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Epigenetic interaction between UTX and DNMT1
regulates diet-induced myogenic remodeling
in brown fat

Fenfen Li', Jia Jing1, Miranda Movahed', Xin Cui® ', Qiang Cao', Rui WU/, Ziyue Chen?, Liging Yu3, Yi Pan?4,
Huidong Shi® >, Hang Shi'"™ & Bingzhong Xue® ™

Brown adipocytes share the same developmental origin with skeletal muscle. Here we find
that a brown adipocyte-to-myocyte remodeling also exists in mature brown adipocytes, and
is induced by prolonged high fat diet (HFD) feeding, leading to brown fat dysfunction. This
process is regulated by the interaction of epigenetic pathways involving histone and DNA
methylation. In mature brown adipocytes, the histone demethylase UTX maintains persistent
demethylation of the repressive mark H3K27me3 at Prdm16 promoter, leading to high Prdm16
expression. PRDM16 then recruits DNA methyltransferase DNMT1 to Myodl promoter,
causing Myod1 promoter hypermethylation and suppressing its expression. The interaction
between PRDM16 and DNMT1 coordinately serves to maintain brown adipocyte identity
while repressing myogenic remodeling in mature brown adipocytes, thus promoting
their active brown adipocyte thermogenic function. Suppressing this interaction by HFD
feeding induces brown adipocyte-to-myocyte remodeling, which limits brown
adipocyte thermogenic capacity and compromises diet-induced thermogenesis, leading to the
development of obesity.
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besity is now considered as an epidemic disorder that

poses as an independent risk factor for the development

of various metabolic disorders such as insulin resis-
tance/type 2 diabetes, hypertension, dyslipidemia, and cardio-
vascular diseases!. Chronic energy excess due to energy intake
over energy expenditure results in obesity!. Thus, understanding
the mechanism underlying the regulation of energy homeostasis
may help identify the therapeutic targets for the prevention and
treatment of obesity.

Total energy expenditure consists of three aspects: energy
required for basal metabolic rate, energy expended to perform
physical activity and energy used to generate heat. The last one
is termed as adaptive thermogenesis, which mainly takes place
in brown adipose tissue (BAT) due to the unique presence
of uncoupling protein 1 (UCP1) in the inner membrane of
mitochondrial2. UCP1 acts to uncouple oxidative phosphoryla-
tion from ATP synthesis, thereby dissipating energy as heat and
profoundly increasing overall energy expenditure®*. In addition,
recent studies have reported the existence of UCP1-independent
thermogenesis that is generated by sarco/endoplasmic reticulum
Ca?t-ATPase 2b/ATPase, Ca?t transporting, cardiac muscle,
slow twitch 2 (SERCA2b/ATP2a2)-mediated calcium cycling or
creatine-driven substrate cycling®®. Given the presence of human
brown fat that profoundly increases energy expenditure’=?, better
understanding the mechanism underlying BAT thermogenesis
has a translational implication for the treatment of obesity.

Most of the current studies investigating the mechanisms in the
regulation of brown fat thermogenesis focus on cellular signaling
pathways; much less is known about the epigenetic mechanisms
in this process. We have recently discovered several epigenetic
pathways involved in adipocyte development and brown adipo-
cyte thermogenesis!0-13. For instance, we have reported that
ubiquitously transcribed tetratricopeptide/lysine (K)-specific
demethylase 6A (Utx/Kdmé6a), a histone demethylase that pre-
ferentially catalyzes the demethylation of tri-methylated histone
H3 lysine 27 (H3K27me3) and therefore relieves its ability of gene
silencing!4, plays a key role in regulating brown adipocyte ther-
mogenic program via a coordinated regulation of H3K27 deme-
thylation and acetylation!3. Specifically, Utx, whose expression
in white adipose tissue (WAT) or BAT is induced by cold
exposure, acts as a positive regulator of BAT thermogenic gene
expression!3. However, the physiological significance of Utx in
the regulation of energy homeostasis remains unknown. In this
study, we have generated mice with brown adipocyte-specific Utx
knockout (UTXKO) and characterized metabolic phenotypes of
these mice. We have further interrogated potential epigenetic
mechanisms underlying Utx’s regulation of brown fat function
during diet-induced obesity (DIO), and found that this process
involves an interaction between histone and DNA methylation in
the promoters of key molecules regulating brown or myogenic
lineage determination, leading to a myogenic remodeling and
thermogenic dysfunction in BAT of UTXKO mice during the
development of DIO. We have also identified that BAT-to-
myocyte remodeling in BAT represents a common feature in
DIO, which eventually leads to BAT dysfunction and contributes
to the development of DIO.

Results

Mice with UTX deficiency in brown fat exhibit impaired BAT
thermogenesis and are susceptible to DIO. We previously
reported that Utx knockdown reduces mRNA levels of brown-
specific genes, whereas overexpression of Utx does the opposite in
cultured brown adipocyte cell lines!3. However, it remains
unknown whether Utx regulates BAT thermogenic function and
whole-body energy homeostasis in vivo. In the current study, we

first measured Utx expression pattern in brown and white adipose
tissues. Utx mRNA level was higher in interscapular brown adi-
pose tissue (iBAT) than in inguinal white adipose tissue (iWAT)
and epididymal WAT (eWAT), and was induced in both BAT
and WAT by a 7-day 5 °C cold challenge (Supplementary Fig. 1A
and 1B).

To determine the role of Utx in the regulation of BAT
thermogenic function and energy homeostasis in vivo, we
generated mice with specific deletion of Utx in brown fat
(UTXKO) by crossing Utx-floxed mice!®> with UcpI-cre mice!®.
Utx is located on the X chromosome but escapes X chromosome
inactivation in females!”. Thus, female UTXKO mice were defined
as homozygous Utx/fl with Ucpl-Cre (Ucpl-Cre:Utx/Ufl), with
Ut/ littermates as control; whereas male UTXKO mice were
defined as hemizygous Utd/Y with UcpI-Cre (Ucpl-Cre:UtxVY),
with Utx/Y littermates as control. Male and female UTXKO and
their fl/Y or fl/fl littermate control mice were viable and were
born with expected Mendelian frequency, and as expected, Utx
deletion in brown fat resulted in an 80% reduction of Utx mRNA
expression in male UTXKO mice compared to their fl/Y
littermates (Supplementary Fig. 2A).

Although there was no difference in body weight of male
UTXKO mice compared to that of fl/Y mice fed a regular chow
diet (Supplementary Fig. 2B), UTXKO mice exhibited a
significant increase in fat mass and a significant decrease in lean
mass (Supplementary Fig. 2C) measured by a Minispec NMR
body composition analyzer. In consistence, we also found
significantly increased iWAT, and a tendency of increased eWAT
mass in male UTXKO mice (Supplementary Fig. 2D). This was
associated with larger adipocytes in iBAT and iWAT (Supple-
mentary Fig. 2E) and less UCP1 immunohistochemistry (IHC)
staining in iBAT (Supplementary Fig. 2F), suggesting a potential
decrease in brown fat thermogenesis in brown fat of UTXKO
mice compared to their fI/Y littermates. With increased adiposity,
male UTXKO mice exhibited an increase in fed and fast glucose
levels and fed insulin levels (Supplementary Fig. 2G), suggesting
that these UTXKO mice had impaired insulin sensitivity
compared to their fl/Y littermate controls. Indeed, this was
further confirmed by impaired glucose tolerance test (GTT)
(Supplementary Fig. 2H) with increased circulating insulin levels
at 15 min during GTT in male UTXKO mice compared to that of
fl/Y mice (Supplementary Fig. 2I).

To determine the role of brown fat UTX in the regulation of
diet-induced obesity, we conducted metabolic characterization of
body weight, energy metabolism and insulin sensitivity in
UTXKO mice fed a high-fat diet (HFD). As shown in Fig. 1A,
male UTXKO mice gained significantly more weight compared to
their fl/Y littermates on the HFD. Using a Minispec NMR body
composition analyzer, we found that UTXKO mice exhibited a
significant increase in fat mass and a significant decrease in lean
mass (Fig. 1B). In consistence, iWAT and iBAT mass was also
significantly increased in UTXKO mice compared to their fl/Y
littermates (Fig. 1C) with larger adipocytes in iBAT, iWAT, and
eWAT (Fig. 1D). Using a PhenoMaster metabolic cage system, we
found that UTXKO mice displayed lower energy expenditure and
oxygen consumption (Fig. 1E and Supplementary Fig. 3A),
whereas there was no difference in locomotor activity, respiratory
exchange rate (RER), and food intake between UTXKO and fl/Y
mice (Supplementary Fig. 3B-D). These data indicate that
reduced energy expenditure may primarily account for the obese
phenotype in UTXKO mice fed the HFD. Quantitative RT-PCR
analysis revealed significantly reduced thermogenic gene expres-
sion, including Ucpl, PR domain containing 16 (PrdmlI6),
peroxisome proliferative activated receptor gamma coactivator 1
alpha (Pgcla), Pgclf, early B cell factor 2 (Ebf2), Ebf3, carnitine
palmitoyltransferase 1b, muscle (Cptlb), cytochrome c oxidase
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Fig. 1 UTX deficiency in brown fat promotes high-fat diet (HFD)-induced obesity. Male UTXKO and their littermate control fl/Y mice were put on HFD
when they were 5 weeks of age. A-C Body weight growth curve (A, fl/Y =7, UTXKO = 6), Body composition (B, n=6/group), and Fat pad weight

(interscapular brown adipose tissue (iBAT) (n = 6/group) and inguinal white
mice fed HFD. *Indicates statistical significance between UTXKO and fl/Y by

adipose tissue (IWAT)(fl/Y =6, UTXKO = 5) (C) in male UTXKO and fl/Y
two-tailed unpaired Student’s t-test. D Representative H&E staining of iBAT,

iWAT, and eWAT in male UTXKO and fl/Y mice fed HFD (n =3 replicates for each group). E Energy expenditure in male UTXKO and fl/Y mice fed HFD

(n=4/group). Left, *indicates statistical significance between fl/fl and D1KO
p=0.012; time 36-48 h, F(1,6) =7.988, p = 0.03. Right, *indicates statistica

analyzed by ANOVA with repeated measures. Time 17-22 h, F(1,6) =12.861,
| significance between UTXKO and fl/Y by two-tailed unpaired Student's t-

test. F Thermogenic gene expression in iBAT measured by quantitative RT-PCR in male UTXKO and fl/Y mice fed HFD (n =7 for fl/Y and 6 for UTXKO).
*indicates statistical significance between UTXKO and fl/Y by two-tailed unpaired Student's t-test. G Immunoblotting of UCP1in iBAT of male UTXKO and

fl/Y mice fed HFD (n=3/group). *indicates statistical significance between

UTXKO and fl/Y by two-tailed unpaired Student's t-test. H Representative

immunohistochemistry (IHC) staining of UCP1in iBAT of male UTXKO and fl/Y mice fed HFD (n = 3 replicates for each group). I-J Glucose tolerance test

(GTT) () (n=6/group) and Insulin tolerance test (ITT) (J) (n=6/group) i
between UTXKO and fl/Y by two-tailed unpaired Student's t-test. All data a

subunit I (CoxI), cell death-inducing DNA fragmentation factor,
alpha subunit-like effector A (Cidea), Ppary, type II deiodinase
(Dio2) and otopetrin 1 (Otopl) (Fig. 1F) in iBAT of UTXKO
mice, which was associated with decreased UCP1 protein levels as
measured by both immunoblotting and UCP1 IHC staining
(Figs. 1G and 1H). UTXKO mice also displayed glucose
intolerance and insulin resistance as assessed by glucose and
insulin tolerance tests (GTT and ITT, respectively) (Fig. 11, J).
These data indicate that mice with Utx deficiency in brown fat
have increased adiposity with impaired insulin sensitivity when
fed a regular chow diet, and are susceptible to diet-induced
obesity with exacerbated insulin resistance when fed HFD.
Recent data suggest that brown adipocytes secrete various
“batokines”, including neuregulin 4 (Nrg4), peptidase M20
domain containing 1 (Pm20d1) and myostatin (Mstn), which in
turn regulate whole-body insulin sensitivity and metabolic
function in other organs'®-20, To investigate whether deletion
of Utx in brown adipocytes regulates whole-body energy home-
ostasis and insulin sensitivity via these secreted batokines, we
measured Nrg4, Pm20d1, and Mstn expression in iBAT from
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n male UTXKO and fl/Y mice fed HFD. *Indicates statistical significance
re expressed as mean + SEM.

UTXKO and fI/Y littermates under either HFD or cold challenge.
As shown in Supplementary Fig 4, the expression of Nrg4 and
Pm20d1 was slightly increased in iBAT of chow-fed UTXKO
mice, but was slightly decreased in iBAT of HFD-fed UTXKO
mice compared to that of fl/Y mice (Supplementary Fig. 4A);
whereas the expression of Nrg4 and Pm20dl did not change
during a 7-day cold challenge between UTXKO and fl/Y
littermates (Supplementary Fig. 4B). In addition, whereas Mstn
expression in iBAT was significantly upregulated by HFD but
downregulated by cold exposure, there was no difference in iBAT
Mstn expression between UTXKO and fl/Y mice (Supplementary
Fig 4C-D). Thus, our data suggest that brown adipocyte Utx
deficiency does not significantly alter the expression of batokines
including Nrg4, Pm20d1, and Mstn.

In addition, UCP1-independent thermogenesis that involves
SERCA2b/ATP2a2-mediated calcium cycling or creatine
kinase (CKM)-mediated creatine cycling may also be important
in regulating whole-body energy homeostasis>®. However,
Atp2a2 expression in iBAT was not different between UTXKO
and fl/Y littermates under either HFD diet or cold challenge
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(Supplementary Fig. 5A-B); whereas the expression of Ckm in
iBAT was significantly increased in UTXKO compared to that of
fI/Y mice fed with either chow or HED or challenged with cold
exposure (Supplementary Fig. 5C-E). Thus, our data suggest that
these UCP1-independent thermogenic pathways are unlikely to
be involved in UTX-regulated thermogenesis in brown fat.

We also studied metabolic phenotypes of female UTXKO mice
and their fI/fl littermate controls. Chow-fed female UTXKO mice
did not exhibit any differences in body weight, % of fat and lean
mass and fat pad weight (Supplementary Fig. 6A-C). HFD-fed
female UTXKO mice had a transient increase in body weight
between 11 and 17 weeks of age compared to their fl/fl littermates
(Supplementary Fig. 6D). At around 20 weeks of age, although
the body weight was not different between the groups, female
UTXKO mice still exhibited slightly higher fat mass and lower
lean mass, and larger gonadal fat pad mass than that of fl/fl mice
(Supplementary Fig. 6E-F). Thus, our data suggest that female
UTXKO mice exhibit a mild obesity-prone phenotype when
fed HFD.

Utx deficiency in Myf5-expressing brown adipocyte precursor
cells does not regulate BAT thermogenesis and energy home-
ostasis. Recent studies suggest that brown adipocytes and skeletal
muscle cells share a common developmental lineage and are
derived from precursor cells that express myogenic factor 5
(Myf5)21, To investigate whether Utx regulates brown adipocyte
function at an early developmental stage, we generated mice with
Utx deletion in Myf5-expressing brown adipocyte/myotube pre-
cursor cells (MUTXKO) by crossing Utx-floxed mice!® with
Myf5-Cre mice?2. As expected, MUTXKO exhibited around 70%
deletion of Utx mRNA levels in iBAT (Supplementary Fig. 7A).
However, unlike UTXKO mice with Utx deficiency in mature
brown adipocytes (Fig. 1), male mice with Utx deficiency in Myf5-
expressing brown adipocyte/myotube precursor cells had no
differences in body weight, body composition, energy expenditure
and locomotor activity compared to their fl/Y littermates when
fed HFD (Supplementary Fig. 6B-E). In addition, there was no
difference in Ucpl and Pgcla expression in iBAT between male
MUTXKO and fl/Y mice on HFD (Supplementary Fig. 6F). Thus,
our data suggest that the regulation of brown adipocyte function
by UTX is dependent on brown adipocyte developmental stage;
UTX becomes important in maintaining active brown adipocyte
function possibly at a later developmental stage, after the pre-
cursor cells are committed to the brown adipocyte lineage.

