transcription (21).
In previous studies, we identified a series of Polycomb proteins of
the PRC1 and PRC2 complexes, including Pc2 and Ezh2 methyl-
transferase, that mediated repression of several genes in the insulin
/insulin-like growth factor (IGF) signaling in skeletal muscle (25).
Here, we show that in BAT, YY1 represses expression of several
secreted proteins that are associated with energy expenditure. Spe-
cifically, YY1 was bound to the promoters of Bmp8b and Gdfi5
maintaining the repressive epigenetic mark H3K27 trimethylation
that is produced through EZH2. At the mechanistic level, how
YY1 can activate or repress genes in brown fat could be explained
through different recruitment of coactivators or corepressors.
However, an important question to address in the future is how
these antagonistic transcriptional activities of YY1 are regulated
under conditions where energy expenditure is required, such as
cold or a high-fat diet.

BAT is a central thermogenic tissue that accounts for a large
fraction of energy expenditure associated with thermoregulation
or body weight maintenance (16). However, compensatory mech-
anisms have been reported through adrenergic activation of beige
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adipose tissue (7). In addition, there are conditions under which
increased beige or white adipose tissue-dependent energy expen-
diture occurs without substantial thermogenic contribution of
BAT (6, 11, 14, 56). Adipose-specific YY1 KO mice provide a ge-
netic model that illustrates how BAT defective thermogenic func-
tion can be compensated for through activation of beige and white
fat and that this compensation is sufficient to protect against diet-
induced obesity. Interestingly, BAT YY1 deficiency exhibits in-
creases in a number of secreted proteins, including FGF21,
BMP8b, GDF15, neuromedin B, nesfatin, and ANGPTLS, that are
linked to energy expenditure (26, 29, 51, 53, 54). As discussed
above, BMP8b and GDF15 are direct repressive YY1 targets; how-
ever, the rest of genes encoding secreted proteins appear to be
indirect targets and to be targeted through non-cell-autonomous
regulation. It is unclear what other tissues and mechanisms oper-
ate in the adipose YY1-deficient mice and how BAT YY1 causes
repression of these genes. The precise contribution of each of these
secreted proteins to the lean phenotype of adipose-specific YY1
KO mice is unclear. The nature of this endocrine regulation could
act through the central nervous system or by targeting peripheral
organs, as is the case with BMP8D (29). In contrast, FGF21 could
also play a direct role in adipocytes through induction of UCP1
(26). In addition, increases in circulating levels of GDF15 (51) and
ANGPTLS6 (52) lead to global increased energy expenditure. Fi-
nally, although neuromedin B and nesfatin have an anorexic effect
(53,54), the food intake of YY1 KO mice is not affected, suggesting
that other mechanisms such as the increased energy expenditure
or action of the other secreted proteins compensate for the food
intake. Therefore, it is likely that the synergistic action of these
secreted factors is necessary for the protection of diet-induced
obesity.

In summary, we have uncovered an antagonistic function of
the transcription factor YY1 in BAT through activation of ther-
mogenic genes and by suppression of genes encoding secreted
factors associated with energy expenditure. Targeting compo-
nents of this pathway may be therapeutically useful to treat obesity
or associated metabolic diseases.
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