Utx deficiency in brown fat induces myogenesis. To determine
the molecular mechanism whereby Utx deficiency impaired
brown fat thermogenesis and promoted diet-induced obesity, we
performed RNA-seq analysis using iBAT from male UTXKO and
fI/Y mice fed HFD diet for 12 weeks to unbiasedly examine gene
expression pattern changes induced by Utx deficiency in brown
fat. We found that a total of 1308 genes were differentially
regulated by UTX deficiency (Log2 fold change 0.5 or <—0.5);
out of which 254 genes were upregulated, and 1054 genes were
downregulated by brown adipocyte UTX deficiency. As expected,
bioinformatics analysis of these differentially expressed genes
with an online software (https://github.com/PerocchiLab/
ProFAT)?? predicted an overall gene expression profile of
reduced BAT characteristics in Utx-deficient iBAT, with a reci-
procal increase in gene expression profile resembling that of
WAT (Fig. 2A). This was consistent with a downregulation of
brown fat-specific gene expression in Utx-deficient iBAT
(Fig. 2B). Surprisingly, a hierarchical cluster analysis disclosed a
significant upregulation of myogenic marker genes in Utx-defi-
cient brown fat (Fig. 2C). Further analysis with quantitative RT-

PCR confirmed that myogenic marker gene expression was sig-
nificantly upregulated in iBAT of chow-Fed, HFD-fed or cold-
challenged UTXKO mice, including skeletal muscle myosin heavy
polypeptide 1 (Myhl), skeletal muscle myosin heavy polypeptide
4 (Myh4), sarco/endoplasmic reticulum Ca2+-ATPase isoform 1/
ATPase, Ca?™ transporting, cardiac muscle, fast twitch 1 (Sercal/
Atp2al), skeletal muscle al actin (Actal), myogenic differentia-
tion 1 (Myodl), myogenin (Myog) (Fig. 2D-F) and Ckm (Sup-
plementary Fig. 5C-E). This was consistent with IHC analysis
showing upregulation of skeletal muscle marker myosin heavy
chain (MyHC) in iBAT of UTXKO mice (Fig. 2G). In addition,
primary brown adipocytes isolated from Utx-deficient iBAT
exhibited reduced oxygen consumption rate (OCR) as measured
by Seahorse analyzer (Fig. 2H), indicating impaired mitochon-
drial function. To investigate whether UTX regulates BAT-to-
myocyte remodeling via a cell-autonomous manner, we knocked
down Utx in a brown adipocyte cell line BAT1 cells?!:24,
As expected, knocking down Utx in BAT1 cells significantly
upregulated MyHC immunostaining (Fig. 2I), indicating UTXs
regulation of BAT-to-myocyte remodeling is mediated via a cell-
autonomous manner. Thus, our data revealed an intriguing BAT-
to-myocyte remodeling process in BAT of UTXKO mice, which
may lead to impaired brown adipocyte mitochondrial function
and thermogenesis, thereby contributing to reduced energy
expenditure and obesity in UTXKO mice.

Cold and diet are two primary triggers inducing brown fat
thermogenesis?>~2%. Diet is a potent stimulator of energy
expenditure, a phenomenon referred to as diet-induced thermo-
genesis that requires both brown fat and UCP12°26:2829 While
cold-induced thermogenesis defends the body temperature of
animals against a cold environment, diet-induced thermogenesis
slows down weight gain induced by a short-term overfeeding?>-26.
We, therefore, explored whether brown fat myogenic remodeling
could be modulated during cold- or diet-induced thermogenesis.

Interestingly, cold exposure, a well-known condition that
boosts BAT thermogenic function, profoundly suppressed
myogenic marker gene expression in iBAT (Supplementary
Fig. 8). In addition, we also performed a time course study
with chow- and HFD-fed animals to further investigate whether
such brown adipocyte-myocyte remodeling process also
occurred during the course of diet-induced obesity. As shown
in Supplementary Fig. 9, HFD feeding induced Ucpl expression
in iBAT starting from week 1 and lasted up to 12 weeks
when compared to chow-fed animals, suggesting increased diet-
induced thermogenesis (Supplementary Fig. 9A). However, the
induction of Ucpl by HED gradually disappeared such that Ucpl
expression was no longer different between chow and HFD-fed
animals after 24 weeks on HFD, suggesting that diet-induced
thermogenesis waned after prolonged HFD feeding (Supplemen-
tary Fig. 9A). In contrast, HFD feeding suppressed the expression
of myogenic marker genes including Myodl, Myog and Myhl at
early stage of HFD feeding from week 1-12, while stimulating the
expression of these myogenic marker genes after prolonged HFD
feeding (Supplementary Fig. 9B-D). Further analysis revealed a
reciprocal expression pattern of Ucpl and myogenic marker genes
in iBAT of HFD-fed mice, showing a gradual decline of Ucpl
expression and a reciprocal increase of myogenic marker gene
expression following HFD feeding (Supplementary Fig. 9E).
Indeed, the expression levels of myogenic marker genes were
negatively correlated with that of Ucpl in iBAT when analyzed
from both chow- and HFD-fed mice (Supplementary Fig. 9F).

Interestingly, we found that UTX protein level was significantly
decreased in iBAT of mice fed HFD for 12 and 24 weeks
(Fig. 3A). Further analysis also revealed a reciprocal pattern of
UTX protein levels and myogenic marker gene expression in
iBAT of HFD-fed mice, with a gradual decline of UTX protein
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Fig. 2 Utx deficiency in brown adipocytes induces BAT-to-myocyte remodeling. A Bioinformatic modeling of BAT-like or WAT-like gene expression
profiles using RNA-seq data from iBAT of male UTXKO and fl/Y mice fed HDF for 12 weeks using an online software (https://github.com/PerocchiLab/
ProFAT). B RNAseq analysis of BAT-specific gene expression in iBAT of male UTXKO and fl/Y mice fed HDF for 12 weeks using an online software
(https://github.com/PerocchiLab/ProFAT). The WAT reference aggregate and BAT reference aggregate were derived from the online software.

C Heatmap of myogenic marker gene expression in iBAT of male UTXKO and fl/Y mice fed HDF for 12 weeks. D-F Quantitative RT-PCR analysis of
myogenic marker gene expression in iBAT of chow-Fed (D, fl/Y = 6, UTXKO = 5), HFD-fed (E, fl/Y = 6, UTXKO = 5) UTXKO and fl/Y mice or in chow-fed
2-month-old male UTXKO and fl/Y mice after a 7-day cold challenge (n = 6/group) (F). *indicates statistical significance as marked in each panel between
UTXKO and fl/Y by Mann-Whitney's nonparametric U test. G Representative immunohistochemistry (IHC) staining of myosin heavy chain (MyHC) in
iBAT of UTXKO and fl/Y mice (n=3 replicates for each group). H Oxygen consumption rate (OCR) in primary brown adipocytes isolated from iBAT of
male UTXKO and fl/Y mice measured by a Seahorse XF 96 Extracellular Flux Analyzer (fl/Y =17, UTXKO = 22). *Indicates statistical significance between
UTXKO and fl/Y by two-tailed unpaired Student's t-test. | Representative immunohistochemistry (IHC) staining of myosin heavy chain (MyHC) in BAT1
brown adipocytes with Utx knockdown (n =3 replicates for each group). All data are expressed as mean + SEM.

level that corresponded to a reciprocal increase of myogenic
marker gene expression following HFD feeding (Fig. 3B). An
inverse correlation also existed between UTX protein levels and
myogenic marker gene expression in iBAT when analyzed from
HFD-fed mice (Fig. 3C).

To further confirm our findings, we performed RNA-seq
analysis in iBAT of wild-type mice with chow or HFD feeding for
24 weeks. As expected, prolonged HFD feeding significantly
induced myogenic marker gene expression in iBAT of HFD-fed
mice compared to that of chow-fed mice (Fig. 3D). This was
further confirmed by quantitative RT-PCR analysis showing
upregulation of myogenic marker gene expression in iBAT of
HFD-fed mice, including Myhl, Myh4, Ckm, Myodl, Myog,
Actal, Atp2al, and Titin (Ttn) (Fig. 3E). In addition, THC
staining showed a significant upregulation of the skeletal muscle
marker MyHC in iBAT of HFD-fed mice compared to that of
chow-fed mice (Fig. 3F), further validating myogenic remodeling
of iBAT under prolonged HFD feeding.

Recent data suggest that both stromal vascular fraction (SVF)
cells and brown adipocytes contribute to Myf5+ cell populations
in lineage tracing studies?’. In addition, it has been reported that
brown preadipocytes express a prominent myogenic transcrip-
tional signature, which is diminished upon brown adipocyte
differentiation3!. Thus, to investigate whether the observed

BAT-to-myocyte remodeling is derived from brown adipocytes
or cells from SVF, we isolated primary brown adipocytes and SVF
cells from iBAT of C57BL/6] mice fed chow or HFD for 24 weeks.
Similar to previous report3!, we found that myogenic markers
were expressed in both SVF cells and primary brown adipocytes;
the expression of myogenic genes was relatively higher in SVF
cells than that of primary brown adipocytes isolated from mice
fed chow diet (Supplementary Fig. 10A). However, while HFD
either did not change or only induced a mild increase in
myogenic marker expression in SVF cells, HFD seemed to induce
more profound myogenic marker expression in primary brown
adipocytes than in SVF cells to a level similar to or higher than
that of SVF levels (Supplementary Fig. 10A). The increase in
myogenic gene expression in primary brown adipocytes was more
evident when gene expression was normalized to that of chow
values in each of the SVF and adipocyte groups (Supplementary
Fig. 10B). Thus, our data suggest a prominent BAT-to-myocyte
remodeling in primary brown adipocytes upon HFD feeding,
which may primarily contribute to the BAT-to-myocyte switch
observed in iBAT from HFD-fed mice. In consistence, primary
brown adipocytes isolated from iBAT of 24-week HFD-fed mice
exhibited reduced oxygen consumption rate (OCR) measured
by Seahorse analyzer (Fig. 3G). Further, while acute HFD
feeding significantly increased oxygen consumption in mice
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Fig. 3 Long-term HFD feeding induces BAT-to-myocyte remodeling in iBAT. A UTX protein level in iBAT of C57BL/6J mice fed with HFD for 12 and
24 weeks (n = 3/group). *indicates statistical significance between chow and HFD by two-tailed unpaired Student's t-test. B Analysis of UTX protein levels
and myogenic marker gene expression patterns in iBAT of HFD-fed mice for 1 week, 4 weeks, 12 weeks, 24 weeks, and 1 year. For UTX protein, n=3/
group. For Myodl, Myog, and Myhl gene expression, n = 8/group. € Negative correlations between UTX protein levels and myogenic marker gene
expression in iBAT of mice fed HFD for 1 week, 4 weeks, 12 weeks, 24 weeks, and 52 weeks (n =15/group) as analyzed by Spearman’s rank correlation
coefficient test, p = 0.029 between UTX protein and Myodl mRNA, p = 0.002 between UTX protein and Myog mRNA, and p < 0.0001 between UTX
protein and MyhT mRNA. D Heatmap of myogenic marker gene expression from iBAT of wild-type mice fed chow or HFD. E Quantitative RT-PCR analysis
of myogenic marker gene expression in iBAT of chow- or HFD-fed wild-type C57BL/6J mice (n=7/group). *Indicates statistical significance between
Chow and HFD by Mann-Whitney's nonparametric U test. F Representative IHC staining of MyHC in iBAT of chow- or HFD-fed wild-type C57BL/6J mice
(n =3 replicates for each group). G OCR of primary brown adipocytes isolated from chow- or HFD-fed wild-type C57BL/6J mice (n = 24 for chow, n=19
for HFD). *Indicates statistical significance between chow and HFD by two-tailed unpaired Student's t-test. All data are expressed as mean + SEM.

(Supplementary Fig. 11A), prolonged HFD feeding in mice
resulted in a gradual reduction of oxygen consumption compared
to that of chow-fed mice (Supplementary Fig. 11B-D).

To further study whether the BAT-to-myocyte remodeling
process represents a common feature in obesity, we utilized ob/ob
mice, where obesity is caused by genetic mutation at the leptin
(Lep) gene32. We found that iBAT from ob/ob mice also exhibited

genes, including Ucpl, Pgcla, Ebf2, Cptlb, Coxl, acyl-
Coenzyme A oxidase 1 (AcoxI), Pgclpf, elongation of very-long-
chain fatty acids (FEN1/Elo2, SUR4/Elo3, yeast)-like 3 (Elovi3),
Otopl and epithelial V-like antigen 1 (Eval) (Supplementary
Fig. 12A-B).

Thus, our data revealed a reciprocal BAT-to-myocyte remodel-
ing process in BAT that is modulated by both cold and diet

significantly upregulated myogenic marker gene expression,
including Myodl, Myhl, Myh4, Myog, Actal, Ckm, and Atp2al
and significantly downregulated expression of BAT-specific

challenges. The induction of this process in obesity impairs BAT
mitochondria function and thermogenesis, which may contribute
to reduced energy expenditure and the development of obesity.
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The fact that HFD-induced obesity and brown adipocyte-specific
Utx deletion induce a similar BAT-to-myocyte remodeling
indicates that Utx-regulated epigenetic modification may be
involved in this process.

DNMT1 deficiency in brown fat induces myogenesis.
The interaction of epigenetic mechanisms, including histone
methylation and DNA methylation, results in organization of
the chromatin structure on different hierarchal levels, which
coordinately regulates gene expression®3-3>. DNA methylation is
catalyzed by DNA methyltransferases (DNMTs). While de novo
DNA methylation is generally thought to be mediated by
DNMT3A and DNMT3B, DNMTT1 is believed to function as
a maintenance enzyme to maintain DNA methylation status
through mitosis using hemi-methylated DNA strands as
templates33-3%, However, recent data also suggest that DNMT1
may coordinate with DNMT3A and DNMT3B to regulate de
novo DNA methylation30-40. Thus, to gain further insight into
the epigenetic mechanisms that may regulate the BAT-myocyte
remodeling process in brown adipocytes, we have generated mice
with brown adipocyte-specific deletion of Dnmtl, Dnmt3a and
Dnmt3b to study the role of DNA methylation in this process.
Interestingly, we found that mice with brown adipocyte-specific
deletion of Dnmtl or Dnmt3a exhibited similar phenotypes to
that of UTXKO (see the results described below), whereas mice
with brown adipocyte-specific deletion of Dnmt3b displayed a
different metabolic phenotype (Xue and Shi, unpublished data).
Thus, we have focused on brown adipocyte DNMT1 and
DNMT3A in the current study and further explored whether
UTX interacts with DNMTs in the regulation of BAT-myocyte
remodeling in brown fat.

To generate mice with brown fat-specific deletion of Dnmtl
(D1KO), we crossed Dnmtl-floxed mice (fl/fl)*! with UcpI-Cre
micel®. We found Dnmtl deletion in brown fat resulted in
around 50% reduction of Dnmtl mRNA expression (Supplemen-
tary Fig. 13). Interestingly, RNA-seq analysis using iBAT from
DIKO and fl/fl mice revealed a significant upregulation of
myogenic gene expression in DnmtI-deficient brown fat (Fig. 4A),
similarly to that observed in iBAT of HFD-fed, ob/ob and
UTXKO mice. This was further confirmed by quantitative RT-
PCR analysis showing upregulation of key myogenic gene
expression, including Myodl, Myog, Myhl, Myh4, Ckm, Sercal/
Atp2al, Ttn, and Actal in iBAT of D1KO mice (Fig. 4B). More
importantly, bioinformatic analysis of RNAseq data from iBAT of
HFD-fed, UTXKO and D1KO revealed a group of myogenic
marker genes that were similarly upregulated in all three datasets
(Fig. 4C), indicating that both DNMT1 and UTX might be
involved in the regulation of BAT-to-myocyte remodeling in
iBAT of HFD-fed mice.

To better label UCP1+ brown adipocytes, we generated mice
with brown adipocytes-specific expression of GFP by triple-
crossing Dnmtl-floxed mice, Rosa-Gfp mice*2, and UcpI-Cre
mice (DIKO-GFP, or Ucpl-Cre:Dnmtlfl: Rosa-GfpM). THC
staining indicated that Dnmtl deficiency markedly induced
skeletal muscle marker MyHC in GFP-labeled brown adipocytes
in D1KO-GFP mice (Fig. 4D). In addition, there was a reciprocal
downregulation of brown fat thermogenic gene expression in
iBAT from D1KO mice (Fig. 4E), which was associated with
decreased UCP1 protein content and UCP1 IHC staining in iBAT
of D1KO mice (Fig. 4F, G). Similar to that of Utx-deficient iBAT,
the BAT-to-myocyte remodeling in Dnmtl-deficient primary
brown adipocytes resulted in reduced OCR (Fig. 4H), indicative
of impaired mitochondrial function. On the other hand,
bioinformatic analysis of RNA-seq data with an online software??
predicted that iBAT from D1KO mice exhibited gene expression

profiles characteristic of that of white fat (Fig. 4I), with less
expression of BAT- and mitochondria-enriched genes (Fig. 4]).

To further study whether Dnmtl regulated BAT-to-myocyte
remodeling via a cell-autonomous manner, we knocked down
Dnmtl in 4-day differentiated BAT1 brown preadipocytes via
siRNA approach. As expected, knockdown of Dnmtl in
BAT1 cells significantly promoted myogenic gene expression,
including Myog, Myodl, Ckm, Myhl, Actal, Atp2al, and Ttn
(Fig. 5A) while simultaneously downregulated BAT-specific
gene expression, including Ucpl, Pgcla, Ebf2, and Ebf3 (Fig. 5B).
Moreover, knockdown of Dnmtl enhanced myogenesis as
evidenced by increased MyHC staining (Fig. 5C), while
simultaneously reducing brown adipogenesis as evidenced by
much less neutral lipid accumulation measured by Oil red O
staining (Fig. 5D). In consistence, Seahorse analysis revealed a
decreased OCR in Dnmtl knockdown BAT1 brown adipocytes
and similarly but to a greater extent, in Utx knockdown BAT1
brown adipocytes (Fig. 5E).

Mice with Dnmtl deficiency in brown fat exhibit increased
body weight and adiposity on chow diet and are susceptible to
DIO when fed a HFD. To determine the role of brown adipocyte
DNMT1 in the regulation of body weight and energy metabolism
in animal models, we conducted metabolic characterization in
DIKO mice. As shown in Fig. 5F, female DIKO mice gained
more weight even on a regular chow diet compared to their fl/fl
littermate control mice. In consistence, DIKO mice exhibited a
significant increase in fat mass and a significant decrease in lean
mass (Fig. 5G). Individual fat pad mass including iWAT, gonadal
WAT (gWAT) and retroperitoneal WAT (rWAT) was also
increased in D1KO compared to that of fl/fl mice (Fig. 5H). In
addition, histological examination revealed larger adipocyte size
in iBAT, iWAT, and gWAT of female D1KO mice (Fig. 5I). Using
PhenoMaster metabolic cage systems, we found that female
D1KO mice displayed lower energy expenditure with decreased
oxygen consumption (Fig. 5] and Supplementary Fig. 14A), while
there was no change in RER, locomotor activity, and a tendency
of lower food intake in D1KO (Supplementary Fig. 14B-D).
Female DIKO mice also displayed insulin resistance on the reg-
ular chow diet, as shown by increased fasting and fed insulin
levels (Fig. 5K) and impaired glucose tolerance and insulin sen-
sitivity in GTT and ITT tests (Fig. 5L-M).

We also investigated the involvement of UCPI-independent
thermogenic pathways, including the creatine cycling and calcium
futile cycle, as well as BAT-secreted batokines in regulating
obesity-prone phenotypes in D1KO mice. We found that the
expression of Ckm was significantly increased in iBAT of chow-
fed female D1KO mice, along with the increase of other myogenic
markers (Fig. 4B), whereas the expression of Afp2a2 was not
altered in iBAT of chow-fed female DIKO mice (Supplementary
Fig. 15A). In addition, the expression of batokines Nrg4, Pm20d1
and Mstn was also not altered in iBAT of chow-fed female D1KO
mice (Supplementary Fig. 15B-C).

Similar results were also observed in male DIKO mice. When
fed a regular chow diet, male D1KO mice also exhibited increased
body weight and adiposity compared to their fl/fl littermate
control mice (Supplementary Fig. 16A-B). They also displayed
glucose intolerance and insulin resistance in GTT and ITT tests
compared to fl/fl mice (Supplementary Fig. 16C-D).

To determine the role of brown adipocyte DNMT1 in diet-
induced obesity, we challenged male and female D1KO mice and
their littermate control fl/fl mice with HFD for up to 24 weeks.
As expected, HFD-fed female D1KO mice gained more weight
compared to fl/fl mice (Supplementary Fig. 17A). Body
composition analysis revealed a significant increase in fat mass
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Fig. 4 Dnmt1 deficiency in brown fat induces BAT-to-myocyte remodeling. A Heatmap of myogenic gene expression in iBAT from D1KO and fl/fl mice on
regular chow diet. B Quantitative RT PCR analysis of myogenic gene expression in DIKO and fl/fl mice on chow diet (n =5/group). *Indicates statistical
significance between fl/fl and DIKO by Mann-Whitney's nonparametric U test. € Hierarchical cluster analysis of genes similarly upregulated in iBAT of
HFD-fed, UTXKO and D1KO mice. D Representative IHC staining of MyHC in GFP-labeled brown adipocytes in iBAT of DIKO-GFP and fl/fl-GFP mice on
chow diet (n= 3 replicates per group). E Quantitative RT-PCR analysis of BAT-specific gene expression in iBAT of DIKO and fl/fl mice on chow diet
(n=5/group). *Indicates statistical significance between fl/fl and D1KO by unpaired two-tailed Student's t-test. F Immunoblotting analysis of UCP1 protein
levels in iBAT of D1KO and fl/fl mice on chow diet (n =5/group). *Indicates statistical significance between fl/fl and D1KO by unpaired two-tailed
Student's t-test. G Representative IHC staining of UCP1in iBAT of D1KO and fl/fl mice on chow diet (n = 3 replicates per group). H OCR of primary brown
adipocytes isolated from iBAT of DIKO or fl/fl mice measured by a Seahorse analyzer (n =14 for fl/fl, 20 for D1KO). *Indicates statistical significance
between fl/fl and D1KO by unpaired two-tailed Student's t-test. I Bioinformatic modeling of BAT-like or WAT-like gene expression profiles using RNA-seq
data from iBAT of D1KO and fl/fl mice on chow diet using an online software (https://github.com/PerocchiLab/ProFAT). J BAT-specific gene expression
in iBAT of D1KO and fl/fl mice on chow diet using an online software (https://github.com/PerocchiLab/ProFAT). The WAT reference aggregate and BAT
reference aggregate were derived from the online software. All data are expressed as mean + SEM.

and a significant decrease in lean mass (Supplementary Fig. 17B),
which was associated with increased individual fat pad mass in
iWAT, gWAT, and iBAT (Supplementary Fig. 17C). Female
DI1KO mice on HFD also exhibited reduced energy expenditure
with decreased oxygen consumption (Supplementary Fig. 17D-E)
without changes in RER, locomotor activity, and food intake
(Supplementary Fig. 17F-H). With the increased adiposity,
D1KO mice had increased fed insulin levels (Supplementary
Fig. 171) and displayed glucose intolerance and insulin resistance
as assessed by GTT and ITT (Supplementary Fig. 17]-K),
respectively.

Similarly, male D1KO mice gained more weight compared to
their fl/fl littermate control mice upon HFD challenge (Supple-
mentary Fig. 18A), which was associated with increased fat mass in
iWAT (Supplementary Fig. 18B) and larger adipocytes in iWAT
and iBAT (Supplementary Fig. 18C). Male D1IKO mice on HFD
also exhibited lower energy expenditure with decreased oxygen
consumption (Supplementary Fig. 18D-E) without changes in RER
and locomotor activity (Supplementary Fig. 18F-G). In addition,
male DIKO mice had slightly decreased cumulative food intake
(Supplementary Fig. 18H), possibly due to adaptation to their
reduced energy expenditure. Further, male D1KO mice exhibited
downregulated thermogenic gene expression in iBAT and iWAT
(Supplementary Fig. 18I-]), with decreased UCP1 protein levels in

iBAT (Supplementary Fig. 18K). Consistent with their increased
adiposity, male D1KO mice displayed glucose intolerance and
insulin resistance as assessed by GTT and ITT (Supplementary
Fig. 18L-M). Thus, our data consistently indicate that DNMT1
deficiency in brown fat promotes obesity and impairs insulin
sensitivity in mice.

DNMT1 deficiency in brown fat impairs cold-induced ther-
mogenesis in iBAT. To study the role of brown fat DNMT1 in
cold-induced thermogenesis, we challenged chow-fed 2-month-
old D1KO and fl/fl mice for either an acute (4-h) or a chronic (7-
day) cold exposure at 5°C. Interestingly, D1IKO mice exhibited
lower body temperature during acute cold exposure (Fig. 6A),
with a bigger temperature reduction than control fl/fl mice within
the first 2h of cold exposure (Fig. 6B), suggesting that the
DNMT1-deficient mice are cold sensitive. During the acute cold
exposure, Dnmtl deficiency in iBAT resulted in reduced BAT-
specific gene expression, with simultaneously upregulated myo-
genic marker gene expression (Fig. 6C, D). Similarly, during the
chronic cold exposure, DNMT1 deficiency in iBAT also resulted
in reduced expression of BAT-specific genes, while reciprocally
increasing the expression of myogenic marker genes in iBAT of
D1KO mice (Fig. 6E, F). In consistence with gene expression
profiles, iBAT from D1KO mice also exhibited decreased UCP1
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Fig. 5 DNMT1 deficiency in brown fat impairs brown fat function. A, B Quantitative RT-PCR analysis of myogenic gene expression (A, n =12/group) and
BAT-specific gene expression (B, n=12/group) in BAT1 brown adipocytes transfected with scramble or Dnmt1 siRNA. *Indicates statistical significance
between Scramble and DNMT1 siRNA groups by two-tailed unpaired Student's t-test. C, D Representative IHC staining of MyHC (C) and Oil red O staining
(D) in BAT1 brown adipocytes transfected with scramble or DnmtT siRNA (n = 3 replicates for each group). E OCR in BAT1 brown adipocytes transfected
with scramble, DnmtT or Utx siRNA measured by a Seahorse analyzer. n =24 for Scramble, 31 for DNMT siRNA, and 24 for UTX siRNA; statistical
significance was analyzed by one-way ANOVA with repeated measure followed by Fisher's Least Significant Difference (LSD) test, F (2, 76) =35.433,
p<0.0001. *p<0.01, **p<0.0001, ***p < 0.05 between Scramble and DNMTT siRNA; #p < 0.0001, ##p < 0.01 between Scramble and UTX siRNA. For
(A-E), BAT1 cells were differentiated into brown adipocytes as described under Methods and scramble and targeting siRNAs were transfected into day 4
differentiated BATT cells using Amaxa Nucleofector Il Electroporator with an Amaxa cell line nucleofector kit L according to the manufacturer’s instructions
(Lonza). Cells were harvested 2 days after for further analysis. F-H Body weight growth curve (F, n=8 for fl/fl and 6 for D1KO), Body composition
(G, n=6/group), and Fat pad weight (H, n = 6/group) in female D1KO and fl/fl mice on chow diet. Female D1KO and fl/fl mice were weaned onto regular
chow diet and various metabolic phenotypes were studied. *Indicates statistical significance between fl/fl and D1KO by two-tailed unpaired Student's t-
test. I Representative H&E staining of iWAT, iBAT and gWAT of female DIKO and flf/fl mice on chow diet (n = 4 replicates per group). J Energy
expenditure in female D1KO and fl/fl mice on chow diet (n = 4/group). Left, *indicates statistical significance between fl/fl and D1KO analyzed by ANOVA
with repeated measures: time 0-12 h, F(1,6) = 8.962, p = 0.024; time 12-24 h, F(1,6) = 5.819, p = 0.052; time 24-36 h, F(1,6) =16.794, p = 0.006; time
36-48 h, F(1,6) = 8.664, p=0.026; time 48-60 h, F(1,6) = 5.457, p=0.058; time 60-72 h, F(1,6) = 6.637, p = 0.042; time 72-84 h, F(1,6) =11.648,
p=0.014; time 84-96 h, F(1,6) =9.294, p = 0.023. Right, *indicates statistical significance between fl/fl and D1KO by two-tailed unpaired Student's t-test.
K-M Fasting and fed serum insulin levels (K, n = 8 for fl/fl and 6 for D1KO), GTT (L, n=5/group), and ITT (M, n= 6 for fl/fl and 7 for D1IKO) of female

D1KO and fl/fl mice on chow diet. *Indicates statistical significance between fl/fl and D1KO by two-tailed unpaired Student's t-test. All data are expressed
as mean + SEM.

protein level (Fig. 6G), larger brown adipocytes as measured by  derived from different developmental origins. Brown adipocytes
H&E staining (Fig. 6H), and less UCP1 IHC staining in response  from iBAT and skeletal muscle cells share a common develop-
to the chronic cold exposure (Fig. 6I). These data suggest mental lineage and are derived from precursor cells that express
that DNMT1 deficiency in brown fat impairs cold-induced Myf5, whereas most white adipocytes from eWAT and iWAT
thermogenesis. come from a different lineage origin that does not express
We also studied whether deleting Dnmt1 in brown adipocytes ~Myf54344, Thus, it is possible that the role of DNMTI in
modulates beige adipocyte induction in WAT. Interestingly, the determination of BAT-muscle switch may be specific to the
in contrast to impaired thermogenesis in iBAT of cold-challenged ~ Myf5-positive lineage cells in iBAT, but not the My5-negative
D1KO mice (Fig. 6), the expression of Ucpl and other lineage cells in eWAT and iWAT. The increased beiging in iWAT
thermogenic genes were either tended to increase or moderately and eWAT of D1KO mice in response to cold is possibly
increase in iWAT of cold-challenged D1KO mice (Supplementary a compensatory adaptation to reduced thermogenic function
Fig. 19A). In addition, UCPl-immunostaining also clearly in iBAT.
showed an increase in beige adipocyte formation in iWAT of
DIKO mice compared to fl/fl littermates after a 7-day cold
exposure (Supplementary Fig. 19B). Similarly, thermogenic gene Mice with brown adipocyte-specific Dnmt3a deficiency dis-
expression and beige adipocyte formation were also increased in  played similar metabolic phenotypes to that of UTXKO and
eWAT of DIKO compared to that of fl/fl littermates after the D1KO. We also generated mice with brown fat-specific deletion
chronic cold exposure (Supplementary Fig. 19C-D). These data  of Dnmt3a, a DNA methyltransferase that is responsible for de
indicate an intriguing dissociation of thermogenesis between novo DNA methylation (D3aKO), by crossing Dnmt3a-floxed
traditional brown adipocytes in iBAT and beige adipocytes mice*> with UcpI-Cre mice!®, and found that D3aKO mice had
identified in WAT. Recent data suggest that BAT and WAT are  similar metabolic phenotypes to that of D1KO. For instance,
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Fig. 6 DNMT1 deficiency in brown fat impairs cold-induced thermogenesis. A Body temperature in male chow-fed 2-month-old DIKO and fl/fl mice
during acute 5 °C cold exposure (n= 6 for fl/fl and 5 for D1KO). *Indicates statistical significance between fl/fl and D1KO as analyzed by two-tailed

unpaired Student's t-test. B Body temperature change in male chow-fed 2-month-old D1KO and fl/fl mice after 3 h of cold exposure (n = 6 for fl/fl and 5 for
D1KO). *Indicates statistical significance between fl/fl and D1KO as analyzed by two-tailed unpaired Student's t-test. C, D Quantitative RT-PCR analysis of
BAT-specific gene expression (C, n= 6 for fl/fl and 8 for D1KO), and myogenic gene expression (D, n =7 for fl/fl and 6 for DIKO) in iBAT of male chow-

fed 2-month-old D1KO and fl/fl mice after an acute 4-h 5°C cold exposure.

*Indicates statistical significance between fl/fl and D1KO as analyzed by two-

tailed unpaired Student's t-test in (C) and Mann-Whitney's nonparametric U test in (D). E, F Quantitative RT-PCR analysis of BAT-specific gene expression
(E, n=6/group), and myogenic gene expression (F, n = 6/group) in iBAT of male chow-fed 2-month-old DIKO and fl/fl mice after a chronic 7-day 5 °C
cold exposure. *Indicates statistical significance between fl/fl and DIKO as analyzed by two-tailed unpaired Student's t-test in (E) and Mann-Whitney's
nonparametric U test in (F). G Immunoblotting of UCP1 protein in iBAT of male chow-fed 2-month-old D1KO and fl/fl mice after a 7-day 5 °C cold exposure
(n=4/group). *Indicates statistical significance between fl/fl and D1KO as analyzed by two-tailed unpaired Student's t-test. H, | Representative H&E
staine (H) and UCP1 IHC staining () in iBAT from male chow-fed 2-month-old D1KO and fl/fl mice after a chronic 5°C 7-day cold exposure (n=3

replicates for each group). All data are expressed as mean = SEM.

female D3aKO mice gained more weight even on regular chow
diet compared to their fl/fl littermate control mice (Supplemen-
tary Fig. 20A) even with less food intake (Supplementary
Fig. 20B). In consistence, D3aKO mice exhibited larger fat pads
and liver compared to that of fl/fl mice (Supplementary Fig. 20C).
Using PhenoMaster metabolic cage systems, we found that
D3aKO mice displayed lower energy expenditure (Supplementary
Fig. 20D) with decreased oxygen consumption (Supplementary
Fig. 20E) with largely no changes in locomotor activity (Supple-
mentary Fig. 20F). Further GTTs and ITTs confirmed that D1IKO
mice developed glucose intolerance and insulin resistance (Sup-
plementary Fig. 20G-H).

Myod1 mediates the effect of DNMT1 deficiency on brown fat
myogenesis. To further determine potential myogenic tran-
scriptional factors whose upregulations are direct targets by
promoter demethylation due to Dnmtl deficiency, we performed
a DNA methylation profiling experiment using Reduced Repre-
sentation Bisulfite Sequencing (RRBS) approach#®-48. Since our
data suggest that iBAT from female DIKO mice exhibits pro-
minent BAT-to-myocyte remodeling compared to their fl/fl lit-
termates even on a regular chow diet, we used DNA samples from
iBAT of chow-fed female DIKO and fl/fl mice for the RRBS
analysis. We found there are up to 242 differentially methylated
regions (DMRs) in iBAT of D1KO vs fl/fl mice. Within these
DMRs, around 202 were located within genes, with the rest
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associated with gene promoters. Notably, our RRBS profiling
indicated that the methylation rate at the proximate promoter
and 5’-region of Myodl gene was significantly decreased in iBAT
of D1KO mice compared to that of fl/fl mice (Fig. 7A), whereas
Myodl express was reciprocally upregulated in iBAT from
UTXKO, HFD-fed and D1KO mice (Figs. 2-4, and Supplemen-
tary Fig. 9). Interestingly, the proximal promoter and 5’ region of
Mpyod] are enriched with CpG sites (Supplementary Fig. 21A);
alterations of DNA methylation on these CpG sites could
potentially alter Myod1 expression.

Prior lineage tracing studies show that brown fat and skeletal
muscle indeed share the same developmental origins*%. To
determine the role of MyodI in the determination of brown fat
and myocyte lineage, we interrogated the relationship between
the myogenic driver Myodl and the BAT marker Ucpl by
measuring the expression pattern of these two genes during
brown fat development. Ucpl expression in iBAT began to
increase at embryonic day 17 (E17), and continued to rise
postnatally (Fig. 7B), similar to previous reports**->1. In contrast,
Myod1 expression was at the highest level in iBAT at E17, which
then sharply declined afterwards and stayed at low levels
postnatally (Fig. 7C). These data suggest that Myodl and Ucpl
expression is inversely correlated and may be mutually exclusive.
Moreover, reciprocal regulation of Myodl and Ucpl expression
was also evident in cold exposure such that cold exposure
markedly stimulated UcplI expression (Fig. 7D) within 24 h while
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Fig. 7 MyoD1 mediates the effect of DNMT1 deficiency on brown fat myogenesis. A RRBS profiling of DNA methylation level at MyoD1 promoter in iBAT
of D1KO and fl/fl mice. B, € Ucpl (B, n=4/group) and Myod1 (C, n=4/group) expression in iBAT of mice during late embryonic and postnatal
development. *Indicates statistical significance vs. 17E with one-way ANOVA followed by Fisher's LSD multiple comparisons test; in (B), F(7,24) = 48.31,
p<0.0001, and in (C), F(7,24) =10.54, p < 0.0001. D, E UcpT (D) and Myod1 (E) expression in iBAT of mice during cold exposure (n = 3/group). *indicates
statistical significance vs. Time O with one-way ANOVA followed by Fisher's LSD multiple comparisons test; in (D), F(3,8) = 6.406, p=0.016, and in
(E), F(3,8) =25.096, p<0.0001. F Ucpl, Prdm16 and myogenic marker gene expression in iBAT and gastrocnemius (GAS) muscle (n=4/group).
*Indicates statistical significance between iBAT and GAS as analyzed by two-tailed unpaired Student's t-test, except for Myod1 and Atp2al, which were
analyzed by Mann-Whitney's nonparametric U test. G Pyrosequencing analysis of DNA methylation level at MyodT promoter in iBAT and GAS muscle
(n=4/group). *Indicates statistical significance between iBAT and GAS as analyzed by Mann-Whitney's nonparametric U test. H ChIP assay of DNMT1
binding to Myod1 promoter in undifferentiated BAT1 preadipocytes and differentiated BATT brown adipocytes (n = 4/group). *indicates statistical
significance by two-tailed unpaired Student's t-test. I ChIP assay of DNMT1 binding to Myod1 promoter in iBAT from HFD- or LFD-fed mice (n = 6/group).
*Indicates statistical significance by two-tailed unpaired Student'’s t-test. J Pyrosequencing analysis of DNA methylation levels at MyodT promoter in BAT1
brown adipocytes transfected with scramble or Dnmt1 siRNA (n = 6/group). *Indicates statistical significance between iBAT and GAS as analyzed by
Mann-Whitney's nonparametric U test. K Quantitative RT-PCR analysis of myogenic marker gene and BAT gene expression in BAT1 brown adipocytes
transfected with scramble, Dnmt1, Myod1, or Dnmt1+ Myod1 siRNA (n = 4/group). *Indicates statistical significance among groups. For Dnmt1 and Myod]1,
statistical significance was analyzed by Kruskal-Wallis non-parametric ANOVA H test by rank followed by Pairwise Comparisons test between groups,
H(3) =13.560, p = 0.004 for Dnmt1, and H(3) =13.097, p = 0.004 for Myodl. For Ucpl, Pgcla, Myog and Actal, statistical significance was analyzed by
one-way ANOVA followed by Fisher's LSD multiple comparisons test: for Ucpl, F(3,12) = 45.139, p < 0.0001; for Pgcla, F(3,12) = 51.81, p < 0.0007; for
Myog, F(3,12) =33.178, p < 0.0007; for Actal, F(3,12) = 20.045, p < 0.0001. L, M Myod1 (L) and BAT-specific gene expression (M) in Myodi-overexpressed
BAT1 brown adipocytes treated with PBS or isoproterenol (Iso). n = 6/group. *indicates statistical significance analyzed by Kruskal-Wallis non-parametric
ANOVA H test by rank followed by Pairwise Comparisons test between groups. In (L), H(3) =17.613, p = 0.001. In (M), for UcpT, H(3) = 21.6, p < 0.0007;
for Prdm16, H(3) =17.553, p = 0.001; for PgcTa, H(3) = 20.309, p < 0.00071; for Elovi3, H(3) =19.62, p < 0.0007; for Cptlb, H(3) =18.033, p < 0.0001; for
Cidea, H(3) =18.023, p < 0.0001; for pgclp, H(3) = 21367, p < 0.0001; for Acox1, H(3) =16.847, p = 0.007; for Cox7, H(3) =19.807, p = 0.0009. For
(J-M), BAT1 cells were differentiated into brown adipocytes as described under Methods. Scramble or targeting siRNAs, or control or Myod1
overexpressing plasmids were transfected into day 4 differentiated BAT1 cells using Amaxa Nucleofector Il Electroporator with an Amaxa cell line
nucleofector kit L. Cells were harvested 2 days after for pyrosequencing or gene expression analysis. All data are expressed as mean + SEM.

simultaneously down-regulating Myod1 expression (Fig. 7E). The
enrichment of myogenic genes such as Myodl along with other
markers is a molecular signature of the skeletal muscle, which
distinguishes gastrocnemius muscle from iBAT (Fig. 7F). Inter-

Myod1 promoter and 5’-region may contribute to higher MyodI
gene expression in skeletal muscle, which may be important in
maintaining myogenic signature in skeletal muscle.

We then further determined the role of DNMT1 in Myodl

estingly, the high expression of Myodl in skeletal muscle was
associated with decreased methylation rate at a number of CpG
sites at the Myodl promoter and 5'-region as measured by
pyrosequencing analysis (Fig. 7G). Hypomethylation at the
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promoter methylation. Our ChIP assay revealed a significantly
higher DNMT1 binding to the MyodI promoter in differentiated
BAT1 brown adipocytes compared to undifferentiated BAT1
preadipocytes (Fig. 7H), indicating that enhanced methylation at
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Mpyod1 promoter due to DNMT1 binding may decrease Myod]
expression in mature brown adipocytes. Further, downregulated
binding of DNMT1 to Myodl promoter was also observed in
iBAT from HFD-fed mice compared to LFD-fed mice (Fig. 7I).
Decreased DNMT1 binding to Myodl promoter may increase its
gene expression, resulting in the induction of myogenic program
seen in the iBAT from HFD-fed mice (Fig. 3, and Supplementary
Fig. 9). To determine whether the effect of DNMT1 on Myodl
promoter methylation was via a cell-autonomous action, we
knocked down Dnmtl in BAT1 cells. We found that Dnmtl
knockdown in BAT1 brown adipocytes resulted in reduced
methylation at a number of CpG sites at Myodl promoter
(Fig. 7)).

To confirm our findings that Myodl serves as an epigenetic
target for Dnmt1 and mediates Dnmtl deletion-induced BAT-to-
myocyte remodeling in brown adipocytes, we knocked down
Dnmtl and Myodl individually or in combination in BATI1
brown adipocytes and measured BAT- and myogenic-specific
gene expression. As expected, BAT1 brown adipocytes transfected
with Dnmtl and/or Myodl siRNA had significantly reduced
Dnmtl and/or Myodl expression, respectively, confirming the
knockdown efficiency (Fig. 7K). Consistent with the decreased
methylation at Myodl promoter by Dnmtl knockdown (Fig. 7]),
Dnmtl knockdown in BAT1 brown adipocytes significantly
upregulated Myodl expression, which was abolished by Myod1
knockdown (Fig. 7K). In addition, Dnmtl knockdown in BATI
brown adipocytes downregulated BAT-specific Ucpl expression
while up-regulating myogenic gene expression, including
Mpyog and Actal, which was completely reversed by Myodl
knockdown (Fig. 7K). Interestingly, we found Myod1 knockdown
in BAT1 cells significantly upregulated BAT-specific Ucpl and
Pgcla expression while down-regulating myogenic marker Myog
and Actal expression (Fig. 7K); whereas Myod1 overexpression in
BAT]1 cells (Fig. 7L) was sufficient to suppress both basal- and the
B-adrenergic agonist isoproterenol-stimulated thermogenic gene
expression, including Ucpl, Prdml6, Pgcla, Elovi3, Cptlp, Cidea,
Pgclf3, Acox1 and CoxI (Fig. 7M). Thus, our in vitro data confirm
our findings that DNMT1 determines BAT-myocyte remodeling
via Myodl promoter methylation in brown adipocytes.

Specifically reducing DNA methylation at Myodl promoter
induces myocyte-like brown adipocytes. We next utilized a
targeted demethylation approach to determine whether specifi-
cally targeting CpG sites and reducing their methylation status at
Myodl promoter could recapitulate Dnmtl deletion-induced
BAT-to-myocyte remodeling in brown adipocytes. To achieve
site-specific demethylation at Myodl promoter, we employed a
modified endonuclease dead version of CRISPR associated pro-
tein 9 (dCas9) fused with the catalytic domain (CD) of the
enzyme involved in DNA demethylation, tet methylcytosine
dioxygenase 1 (TET1) (dCas9-TET1CD)°2¢ (Supplementary
Fig. 21B). We transfected BAT1 brown adipocytes with plasmids
expressing dCas-TET1CD along with plasmids expressing either
scramble non-targeting guide RNA (scramble-gRNA-mCherry)
or gRNA targeting CpG sites at Myod] promoter (Myodl-gRNA-
mCherry), and found that DNA methylation rate of a number of
CpG sites at Myodl promoter was significantly reduced (Fig. 8A).
The downregulated DNA methylation at Myodl promoter was
associated with upregulation of Myodl mRNA expression and
reciprocal downregulation of thermogenic gene expression such
as Ucpl, Pgcla, Ebf2 and Prdml6 (Fig. 8B), suggesting that we
have successfully established an approach to specifically target
DNA methylation at Myodl promoter.

To study the role of targeted DNA methylation at Myod]I
promoter in brown fat in vivo, we surgically injected lentiviruses

expressing dCas9-TET1CD along with lentiviruses expressing
either scramble-gRNA-mCherry or MyodI-gRNA-mCherry bilat-
erally into iBAT of male C57BL/6] mice on chow diet. IHC
analysis with mCherry and perilipin antibodies confirmed
successful infection of the Ientiviruses into iBAT brown
adipocytes (Supplementary Fig. 22). The mice receiving lentiviral
injection of dCas9-TET1CD and MyodI-targeting gRNA exhib-
ited higher body weight (Fig. 8C) and body fat composition
(Fig. 8D) even on chow diet, thus mimicking the metabolic
phenotypes of male and female D1KO mice on chow diet (Fig. 4
and Supplementary Fig. 16). Moreover, lentiviral treatment of
dCas9-TET1CD significantly reduced DNA methylation rate of a
number of CpG sites at Myod1 promoter (Fig. 8E). The decreased
methylation at Myodl promoter appeared to result in a marked
induction of myogenic gene expression (Fig. 8F), which was
associated with a downregulation of thermogenic gene expression
(Fig. 8G). Further IHC staining revealed a significant upregula-
tion of the skeletal muscle marker MyHC and a reciprocal
downregulation of the thermogenic marker UCP1 (Fig. 8H).
These data indicate that decreased DNA methylation at Myodl
promoter initiates a BAT-to-myocyte remodeling process in
brown fat.

DNMT1 silences Myodl expression via interacting with
PRDM16. We next determined the molecular mechanism
underlying the strikingly similar BAT-to-myocyte remodeling
phenotype in BAT of UTXKO and D1KO mice. Our previous
data suggested that UTX promotes brown adipocyte thermogenic
program via coordinated regulation of H3K27 demethylation and
acetylation at Pgcla promoter;!3 whereas PRDMI16 is critical in
controlling BAT-muscle switch*4. We thus performed an assay
for transposase-accessible chromatin sequencing (ATAC-seq)
analysis in iBAT of UTXKO and fl/fl littermates fed HFD for
12 weeks. We compared the genome-wide alterations in chro-
matin accessibility landscape assessed by ATAC-seq with the
corresponding gene expression assessed by RNA-seq and dis-
covered a strong correlation between the chromatin accessibility
status and gene expression changes (e.g., less chromatin accessi-
bility associated with decreased gene expression due to increased
repressive mark H3K27me3 by UTX deficiency). As illustrated in
Fig. 9A, the decreases in read densities of genes of two selective
clusters based on variable degree of peaks in UTXKO iBAT were
highly associated with the down-regulations of the corresponding
gene expression, including Prdm16 (shown in red box) and sev-
eral other BAT-specific genes (e.g., Pgcla, Pgclf, Ppara etc.).
Indeed, our ATAC-seq data demonstrated that deleting Utx in
brown fat resulted in a more closed chromatin structure at both
Prdm16 (Fig. 9B) and Pgcla (Supplementary Fig. 23A) loci,
as well as other BAT-specific genes such as Ucpl and Pgclf
(Supplementary Fig. 23B-C), which could contribute to the
suppressed expression of these genes in iBAT of UTXKO mice
(Fig. 1F). Our data indicate that both Prdm16 and Pgcla could
be downstream targets of UTX via modulating their chromatin
structure. Since PRDM16 regulates BAT-muscle switch in BAT#4,
we thus further studied whether PRDMI16 could mediate the
BAT-to-myocyte remodeling observed in HFD-fed, UTXKO and
D1KO mice.

Prdml6 and Mpyodl are mutually exclusive in lineage
determination of brown adipocytes vs. myocytes®’. We found
that Prdm16 expression was downregulated in iBAT of HFD-fed
mice (Fig. 9C), This may be due to a decreased binding of UTX to
Prdm16 promoter as shown in ChIP assays (Fig. 9D). Conversely,
the level of H3K27me3, which was regulated by UTX!4
was increased at Prdml6 promoter (Fig. 9E). To confirm
whether Prdml16 expression is indeed regulated by UTX through
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Fig. 8 Specifically reducing DNA methylation at Myod1 promoter in iBAT of mice induces BAT-to-myocyte switch. A Pyrosequencing analysis of DNA
methylation at Myod1 promoter in BAT1 adipocytes transfected with lentiviral vectors expressing dCas9-TET1CD along with lentiviral vectors expressing
either MyodT-targeting gRNA or scramble non-targeting gRNA (n=4/group). *indicates statistical significance between the two groups by two-tailed
unpaired Student's t-test. B Quantitative PCR analysis of Myod1 and BAT-specific gene expression in BAT1 adipocytes transfected with lentiviral vectors
expressing dCas9-TETICD along with lentiviral vectors expressing either Myodi-targeting gRNA or scramble non-targeting gRNA (n = 4/group). *indicates
statistical significance between the two groups by two-tailed unpaired Student's t-test. For (A, B), 4-day differentiated BAT brown adipocytes were
transfected with lentiviral vectors FUW-dCas9-TET1CD along with lentiviral vectors pgRNA-mCherry encoding either scramble-gRNA or Myod1-targeting
gRNA using Amaxa Nucleofector Il Electroporator with an Amaxa cell line nucleofector kit L. Cells were harvested 2 days after for pyrosequencing (A) or
gene expression (B) analysis. C, D Body weight (C) and Body composition (D) in mice with iBAT injection of lentiviruses expressing dCas9-TET1CD plus
lentiviruses expressing either targeting Myod1-gRNA-mCherry or non-targeting scramble-gRNA-mCherry (n = 4/group). *indicates statistical significance
between the two groups by two-tailed unpaired Student's t-test. E-G Methylation levels at Myod1 promoter (E, n = 8/group), Myogenic marker gene
expression (F, n=7 for dCas9 + scramble, and 5 for dCas9 + Myod1 gRNA), and BAT-specific gene expression (G, n =7 for dCas9+scramble, and 6 for
dCas9 + Myod1 gRNA) in iBAT of mice with iBAT injection of lentiviruses expressing dCas9-TET1CD plus lentiviruses expressing either targeting Myod1-
gRNA-mCherry or non-targeting scramble-gRNA-mCherry. *Indicates statistical significance between the two groups by Mann-Whitney's nonparametric
U test in (E), (F) and (G). (H) Representative IHC staining of UCP1 (upper panel) and MyHC (lower panel) in iBAT of mice with iBAT injection of
lentiviruses expressing dCas9-TET1CD plus lentiviruses expressing either targeting Myod1-gRNA-mCherry or non-targeting scramble-gRNA-mCherry

(n =3 replicates). For (C-H), 3-month-old chow-fed male C57BL/6J mice were bilaterally injected with lentiviruses expressing dCas9-TETICD plus

lentiviruses expressing either targeting Myod1-gRNA-mCherry or non-targeting scramble-gRNA-mCherry into iBAT for up to 2 months. All data are
expressed as mean + SEM.

modulating of H3K27me3 levels, we knocked down Utx in BAT1  was associated with increased MyodI expression (Fig. 9]); while
brown adipocytes and measured H3K27me3 at Prdm16 promoter  overexpression of Prdm16 significantly increased DNA methyla-
via ChIP assay following stimulation by the p-adrenergic agonist tion at Myodl promoter (Fig. 9K).
isoproterenol. We found that H3K27me3 level was increased at To determine how PRDM16 regulates DNA methylation at
Prdm16 promoter in isoproterenol-treated BAT1 brown adipo- Mpyodl promoter, we knocked down Prdml6 and measured
cytes with Utx knockdown (Fig. 9F). Thus, our data suggest that DNMT1 binding to Myodl promoter via ChIP assays in BAT1
UTX promotes Prdm16 expression via demethylating H3K27me3 brown adipocytes with or without isoproterenol stimulation.
at Prdml16 promoter. We found that stimulation of BAT1 brown adipocytes with
We further determined whether UTX-PRDM16 axis regulates the P-adrenergic agonist isoproterenol significantly induced
Mpyodl promoter methylation. Indeed, knockdown of Utx in DNMT1 binding to Myodl promoter; whereas Prdm16 knock-
BAT1 brown adipocytes resulted in reduced DNA methylation at down in BAT1 brown adipocytes suppressed both basal- and
a number of CpG sites at Myodl promoter (Fig. 9G), which was  isoproterenol-induced DNMT1 binding to Mpyodl promoter
associated with increased MyodlI expression (Fig. 9H). Similarly, (Fig. 10A), suggesting that PRDMI16 is required for the full
BAT1 brown adipocytes with Prdm16 knockdown also exhibited ability of DNMT1 in maintaining DNA methylation at MyodI
decreased DNA methylation at MyodI promoter (Fig. 9I), which  promoter in brown adipocytes.
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Fig. 9 DNMT1 silences Myod1 expression via interacting with PRDM16. A Comparison of genome-wide alterations in chromatin accessibility landscape
assessed by ATAC-seq with the corresponding gene expression assessed by RNA-seq in iBAT of UTXKO and fl/Y mice fed HFD for 12 weeks (n=3
replicates per group). B ATAC-seq analysis of chromatin accessibility at Prdm16 gene locus in iBAT of UTXKO and fl/Y mice fed HFD for 12 weeks (n =3
replicates per group). € Quantitative RT-PCR analysis of Prdm16 mRNA in iBAT of LFD- or HFD-fed mice (n = 8/Group). *Indicates statistical significance
between the two groups by two-tailed unpaired Student's t-test. D, E ChIP assay of UTX binding to Prdm16 promoter (D, n=4/group) and ChIP assay of
H3K27me3 levels at Prdm16 promoter (E, n=4/group) in iBAT of LFD- or HFD-fed mice. *Indicates statistical significance between the two groups by
Mann-Whitney's nonparametric U test in (D) and two-tailed unpaired Student's t-test in (E). F ChIP assay of H3K27me3 levels at Prdm16 promoter in
control or Utx knockdown BAT1 brown adipocytes treated with isoproterenol (n = 4/Group). *Indicates statistical significance between the two groups by
Mann-Whitney's nonparametric U test. G-H Pyrosequencing analysis of DNA methylation at MyodT promoter (G, n = 6/group) and MyodT expression
(H, n=28/group) in BATT brown adipocytes transfected with scramble or Utx siRNA. *Indicates statistical significance between the two groups by
Mann-Whitney's nonparametric U test in (G) and two-tailed unpaired Student's t-test in (H). I, J Pyrosequencing analysis of DNA methylation at Myod1
promoter (I, n=4/group) and Myod1 expression (J, n = 8 for Scramble and 7 for Prdm16 siRNA) in BAT1 brown adipocytes transfected with scramble or
Prdm16 siRNA. *Indicates statistical significance between the two groups by Mann-Whitney's nonparametric U test in (I) and two-tailed unpaired Student’s
t-test in (J). K Pyrosequencing analysis of DNA methylation at Myod? promoter in BAT1 brown adipocytes transfected with pPSPORT6 or pSPORT6

encoding Prdm16 overexpressing plasmids (n = 4/group). *indicates statistical significance between the two groups by Mann-Whitney's nonparametric U
test. All data are expressed as mean = SEM.

To further determine whether PRDM16 directly interacts with Meanwhile, DNMT]1 also has six functional domains including
DNMT1, we overexpressed Flag-PRDM16 and DNMT1 in the N-terminal independently folded domain (NTD) that is
HEK293T cells and conducted co-immunoprecipitation assay. known to interact with various protein that regulates DNMT1
Indeed, immunoprecipitation of PRDM16 with a Flag antibody functions, replication foci-targeting sequence (RFTS) domain, a
pulled down DNMTT1 protein (Fig. 10B). To further determine Zn-finger like CXXC motif, two bromo adjacent homology
the domains that dictate the interaction between PRDM16 and (BAH1 and BAH2) domains, and the catalytic domain®!-62. Using
DNMT1, we expressed various truncated fragments of PRDM16 a similar approach, we performed immunoprecipitation of HA-
and DNMT1 to perform co-immunoprecipitation assays in DNMT1 fragments with HA antibodies followed by immuno-
HEK293T cells. PRDM16 is a transcriptional cofactor that blotting with PRDM16 antibodies, and found that PRDM16
contains six major domains, including a PR/SET domain (PR) interacted with the NTD domain of DNMT1 protein (Fig. 10D).
with monomethyltransferase activity and two zinc-finger domains Recent data suggest that the NTD domain on DNMTI1
(ZF1/ZF2) known to interact with PGC1a*3-%0. Other domains regulates its protein stability by interacting with the protein
include a proline-rich domain (PRR), a repressor domain (RD), lysine methyltransferase SET7 and the serine/threonine kinase
and a C-terminal acidic domain (AD), although the function of AKT1%. To study whether the observed interaction between
these domains has not been fully elucidated®®-0. Interestingly, PRDM16 and the NTD domain on DNMT1 regulates DNMT1
immunoprecipitation of DNMT1 followed by immunoblotting of  protein stability, we co-transfected PRDM16 and DNMT1 into
HA-PRDM16 fragments with a HA antibody revealed that HEK293T cells and treated cells with the protein translation
DNMT1 protein interacted with both PR and ZF2 domains of inhibitor cycloheximide. As shown in Fig. 10E, co-transfection of
PRDM16 (Fig. 10C). PRDM16 significantly prevented DNMT1 protein degradation
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following cycloheximide treatment, indicating that the presence
of PRDM16 increases DNMT1 protein stability, possibly through
binding to the NTD domain on DNMTI. In addition, ChIP and
Re-ChIP assay on Myodl promoter with serial immunoprecipita-
tion against PRDM16 and DNMT1 suggest that the presence of
PRDM16 significantly increased both PRDM16 and DNMT1
binding on Myodl promoter (Fig. 10F), which could in turn
regulate Myodl promoter DNA methylation and MyodI expres-
sion. Thus, our data suggest that the increased binding of
PRDM16 with DNMT1 at Myodl promoter when PRDM16 is
present is probably due to two mechanisms. First, PRDM16 could
increase DNMT1 protein stability via binding to the NTS domain
on DNMT1, as shown in Fig. 10E; and second, PRDM16 could
increase the recruitment of DNMTI to the Myodl promoter, as
shown in the ChIP and Re-ChlIP assay in Fig. 10F.

Our data so far suggest that the BAT-to-myocyte remodeling in
Utx-deficient brown adipocytes is probably mediated via reduced
chromatin accessibility at Prdm16 locus, which leads to reduced
Prdml16 expression. This leads to wupregulated myogenic
gene expression through reduced interaction and binding
between PRDM16 and DNMT1 at Myodl promoter. In addition,
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reduced Prdml6 expression in Utx-deficient brown adipocytes
also downregulates thermogenic program in brown fat.
Similarly, the deletion of Dnmtl in Dnmtl-deficient brown
adipocytes could result in upregulation of myogenic gene
expression via reduced Myodl promoter DNA methylation.
However, how upregulated MyodI expression in DnmtI-deficient
brown adipocytes results in reduced thermogenic gene expression
is less clear. Recent data suggest that MyodI represses Prdm16 in
muscle progenitor cells via interaction with the E2F transcription
factor 4 (E2F4)/RB transcriptional corepressor like 1 (RBL1/
pl07)/ RB transcriptional corepressor like 2 (RBL2/p130)
transcription repressor complex at Prdml6 promoter®. Thus,
we further explored whether MYODI1 could repress Prdml16 via
this potential pathway in BATI cells. We found that over-
expressing MyodlI in BAT1 cell led to increased binding of E2F4,
RBL1 and RBL2 at Prdml6 promoter (Supplementary
Fig. 24A-C). However, knocking down of E2f4, Rbll or RbI2 in
BAT1 cells (Supplementary Fig. 24D-F) did not significantly
change basal expression of BAT-specific genes, nor did they
reverse Myodl overexpressoin-induced suppression of BAT-
specific gene expression when E2f4, Rbll or RbI2 were knocked
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Fig. 10 PRDM16 interacts with DNMT1 to maintain brown adipocyte function. A ChIP assay of DNMT1 binding to Myod1 promoter in control or Prdm16
knockdown BAT1 brown adipocytes treated with or without isoproterenol (n=4/group). Data are expressed as mean £ SEM. Indicates statistical
significance between different treatments analyzed by Kruskal-Wallis non-parametric ANOVA H test by rank followed by Pairwise Comparisons test
between groups, H(3) =9.816, p=0.020. B Co-IP of DNMT1 and FLAG-PRDM16 in HEK293T cells. Data are representative from two independent
experiments. € Co-IP of DNMT1 and various fragments of PRDM16. HA-tagged fragments of PRDM16 were expressed along with full-length DNMT1 in
HEK293T cells. Cell lysates were immunoprecipitated with anti-DNMT1 antibodies followed by immunoblotting with HA or DNMTT1 antibodies. Color-
coded domain architecture of PRDM16 shows a PR/SET domain (PR), an N-terminal zinc-finger domain containing seven C2H2 zinc finger motifs (ZF1), a
proline rich domain (PRR), a repression domain (RD), a second C-terminal zinc-finger domain containing three C2H2 zinc finger motifs (ZF2), and an acidic
activation domain (AD). Data are representative from two independent experiments. D Co-IP of PRDM16 and various fragments of DNMT1. HA-tagged
fragments of DNMT1 were expressed along with full-length PRDM16 in HEK293T cells. Cell lysates were immunoprecipitated with anti-HA antibodies
followed by immunoblotting with HA or PRDM16 antibodies. Color-coded domain architecture of DNMT1 shows the N-terminal independently folded
domain (NTD), replication foci-targeting sequence (RFTS) domain, a Zn-finger like CXXC motif, two bromo adjacent homology (BAH1 and BAH2) domains,
and the catalytic domain. Data are representative from two independent experiments. E DNMT1 protein levels in Prdm16-overexpressed HEK293T cells
treated with cycloheximide (CHX) (60 pug/ml) for various time. Data are representative from two independent experiments. F The interaction between
PRDM16 and DNMT1 on Myod1 promoter in Prdm16 overexpressed BAT1 brown adipocytes measured by ChIP and Re-ChlIP assay via sequential
immunoprecipitation of PRDM16 and then DNMT1 (n = 4/group). Data are expressed as mean + SEM. *Indicates statistical significance between two
groups by Mann-Whitney's nonparametric U test. G, H Expression of miR-133a, miR133b, miR-206 and miR-1in iBAT of female D1KO and fl/fl mice fed with
a regular chow diet (G, n =4 for fl/fl and 6 for DIKO) and in BAT1 brown adipocytes with Myod1 overexpression (H, n = 6/group). Data are expressed as
mean £ SEM. *indicates statistical significance between the two groups by Mann-Whitney's nonparametric U test in (G) and by two-tailed unpaired
student’s t-test in (H). I, J Dnmt1 and miR-133a expression (1) and BAT-specific gene expression (J) in BAT1 brown adipocytes transfected with Dnmt1
siRNA, miR-133a inhibitor or both (J) (n = 3/group). Data are expressed as mean + SEM. *Indicates statistical significance analyzed by one-way ANOVA

followed by Fisher's LSD multiple comparisons test. In (), for Dnm1 expression, F = (3,8) = 4.62, p = 0.037; for miR-133 expression, F(3,8) = 21.370,
p<0.0001. In (J), for Ucpl expression, F=(3,8) = 4.827, p=0.033; for Prdm16 expression, F = (3,8) =10.863, p = 0.003; for Pgclf expression,

F(3,8) =11.213, p = 0.003. K Schematic illustration of the interaction between UTX-regulated PRDM16 and DNMTT1 in the maintenance of brown fat
identity and suppression of myogenic remodeling in mature brown adipocytes. In brief, in mature brown adipocytes, UTX maintains the persistent
demethylation of the repressive mark H3K27me3 at Prdm16 promoter, leading to high expression of Prdm16; PRDM16 then recruits the DNA
methyltransferase DNMT1 to MyodT promoter, causing Myodl promoter hypermethylation, and suppressing Myod1 expression. In addition, reduced Myod1
expression relieves the inhibition on Prdm16 by miR-133, further increasing Prdm16 expression. The interaction between PRDM16 and DNMTT1 coordinately
serves to maintain brown adipocyte identity while repressing myogenic remodeling in mature brown adipocytes, thus promoting their active brown
adipocyte thermogenic function. Suppressing this interaction by HFD feeding induces brown adipocyte-to-myocyte remodeling, which limits brown
adipocyte thermogenic capacity and compromises diet-induced thermogenesis, leading to the development of obesity.

down individually or in combination (Supplementary Fig. 24G-J),
These data suggest that unlike its role in muscle progenitor cells,
the E2F4/RBL1/RBL2 repressor complex does not play an
important role in mediating MYOD1’s suppression of BAT-
specific gene expression in BAT1 brown adipocytes.

Alternatively, microRNA-1 (miR-1), miR-206, miR-133a, and
miR-133b are specifically expressed in skeletal muscle that are
important in regulating muscle development®>-%8, and their
expression is regulated by MYOD1%%67. Recently, it has been
reported that miR-133a/133b negatively regulates BAT-specific
gene expression in muscle satellite cells by specifically targeting
Prdm16°8. Interestingly, we found that the expression of these
microRNAs was significantly increased in iBAT of D1KO mice
(Fig. 10G) and in BAT1 cells overexpressing Myod1 (Fig. 10H). In
addition, Dnmt1 knocking down in BAT1 cells also significantly
upregulated miR-133a expression (Fig. 10I); whereas miR-133a
inhibition in BAT1 cells upregulated BAT-specific gene expres-
sion (Fig. 10]). Importantly, knocking down Dnmt1 in BAT1 cells
significantly suppressed BAT-specific gene expression, including
Ucpl, Prdml6, and Pgclf, which was reversed by miR-133a
knocking down (Fig. 101, J). Thus, our data suggest that increased
Mpyodl expression in Dnmtl-deficient brown adipocytes
results in upregulation of miR-133, which in turn suppresses
Prdm16 expression, leading to downregulation of thermogenic
gene expression.

Changes in DNA methylation have been shown to modulate
histone methylation, which may act cooperatively to influence
chromatin structure and thereby regulate gene expression®®. We,
therefore, interrogated the effects of DNMTI1-mediated DNA
methylation on histone modifications at the MyodI promoter by
surveying the status of several common histone marks using
ChIP assays. We found that Dnmtl knockdown markedly

reduced histone repressive mark histone 3 lysine 9 trimethylation
(H3K9me3) while simultaneously enhancing transcriptional
active mark H3K4 acetylation (H3K9ac) (Supplementary
Fig. 25A-B), without affecting other histone marks such as
H3K9%ac, H3K4me3, and H3K27me3 (Supplementary Fig. 25C-E).
The reciprocal changes of decreased H3K9me3 and increased
H3K4ac could contribute to increased chromatin accessibility at
the Myod1 gene locus in iBAT of the UTXKO mice as revealed by
ATAC-seq analysis (Supplementary Fig. 25F), which may account
for the upregulation of Myod1 expression that mediates BAT-to-
myocyte remodeling in Utx- and Dnmt1-deficient BAT.

Discussion

We have previously shown that the histone demethylase UTX
promotes thermogenic program in brown adipocytes in vitro!3;
here we have determined the role of Utx in the regulation of
brown fat thermogenesis and energy metabolism in vivo using
genetic models and interrogated the underlying mechanism. We
found that mice with Utx deficiency in brown adipocytes had
impaired BAT thermogenesis and were susceptible to diet-
induced obesity. Interestingly, we discovered that Utx-deficient
brown adipocytes not only displayed suppressed brown adipocyte
thermogenic features, they also underwent a BAT-to-myocyte-
like remodeling, characterized by a profound upregulation of
myogenic markers. Interestingly, the BAT-to-myocyte remodel-
ing was only observed in brown adipocytes from UTXKO mice,
where Utx deletion occurred in mature brown adipocytes with the
use of Ucpl-Cre, but not in brown adipocytes from MUTXKO
mice, where Utx was deleted in Myf5-expressing myoblast pre-
cursor cells with the use of Myf5-Cre. Thus, our data suggest that
UTX may be dispensable in the BAT-skeletal muscle lineage
determination during BAT development, but it is necessary in
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maintaining brown adipocyte identity and suppressing myogenic
remodeling in mature brown adipocytes.

Intriguingly, our parallel study involving another genetic model
DIKO mice with brown adipocyte-specific Dnmtl deletion
revealed that D1KO mice strikingly mimicked UTXKO mice in
their myocyte-like brown fat remodeling, as well as in metabolic
phenotypes of their susceptibility to diet-induced obesity, sug-
gesting that both UTX and DNMT1 are involved in regulating
BAT-myocyte remodeling in brown adipocytes.

It has been recently demonstrated that adult humans also have
functional BAT that is inversely correlated with body
weight”=%70-73 and repeated cold exposure treatments activate
human BAT that is associated with an increase in energy
expenditure’47>. Thus, BAT may present a promising target for
the treatment of obesity and other metabolic diseases in humans.
Interestingly, H3K27me3, the target of UTX, is an inheritable
epigenetic pattern that is associated with obesity and type 2
diabetes°. In addition, Kabuki syndrome is a rare genetic disease
with obesity and type 2 diabetes as frequently reported symptoms
among others, and Utx is reported as one of the genes to be
mutated’’-82. On the other hand, the association of DnmtI
polymorphism with obesity has also been reported in human
population®3. Thus, it is possible that the UTX/DNMT1 pathway
may also regulate obesity and associated metabolic diseases in
humans.

Brown fat and skeletal muscle share the same developmental
origin and are derived from myf5-expressing myoblast
precursors?l:4484 Tt is well documented that PRDMI16 and
MYOD1 function as reciprocal master regulators to control the
cell lineage determination between brown adipogenesis and
myogenesis. PRDM16 promotes BAT-specific gene expression by
forming transcriptional complexes with CCAAT/enhancer bind-
ing protein p (C/EBPp), PPARy and PGCla in the initiation of
BAT development and subsequent maintenance of its identify;”8
whereas MYOD1 acts downstream of MYF5 to initiate myogenic
differentiation8>-86.

We found that BAT from UTXKO mice displayed down-
regulated expression of Prdml6, and Utx knockdown in BATI
brown adipocytes resulted in enriched H3K27me3 at Prdmlé6
promoter. Indeed, ATAC-seq analysis revealed that chromatin of
Prdm16 was less accessible in iBAT of UTXKO mice than that of
control mice. These data suggest that Prdm16 is a downstream
target of UTX by epigenetic modulation of H3K27me3 at Prdm16
promoter. Downstream of PRDM16, it has been shown that
PRDM16 interacts with various proteins to form transcriptional
complexes that mediates its effects. The ZF1/ZF2 domains of
PRDM16 have been shown to interact with PPARy*, PGCla®®,
C/EBPBY, the histone H3 lysine 9 (H3K9) methyltransferase
euchromatic histone methyltransferase 1 (EHMT1)8, and med-
iator complex subunit 1 (MED1)8%% to mediate PRDM16’s effect
on maintaining brown fat identity. In addition, the PLDLS motif
within the RD domain of PRDM16 has been shown to interact
with C-terminal-binding protein-1 (CtBP-1) and CtBP-2 to
repress WAT-specific gene expression®. However, the function
of the N-terminal PR/SET domain in PRDMI16 is not well
defined.

On the other hand, recent data suggest that the NTD domain
on DNMT1 regulates its protein stability by interacting with the
protein lysine methyltransferase SET7 and the serine/threonine
kinase AKT193. Here we found that PRDM16 utilized its PR and
ZF2 domains to directly interact with DNMT1 on its NTD
domain, which, through increasing DNMT1 protein stability and
recruiting DNMT1 to Myodl promoter, resulting in Myodl
promoter DNA hypermethylation, thus suppressing its expres-
sion, underscoring the importance of the PR/SET and ZF2
domains on PRDM16, and NTD domain on DNMT1 in

regulating Myodl promoter DNA hypermethylation and Myod1
expression. This was further confirmed by CRISPR/gRNA-guided
approach to specifically induce demethylation at MyodI promoter
in brown adipocytes, which resulted in increased Mpyodl
expression, leading to a BAT-to-myocyte remodeling process.

Our study also demonstrates that this epigenetic event that
controls BAT-myocyte remodeling may also take place in
the context of diet-induced obesity and regulates diet-induced
thermogenesis and systemic energy metabolism. For instance,
we found that HFD decreased the binding of UTX to Prdml6
promoter region, thus increasing H3K27me3 levels at Prdml6
promoter. This resulted in downregulation of Prdml6 gene
expression. Reduced PRDMI16 presence would decrease the
recruitment of DNMT1 to Myodl promoter, leading to increased
Mpyod]1 expression and initiation of BAT-to-myocyte remodeling
in BAT of HFD-fed mice. These myocyte-like brown adipocytes
appeared to exhibit decreased energy expenditure as evidenced by
decreased OCR in Utx- or Dnmtl-deficient as well as HFD-fed
brown adipocytes. It has been well documented that long-term
HFD feeding causes WAT remodeling, as evidenced by enlarged
adipocytes, exaggerated inflammation, inappropriate fibrosis, and
impaired angiogenesis®!-?2, leading to WAT dysfunction. How-
ever, much less is known about the impact of long-term HFD
feeding on brown adipocytes. Here we show that long-term HFD
causes brown fat remodeling into a myocyte-like characteristic.
The induction of these myocyte-like brown adipocytes may
reduce the thermogenic capacity of brown fat, leading to reduced
energy expenditure and obesity.

How HFD induces such epigenetic alterations that lead to
BAT-to-myocyte remodeling in BAT is not clear. We found that
UTX protein level was downregulated by long-term HFD feeding.
Interestingly, UTX was predicted to be ubiquitinated at lysine
22593, Further studies are required to investigate whether UTX
ubiquitination occurs in iBAT of HFD-fed mice that may con-
tribute its downregulation. On the other hand, UTX catalyzes the
removal of the repressive chromatin mark H3K27me3'4, and
H3K27 methylation has been linked to the control of cellular
differentiation®+%>. In addition, cellular oxygen level also deter-
mines cell fate, and hypoxia is important in maintaining cells at
an undifferentiated, precursor-like or stem cell-like state®.
Interestingly, recent data suggest that UTX, but not its paralog
KDM1 lysine (K)-specific demethylase 6B/Jumonji domain-
containing 3 (KDM6B/JMJD3) serves as s cellular oxygen sen-
sor; hypoxia and loss of UTX similarly cause persistent increase in
H3K27 methylation in key regulators of cellular differentiation,
which in turn blocks cellular differentiation®”. Hypoxia develops
in obese white adipose tissue with the expansion of tissue mass,
and contributes to adipose tissue dysfunction, including inflam-
mation, fibrosis, and insulin resistance®®. Recent data also suggest
that obesity induces capillary rarefaction and functional hypoxia
in BAT, leading to a BAT “whitening” phenotype®. Thus, it is
possible that hypoxic conditions induced in obese BAT may
inhibit UTX activity, causing a persistent increase in H3K27
methylation at promoters of key regulators of differentiation. This
in turn reverses these brown adipocytes to a less-differentiated,
precursor-like phenotype, leading to a loss of brown adipocyte
thermogenic feature and simultaneous upregulation of myogenic
gene expression in Utx-deficient brown adipocytes, as observed in
the current study.

Along the course of our study, a recent report brought us
attention in which deletion of Utx in all adipocytes including both
brown and white adipocytes prevents HFD-induced obesity!00.
The exact reason for the discrepancy between this paper’s
observation and ours is not clear, but may lie within the different
models being tested and the realm of adipocytes (for example,
brown or white adipocytes) that had Utx deletion. For one,
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Ota et al generated genetic model of Utx deficiency in all adi-
pocytes by crossing Utx-floxed mice with aP2-Cre mice. It is
noteworthy that employing aP2-Cre line may also result in
deletion of Utx in macrophages due to the presence of aP2 in
macrophages!01. It is possible that Utx deficiency in macrophages
may alter inflammatory status that in turn affects adipocyte
metabolism through a paracrine action; as infiltration of macro-
phage into adipose tissue during the development of obesity has
been well documented!92. Indeed, specific deletion of Utx in
macrophages with the use of lysozyme-Cre has been shown to
increase M2 macrophage polarization, inhibit white adipocyte
differentiation and promote brown adipocyte thermogenesis,
leading to decreased adiposity in micel3. Thus, the obesity-
resistant phenotype observed by Ota et al.1% may be due to the
aP2-Cre used that resulted in Utx deletion also in macrophages.
In addition, we also found that whereas mice with mature brown
adipocyte-specific deletion of Utx using the UcpI-Cre exhibited a
BAT-to-myocyte remodeling and were prone to diet-induced
obesity, mice with Utx deletion in Myf5T-cells did not show any
phenotypic differences when fed HFD, despite the fact that brown
adipocytes derive from Myf5T lineage precursors**. Thus, the
differences in the Cre line used may contribute to the differential
phenotypes observed between our animal models and those
reported by Ota et al.100,

In the current study, we found that both male and female
UTXKO mice showed an obesity-prone phenotype when fed
HED, albeit with much milder phenotype observed in female
UTXKO mice. In contrast, male and female D1KO mice exhibited
relatively similar metabolic phenotypes including diet-induced
obesity and insulin resistance. Thus, our data suggest sexual
dimorphism is more evident in UTXKO mice than in DIKO
mice. The exact reason is not clear. Sexual dimorphism frequently
occurs in metabolic phenotypes of both humans and rodents. For
one, males and females have different fat composition and dis-
tribution in humans!94105_ This might be due to differential lipid
metabolism between the two genders!%. Another potential
mechanism may be attributed to the sex hormone estrogen and
its receptors that have been shown to play a pivotal role in various
metabolic pathways!'%7. Our data in the current study suggest that
UTX may potentially be acting as an upstream regulator of
DNMTI1. Thus, UTX signaling may be more susceptible to
modification by other genetic or environmental cues than the
downstream DNMT1. It is possible these factors may regulate
UTX down-stream signaling other than DNMT1 in UTXKO
mice that may contribute to the phenotype difference observed in
UTXKO and DI1KO mice.

In summary, we have identified a BAT-myocyte remodeling
process that appears to be present in mature brown adipocytes;
this process is regulated by the interaction of epigenetic pathways
that regulate histone and DNA methylation (Fig. 10K). In brief, in
mature brown adipocytes, UTX maintains the persistent deme-
thylation of the repressive mark H3K27me3 at Prdm16 promoter,
leading to high expression of Prdm16. PRDM16 then recruits the
DNA methyltransferase DNMT1 to Myodl promoter, causing
Mpyodl promoter hypermethylation, and suppressing Myod]l
expression in mature brown adipocytes. On the other hand,
reduced Myod1 expression in turn down-regulates miR-133a/b,
which further leads to increased Prdm16 expression. Thus, the
interaction between PRDM16 and DNMT1 coordinately serves to
maintain brown adipocyte identity while repressing myogenic
remodeling in mature brown adipocytes, thus promoting their
active brown adipocyte thermogenic function. The suppression of
this pathway by HFD feeding results in the induction of BAT-to-
myocyte remodeling, which could limit the thermogenic capacity
of brown fat and thereby compromise diet-induced thermogen-
esis, leading to the development of obesity (Fig. 10K).

Methods

Mice. Mice with brown adipocyte-specific Utx knockout were generated by
crossing Utx-floxed mice (Jackson Laboratory, stock No. 021926)15 with UcpI-Cre
mice (Jackson Laboratory, Stock No. 024670)16, where Ucpl is specifically
expressed in brown adipocytes and UCP1-positive beige adipocytes (UTXKO,
Ucp1€re::Utxf!¥ for male and Ucp1€re::Utxfl/fl for female). The littermates Utxfl/Y
(fI/Y) or Utxf/fl (£l/fl) were used as male or female control mice, respectively.

Mice with brown adipocyte-specific DNA methyltransferase 1 (DnmtI)
knockout were generated by crossing DnmtI-floxed mice (Mutant Mouse Regional
Resource Centers (MMRRC, No. 014114)*! with UcpI-Cre micel® (D1KO,

Ucpl Cre.: Dumt1V1), with littermates Dnmt1V4 (fl/fl) as control mice.

Mice with brown adipocyte-specific Dnmt3a knockout were generated by
crossing Dnmt3a-floxed mice (MMRRC No. 029885)*> with Ucpl-Cre
mice!6(D3aKO, Ucpl Cre.. Dnmt3aflfl), with littermates Dnmt3al/l (1/f]) as
control mice.

Mice with Utx deletion in Myf5-expressing cells were generated by crossing
Utx-floxed mice with Myf5-Cre mice?? (Jackson Laboratory, Stock No. 007893)
(MUTXKO, M%T/fSCW::Utxﬂ/Y for male and Myf5c’e::Utxﬂ/ﬂ for female), with
littermates Utx!'Y (/) or Utxf/fl (fl/fl) as male or female control mice,
respectively.

D1KO mice with brown adipocytes-specific GFP labeling were generated by
triple-crossing DnmtI-floxed mice, Rosa-Gfp mice (Jackson Laboratory, Stock No.
006148)%2 and Ucpi-Cre mice (D1KO-GFP, Ucp1<re::Dnmt19/8::Rosa-Gfp/M), with
littermates Dnmt11/::Rosa-Gfpf/fl as control mice (fl/fl-GEP).

C57BL/6] (B6) and leptin-deficient ob/ob mice (Jackson Laboratory, Stock No.
000664 and 000632, respectively) were used in some experiments.

All animal procedures were approved by the Institutional Animal Care and Use
Committee at Georgia State University and were in compliance with the Public
Health Service and United States Department of Agriculture guidelines.

Metabolic measurement. Mice were housed in a temperature- and humidity-
controlled animal facility with a 12/12 h light-dark cycle and had free access to
water and food (ambient temperature: 20-22 °C, humidity: 30-70%). C57BL//6]
wild-type mice, UTXKO, D1KO, D3aKO mice and their respective littermate
controls were weaned onto a regular chow diet (LabDiet 5001, LabDiet, St. Louis,
MO, 13.5% calories from fat) or put on a HFD (Research Diets D12492, 60%
calorie from fat) diet when they were 5-6 weeks of age. In some of the experiments,
a low-fat diet (LFD) (Research Diets D12450B, 10% calorie from fat) was used as a
control diet. Various metabolic measurements were conducted as follows. (1) Body
weight were measured weekly. (2) Energy expenditure and locomotor activity were
measured using PhenoMaster metabolic cage systems (TSE Systems, Chesterfield,
MO). Food intake was measured in single-housed animals over seven consecutive
days. (3) Body composition representing fat and lean mass was analyzed using a
Minispec NMR body composition analyzer (Bruker BioSpin Corporation; Billerica,
MA). (4) Fed and fasting glucose was measured by OneTouch Ultra Glucose meter
(LifeScan, Milpitas, CA). Glucose and insulin sensitivity was determined by glucose
tolerance and insulin tolerance tests (GTT and ITT, respectively) as we previously
described!08. At the end of studies, various tissues including BAT and WAT were
collected for further analysis of brown fat/beige adipocyte thermogenic program
including gene expression, protein expression and IHC.

Cold exposure. UTXKO, D1IKO mice and their respective littermate controls
underwent a cold challenge (5°C) for 7 days. At the end of experiment, adipose
tissues were dissected for further analysis of brown fat/beige adipocyte thermogenic
gene expression, protein expression and IHC. In some cold exposure experiments,
a temperature transponder (BioMedic Data Systems, Seaford, DE) was implanted
into mouse peritoneal cavity to monitor the body temperature as we previously
described!%°.

Quantitative RT-PCR. Total RNA from tissues or cells was extracted using Tri
Reagent kit (Molecular Research Center, Cincinnati, OH)!%8. The mRNA of genes
of interest was measured by a one-step quantitative RT-PCR with a TagMan
Universal PCR Master Mix kit (ThermoFisher Scientific, Waltham, MA) using an
Applied Biosystems QuantStudio 3 real-time PCR system (ThermoFisher Scien-
tific) as we previously described!8, and was further normalized to the house-
keeping gene cyclophilin. For miRNA expression measurement, TagMan™
MicroRNA Reverse Transcription Kit (ThermoFisher Scientific, #4366596) was
used to convert miRNA to cDNA, and miRNA expression was measured with the
TagMan Universal PCR Master Mix kit (ThermoFisher Scientific, Waltham, MA)
using Applied Biosystems QuantStudio 3 real-time PCR system (ThermoFisher
Scientific), and was further normalized to U6 snRNA. The TagMan primers/probes
for all the genes and miRNAs either purchased from Applied Biosystems (Ther-
mokFisher Scientific) or commercially synthesized were listed in Supplemental
Tables 1 and 2.

Immunoblotting. Protein levels of gene of interest in adipose tissue were assessed
by immunoblotting as we described!>13198, Tissues were homogenized in a
modified radioimmunoprecipitation assay (RIPA) lysis buffer supplemented

with 1% protease inhibitor mixture and 1% phosphatase inhibitor mixture
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(Sigma-Aldrich, St. Louis, MO) and tissue lysates were resolved by SDS-PAGE.
Proteins on the gels were transferred to nitrocellulose membranes (Bio-Rad,
Hercules, CA), which were then blocked, washed, and incubated with various
primary antibodies, followed by Alexa Fluor 680-conjugated secondary antibodies
(Life Science Technologies). The blots were developed with a Li-COR Imager
System and analyzed with Li-COR Image Studio Software (version 2.1, Li-COR
Biosciences, Lincoln, NE). The antibodies were listed in Supplementary Table 3.

Immunohistochemistry (IHC). WAT or BAT tissues were fixed in 10% neutral
formalin and embedded in paraffin, which was further cut into 5 um sections. The
sections were either processed for hematoxylin and eosin (H&E) staining or
immuno-staining with various antibodies as we previously described!9%110, The
primary antibodies and the secondary antibodies were listed in Supplementary
Table 3.

Briefly, to detect myocyte fibers in tissue sections, paraffin-embedded sections
were incubated with anti-myosin heavy chain (MyHC) antibodies (MF20,
Developmental Studies Hybridoma Bank (DSHB), University of Iowa, Iowa City,
1A)** overnight at 4 *C and then incubated with anti-mouse secondary antibodies
labeled with Alexa fluor 488 (Invitrogen) for 1h at room temperature and
counterstained with 4/,6-diamidino-2-phenylindole (DAPI). For in vitro study, cell
cultures were fixed in 10% formalin. Fixed cells were incubated with anti-MyHC
antibodies (MF20) overnight at 4 °C and then incubated with anti-mouse
secondary antibodies labeled with Alexa fluor 594 (Invitrogen) for 1h at room
temperature and counterstained with DAPI. For THC, paraffin-embedded sections
of iBAT tissues were incubated with anti-UCP1 antibodies (abcam 10983)
overnight at 4 *C and then incubated with biotin-conjugated anti-rabbit secondary
antibody (Jackson ImmunoResearch, 711-065-152) for 30 min at room
temperature. The sections were washed in PBS and incubated with streptavidin-
conjugated horseradish Peroxidase (VECTASTAIN® ABC Kit, PK-6100). Then the
sections were washed in PBS and incubated with 3, 3-diaminobenzidine (DAB).
Histology images were captured using an Olympus DP73 photomicroscope and
analyzed by CellSens software (version 1.6) (Olympus, Waltham, MA).

Cell culture, SiRNA knockdown, overexpression, miRNA inhibition, and oil red
O staining. Immortalized brown fat preadipocytes BAT1 (obtained from Dr.
Patrick Seale, University of Pennsylvania)21-24 were maintained in growth medium
(DMEM/F12 containing 10% fetal bovine serum and 1% penicillin/streptomycin)
at 37 °C with 5% CO. The cells were differentiated into brown adipocytes as
described!324, Briefly, to differentiate brown preadipocytes, 90% confluent cells
were cultured in induction medium (growth medium supplemented with 20 nM
insulin, 1 nM T3, 125 uM indomethacin, 500 uM isobutylmethylxanthine (IBMX)
and 0.5 uM dexamethasone) for two days. After two days, cells were cultured in
maintenance medium (growth medium supplemented with 20 nM insulin and
1nM T3) until experiment.

For siRNA knockdown assays, targeting siRNA and non-targeting scramble
control siRNA were purchased from GE Healthcare (mouse Dnmtl siRNA-
SMARTpool (L-056796-01), Utx siRNA-SMARTpool (L-042844-01), Myod1
siRNA-SMARTpool (L-041113-00), Prdm16 siRNA-SMARTpool (L-041318-01),
E2f4 siRNA-SMARTpool (L-054294-00), Rbl1 siRNA-SMARTpool (L-042276-00),
RbI2 siRNA-SMARTpool (L-060528-00), and non-Targeting Scramble Control
siRNA (D-001810-01)).

For miRNA inhibition experiments, Ambion® Anti-miR”™ miRNA Inhibitor
Negative Control, Ambion® Anti-miR”™ miRNA Inhibitor mmu-miR-133a-5p and
Ambion Anti-miR™ miRNA Inhibitor hsa-miR-133a-3p were purchased from
ThermoFisher (Assay ID #AM17010, AM11679, and AM10413, respectively).

For plasmids overexpression and sub-cloning, full-length Myod1
overexpressing plasmid was purchased from Addgene (Addgene #8398). Full-
length Prdm16 overexpressing plasmid with an in-frame N-terminal FLAG tag was
purchased from Addgene (Addgene #15504). Full-length Dnmtl cDNA clone was
obtained from Open Biosystems and further subcloned into the pLVX lentiviral
expression vector (Clontech) as we previously described!%8. For sub-cloning of
Prdm16 and Dnmtl fragments for co-immunoprecipitation experiments,
Fragments of Prdml16 (1-223, 224-454, 455-680, 681-880, 881-1038, and
1039-1176) were PCR-amplified using the full-length Prdm16 plasmids (Addgene
#15503) and sub-cloned into Xbal/EcoRI sites of Flag-HA-pcDNA3.1 vector
(Addgene #52535). Fragments of Dnmtl (2-290, 291-603, 604-1124, 1125-1610)
were PCR-amplified using the full-length pLVX-Dnmtl plasmids and sub-cloned
into Xbal/HindlIII sites of Flag-HA-pcDNA3.1 vector (Addgene #52535).

siRNAs, miRNA inhibitors, overexpressing plasmids, and relative controls were
transfected into day 4 differentiated BAT1 brown adipocytes using Lipofectamine
RNAiMax transfection reagent (ThermoFisher Scientific) or Amaxa Nucleofector II
Electroporator (Lonza) with an Amaxa cell line nucleofector kit L according to the
manufacturer’s instructions (Lonza) as we previously described!213. Briefly, at days
4 of differentiation, cells (2 x 10° cells/sample) were trypsinized and centrifuged at
90 x g for 5 min at room temperature. Cells were then resuspended in nucleofector
solution (100 pl/sample) with 20 pmol of different siRNAs or plasmids and seeded
into 24-well plates or 100 mm dishes. Cells were harvested 2 days after for further
analysis.

For oil red O staining assays, differentiated BAT1 cells were fixed with 10%
formalin and washed twice with ddH2O. Cells were then incubated with 0.05% oil

red O (Sigma: 00625-25G) working solution as we described previously!!. Samples
were visualized using Nikon Eclipse E800 Microscopy.

Measurement of oxygen consumption in brown adipocytes. Cellular oxygen
consumption in brown adipocytes was measured using a XF 96 Extracellular Flux
Analyzer (Agilent, Santa Clara, CA) as we previously described!!!. The measure-
ment started with basal respiration recording followed by the addition of a
sequential reagents including oligomycin for inhibition of the coupled respiration
and FCCP for maximal respiration.

RNA-sequencing analysis. Total RNA was isolated from iBAT as described
above and was submitted to Beijing Genomics Institute (BGI, Shenzhen, China)
for RNA-sequencing (RNAseq) analysis. Equal amount of RNAs from 6 ani-
mals/group were pooled and used for RNAseq analysis. Clean reads were
aligned to the mouse reference genome (UCSC mm39, https://genome.ucsc.edu/
cgi-bin/hgGateway?hgsid=1183225321_q2EV6rSrk10Ev6VFI90bRLAY9dMm).
Differentially expressed genes between groups were defined as Log2 fold change
>0.5 or <—0.5. The RNAseq data was also used to predict adipose tissue
browning capacity with an online bioinformatic software https://github.com/
PerocchiLab/ProFAT 23,

Whole-genome DNA methylation analysis with reduced representation
bisulfite sequencing (RRBS) to identify Myod1 promoter methylation. Geno-
mic DNA from BAT was isolated by phenol chloroform extraction and a com-
mercial service for DNA methylation sequencing was provided by Beijing
Genomics Institute (BGI) (Shenzhen, China). Equal amount of genomic DNAs
from 6 animals/groups were pooled and used for RRBS analysis. According to the
brochure provided by the company, the genomic DNA was digested with the
methylation-insensitive restriction enzyme Mspl and ligated to methylated
sequencing adaptors. The ligated MSPI fragments were size-selected, treated with
sodium bisulfite, amplified by PCR and constructed for library, which was
sequenced. Clean reads were aligned to genome annotation datasets (University of
California Santa Cruz (UCSC) Genome Browser on Mouse (NCBI37/mm9)
Assembly https://genome.ucsc.edu/cgi-bin/hgGateway). The software tool Bio-
conductor (version 3.0), a software repository of R packages, was used to produce
such annotations. The tool kit methylKit v0.9.6. was used to generate methylation
report for each sample, and Log2 fold change threshold of 0.5 was used to identify
Differentially Methylated Regions (DMRs) between two genotypes.

Assay for transposase-accessible chromatin sequencing (ATAC-seq) analy-
sis. ATAC-seq was conducted according to the Omni-ATAC-seq protocol as
described!12. Briefly, BAT tissues were dounce-homogenized, filtered, and cen-
trifuged in iodixanol solution to obtain nuclei. The nuclei were treated with
Nextera Tn5 transposase (Illumina, San Diego, CA) for the transposition reaction,
followed by DNA purification and PCR amplification with NEBNext 2X
MasterMix (New England BioLabs, Ipswich, MA) and Nextera Index primers
(Illumina). The ATAC libraries were further size-purified and sent to Novogene
(Durham, NC) for sequencing. The ATAC-seq analysis was performed on the
Galaxy server as described!!2.

Chromatin immunoprecipitation (ChIP) and Re-ChIP assays. ChIP assays were
conducted using a ChIP assay kit (Upstate) as we previously described!213. Tissues
were fixed and used for nuclei isolation. The nuclei were resuspended in lysis buffer
and sonicated to shear DNA, followed by immunoprecipitation, elution, and
analyzed by real-time PCR using SYBR green. Primer sequences used in this study
were: Myod1, forward: 5'-ACTCCTATTGGCTTGAGGCG-3/, reverse: 5-CAAG
CCGTGAGAGTCGTCTT-3'; Prdm16, forward: 5-ACGAAGAGGATGATGAAC
ACATT-3', reverse: 5-TCATCTCCCTAGCATTGTCAGTT-3'.

ChIP and Re-ChIP assay was conducted as previously described!!3. Briefly,
tissue fixation, nuclei isolation and DNA shearing were performed as we
described!213. The sheared DNA was subjected to two sequential steps of
immunoprecipitation, first against PRDM16 (Sigma, SAB3500989), and second
against DNMT1 (sc-271729). The enrichment of PRDM16 and DNMT1 on Myodl
promoter was analyzed by real-time PCR using SYBR green with primers
corresponding to Myodl promoter as described above.

Bisulfite conversion and pyrosequencing. The detection of DNA methylation
levels at Myodl promoter and 5'-region was conducted as we previously
described!%8. Genomic DNA was isolated by phenol/chloroform extraction, fol-
lowed by bisulfite conversion with an EpiTech Bisulfite Kit (Qiagen). The primers
for PCR-amplification of Myodl proximal promoter/5'-region and for sequencing
are shown in Supplementary Table 4. Bisulfite-converted DNA (2 pg) was amplified
by PCR, which was sent to EpiGenDx (Hopkinton, MA) for sequencing analysis.

Targeted demethylation at the Myod1 promoter. A endonuclease dead version of
Cas9 (dCas9) has been engineered to be fused with the catalytic domain of the
enzyme involved in DNA demethylation, TET1 (dCas9-TET1CD)*2%. The mam-
malian lentiviral vectors FUW carrying dCas9-TET1CD were purchased from
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Addgene (Addgene No. 84475). Guide sequences targeting the CpG sites at the
Myodl promoter was designed with GT-Scan website (http://gt-scan.braembl.org.
au/gt-scan) and targeting or non-targeting oligos were annealed and inserted into the
Aarl sites of the pgRNA lentiviral vector that co-express mCherry (Addgene No.
44248). The gRNA sequence for MyodI-targeting oligo was: forward, 5'-caccGTAC
TGTTGGGGTTCCGGAGTGG-3', reverse, 5'-aaacCCACTCCGGAACCCCAACA
GTAC-3'. The sequence for non-targeting gRNA was: forward, 5'-ttggCCCCCGG
GGGAAAAATTTTT; reverse, 5'- aaacAAAAATTTTTCCCCCGGGGG-3>°. Len-
tiviruses expressing dCas9-TET1CD or gRNA-mCherry (1 x 10° IFU/ml) was
produced by Vigene Biosciences, Inc., and was bilaterally injected into iBAT
according to previously published methods®>10%114, Briefly, a small skin incision was
made above iBAT, and a series of microinjections with designated lentivirus

(1 x 10°TFU/ml) were given across five evenly distributed loci (2 pl/locus) for each
iBAT pad (10 total injections per animal) and the needle left in place for 1 min
following each injection to prevent efflux. After the final injection, the skin was
closed with sterile wound clip staples and animals were returned to their cages.
Animals were kept isolated in their home cage for 7 days for recovery.

Statistical analysis. Data were expressed as mean + SEM. All graphs were made
with GraphPad Prism (v9.1.2). Data normality and homogeneity were tested using
Kolmogorov-Smirnov (K-S) and Levene’s tests, respectively. For parametric data,
statistical significance among groups was analyzed by unpaired Student’s ¢-test,
one-way analysis of variance (ANOVA) followed by Fisher’s Least Significant
Difference (LSD) post-hoc analysis or one-way ANOVA with repeated measures;
for non-parametric data, statistical significance among groups was analyzed by
Mann-Whitney’s U test or Kruskal-Wallis non-parametric ANOVA by rank; and
correlation between two groups was analyzed by Spearman’s Rank Correlation
Coefficient test. Detailed statistical analysis methods were indicated in figure
legends under each figure. Statistical significance was accepted at p <0.05, and a
tendency of statistical significance was accepted at p <0.1. Student’s ¢-test was
performed using Microsoft Excel software from Microsoft Office Professional Plus
2019 (version 1808, build 10377.20023, Microsoft Corporation, Redmond, WA,
USA); all other statistical tests were performed using SPSS software (version 16.0,
SPSS Inc, Chicago, IL, USA).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The RNAseq, RRBS, and ATAC-seq data have been deposited to Gene Expression
Omnibus (GEO) database with the accession code GSE175608. All other data generated
or analyzed during this study are included in this published article (and

its supplementary information files). Source data files are included with the paper. The
uncropped gel images are included in the source data file. Source data are provided with
this paper.

Received: 25 August 2020; Accepted: 5 November 2021;
Published online: 25 November 2021

References

1. Hill, J. O, Wyatt, H. R. & Peters, J. C. Energy balance and obesity. Circulation
126, 126-132 (2012).

2. Donahoo, W. T, Levine, J. A. & Melanson, E. L. Variability in energy
expenditure and its components. Curr. Opin. Clin. Nutr. Metab. Care 7,
599-605 (2004).

3. Cannon, B. & Nedergaard, J. The biochemistry of an inefficient tissue: brown
adipose tissue. Essays Biochem. 20, 110-164 (1985).

4. Nicholls, D. G. & Locke, R. M. Thermogenic mechanisms in brown fat.
Physiological Rev. 64, 1-64 (1984).

5. lkeda, K. et al. UCP1-independent signaling involving SERCA2b-mediated
calcium cycling regulates beige fat thermogenesis and systemic glucose
homeostasis. Nat. Med. 23, 1454-1465 (2017).

6. Kazak, L. et al. A creatine-driven substrate cycle enhances energy expenditure
and thermogenesis in beige fat. Cell 163, 643-655 (2015).

7. Cypess, A. M. et al. Identification and importance of brown adipose tissue in
adult humans. N. Engl. J. Med. 360, 1509-1517 (2009).

8. van Marken Lichtenbelt, W. D. et al. Cold-activated brown adipose tissue in
healthy men. N. Engl. J. Med. 360, 1500-1508 (2009).

9. Virtanen, K. A. et al. Functional brown adipose tissue in healthy adults. N.
Engl. ]. Med. 360, 1518-1525 (2009).

10. Yang, X. et al. DNA methylation biphasically regulates 3T3-L1 preadipocyte
differentiation. Mol. Endocrinol. me20151135 (2016).

11. Chen, Y. S. et al. Inhibiting DNA methylation switches adipogenesis to
osteoblastogenesis by activating Wnt10a. Sci. Rep. 6, 25283 (2016).

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Li, F. et al. Histone deacetylase 1 (HDACI) negatively regulates thermogenic
program in brown adipocytes via coordinated regulation of Histone H3 Lysine
27 (H3K27) deacetylation and methylation. J. Biol. Chem. 291, 4523-4536
(2016).

Zha, L. et al. The histone demethylase UTX promotes brown adipocyte
thermogenic program via coordinated regulation of H3K27 demethylation
and acetylation. J. Biol. Chem. 290, 25151-25163 (2015).

Ge, K. Epigenetic regulation of adipogenesis by histone methylation. Biochim.
Biophys. Acta 1819, 727-732 (2012).

Welstead, G. G. et al. X-linked H3K27me3 demethylase Utx is required for
embryonic development in a sex-specific manner. Proc. Natl Acad. Sci. USA
109, 13004-13009 (2012).

Kong, X. et al. IRF4 is a key thermogenic transcriptional partner of PGC-
lalpha. Cell 158, 69-83 (2014).

Greenfield, A. et al. The UTX gene escapes X inactivation in mice and
humans. Hum. Mol. Genet. 7, 737-742 (1998).

Kong, X. et al. Brown adipose tissue controls skeletal muscle function via the
secretion of myostatin. Cell Metab. 28, 631-643 €633 (2018).

Long, J. Z. et al. The secreted enzyme PM20D1 regulates lipidated amino acid
uncouplers of mitochondria. Cell 166, 424-435 (2016).

Wang, G. X. et al. The brown fat-enriched secreted factor Nrg4 preserves
metabolic homeostasis through attenuation of hepatic lipogenesis. Nat. Med.
20, 1436-1443 (2014).

Seale, P. et al. Transcriptional control of brown fat determination by
PRDM16. Cell Metab. 6, 38-54 (2007).

Tallquist, M. D., Weismann, K. E., Hellstrom, M. & Soriano, P. Early
myotome specification regulates PDGFA expression and axial skeleton
development. Development 127, 5059-5070 (2000).

Cheng, Y. et al. Prediction of adipose browning capacity by systematic
integration of transcriptional profiles. Cell Rep. 23, 3112-3125 (2018).
Rajakumari, S. et al. EBF2 determines and maintains brown adipocyte identity.
Cell Metab. 17, 562-574 (2013).

Lowell, B. B. & Spiegelman, B. M. Towards a molecular understanding of
adaptive thermogenesis. Nature 404, 652-660 (2000).

Cannon, B. & Nedergaard, J. Brown adipose tissue: function and physiological
significance. Physiological Rev. 84, 277-359 (2004).

Cannon, B. & Nedergaard, J. Nonshivering thermogenesis and

its adequate measurement in metabolic studies. J. Exp. Biol. 214, 242-253
(2011).

Feldmann, H. M., Golozoubova, V., Cannon, B. & Nedergaard, J. UCP1
ablation induces obesity and abolishes diet-induced thermogenesis in mice
exempt from thermal stress by living at thermoneutrality. Cell Metab. 9,
203-209 (2009).

von Essen, G., Lindsund, E., Cannon, B. & Nedergaard, ]. Adaptive facultative
diet-induced thermogenesis in wild-type but not in UCP1-ablated mice. Am. J.
Physiol. Endocrinol. Metab. 313, E515-E527 (2017).

Shan, T. et al. Distinct populations of adipogenic and myogenic Myf5-lineage
progenitors in white adipose tissues. J. Lipid Res. 54, 2214-2224 (2013).
Timmons, J. A. et al. Myogenic gene expression signature establishes that
brown and white adipocytes originate from distinct cell lineages. Proc. Natl
Acad. Sci. USA 104, 4401-4406 (2007).

Zhang, Y. et al. Positional cloning of the mouse obese gene and its human
homologue. Nature 372, 425-432 (1994).

Backdahl, L., Bushell, A. & Beck, S. Inflammatory signalling as mediator of
epigenetic modulation in tissue-specific chronic inflammation. Int. J. Biochem.
Cell Biol. 41, 176-184 (2009).

Bannister, A. J. & Kouzarides, T. Regulation of chromatin by histone
modifications. Cell Res. 21, 381-395 (2011).

Maunakea, A. K., Chepelev, I. & Zhao, K. Epigenome mapping in normal and
disease states. Circ. Res. 107, 327-339 (2010).

Fatemi, M., Hermann, A., Gowher, H. & Jeltsch, A. Dnmt3a and Dnmt1
functionally cooperate during de novo methylation of DNA. Eur. J. Biochem.
269, 4981-4984 (2002).

Feng, J. et al. Dnmtl and Dnmt3a maintain DNA methylation and regulate
synaptic function in adult forebrain neurons. Nat. Neurosci. 13, 423-430
(2010).

Jeltsch, A. & Jurkowska, R. Z. New concepts in DNA methylation. Trends
Biochem. Sci. 39, 310-318 (2014).

Kim, G. D., Ni, J., Kelesoglu, N., Roberts, R. J. & Pradhan, S. Co-operation and
communication between the human maintenance and de novo DNA
(cytosine-5) methyltransferases. EMBO J. 21, 4183-4195 (2002).

Okano, M., Bell, D. W., Haber, D. A. & Li, E. DNA methyltransferases
Dnmt3a and Dnmt3b are essential for de novo methylation and mammalian
development. Cell 99, 247-257 (1999).

Jackson-Grusby, L. et al. Loss of genomic methylation causes p53-dependent
apoptosis and epigenetic deregulation. Nat. Genet. 27, 31-39 (2001).
Srinivas, S. et al. Cre reporter strains produced by targeted insertion of EYFP
and ECFP into the ROSA26 locus. BMC Dev. Biol. 1, 4 (2001).

20 | (2021)12:6838 | https://doi.org/10.1038/s41467-021-27141-7 | www.nature.com/naturecommunications


http://gt-scan.braembl.org.au/gt-scan
http://gt-scan.braembl.org.au/gt-scan
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE175608
www.nature.com/naturecommunications

ARTICLE

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Sanchez-Gurmaches, J. & Guertin, D. A. Adipocytes arise from multiple
lineages that are heterogeneously and dynamically distributed. Nat. Commun.
5, 4099 (2014).

Seale, P. et al. PRDM16 controls a brown fat/skeletal muscle switch. Nature
454, 961-967 (2008).

Kaneda, M. et al. Essential role for de novo DNA methyltransferase Dnmt3a
in paternal and maternal imprinting. Nature 429, 900-903 (2004).

Bock, C. et al. Quantitative comparison of genome-wide DNA methylation
mapping technologies. Nat. Biotechnol. 28, 1106-1114 (2010).

Meissner, A. et al. Reduced representation bisulfite sequencing for
comparative high-resolution DNA methylation analysis. Nucleic Acids Res. 33,
5868-5877 (2005).

Smith, Z. D., Gu, H,, Bock, C., Gnirke, A. & Meissner, A. High-throughput
bisulfite sequencing in mammalian genomes. Methods 48, 226-232 (2009).
Barnd, T., Skala, J. & Lindberg, O. Changes in interscapular brown adipose
tissue of the rat during perinatal and early postnatal development and after
cold acclimation. I. Activities of some respiratory enzymes in the tissue. Comp.
Biochem. Physiol. 33, 499-508 (1970).

Skala, J., Barnard, T. & Lindberg, O. Changes in interscapular brown adipose
tissue of the rat during perinatal and early postnatal development and after
cold acclimation. II. Mitochondrial changes. Comp. Biochem. Physiol. 33,
509-528 (1970).

Xue, B. et al. Genetic variability affects the development of brown adipocytes
in white fat but not in interscapular brown fat. J. Lipid Res. 48, 41-51 (2007).
Vojta, A. et al. Repurposing the CRISPR-Cas9 system for targeted DNA
methylation. Nucleic Acids Res. 44, 5615-5628 (2016).

Amabile, A. et al. Inheritable silencing of endogenous genes by hit-and-run
targeted epigenetic editing. Cell 167, 219-232.e214 (2016).

Morita, S. et al. Targeted DNA demethylation in vivo using dCas9-peptide
repeat and scFv-TET1 catalytic domain fusions. Nat. Biotechnol. 34,
1060-1065 (2016).

Liu, X. S. et al. Editing DNA methylation in the mammalian genome. Cell 167,
233-247.¢217 (2016).

Xu, X. et al. A CRISPR-based approach for targeted DNA demethylation. Cell
Discov. 2, 16009 (2016).

Sanchez-Gurmaches, J. & Guertin, D. A. Adipocyte lineages: tracing back the
origins of fat. Biochim. Biophys. Acta 1842, 340-351 (2014).

Chi, J. & Cohen, P. The multifaceted roles of PRDM16: adipose biology and
beyond. Trends Endocrinol. Metab. 27, 11-23 (2016).

Kajimura, S. et al. Regulation of the brown and white fat gene programs
through a PRDM16/CtBP transcriptional complex. Genes Dev. 22, 1397-1409
(2008).

Nishikata, I. et al. A novel EVI1 gene family, MEL1, lacking a PR domain
(MELI1S) is expressed mainly in t(1;3)(p36;921)-positive AML and blocks G-
CSF-induced myeloid differentiation. Blood 102, 3323-3332 (2003).
Berkyurek, A. C. et al. The DNA methyltransferase Dnmtl1 directly interacts
with the SET and RING finger-associated (SRA) domain of the
multifunctional protein Uhrfl to facilitate accession of the catalytic center to
hemi-methylated DNA. J. Biol. Chem. 289, 379-386 (2014).

Tajima, S., Suetake, L, Takeshita, K., Nakagawa, A. & Kimura, H. Domain
structure of the Dnmtl, Dnmt3a, and Dnmt3b DNA methyltransferases. Adv.
Exp. Med Biol. 945, 63-86 (2016).

Esteve, P. O. et al. A methylation and phosphorylation switch between an
adjacent lysine and serine determines human DNMTT1 stability. Nat. Struct.
Mol. Biol. 18, 42-48 (2011).

An, Y. et al. A molecular switch regulating cell fate choice between muscle
progenitor cells and brown adipocytes. Dev. Cell 41, 382-391.e385 (2017).
Chen, J. F. et al. The role of microRNA-1 and microRNA-133 in skeletal
muscle proliferation and differentiation. Nat. Genet. 38, 228-233 (2006).
Koutsoulidou, A., Mastroyiannopoulos, N. P., Furling, D., Uney, J. B. &
Phylactou, L. A. Expression of miR-1, miR-133a, miR-133b and miR-206
increases during development of human skeletal muscle. BMC Dev. Biol. 11,
34 (2011).

Williams, A. H., Liu, N., van Rooij, E. & Olson, E. N. MicroRNA

control of muscle development and disease. Curr. Opin. Cell Biol. 21, 461-469
(2009).

Yin, H. et al. MicroRNA-133 controls brown adipose determination in skeletal
muscle satellite cells by targeting Prdm16. Cell Metab. 17, 210-224 (2013).
Cedar, H. & Bergman, Y. Linking DNA methylation and histone modification:
patterns and paradigms. Nat. Rev. Genet. 10, 295-304 (2009).

Nedergaard, J., Bengtsson, T. & Cannon, B. Unexpected evidence for active
brown adipose tissue in adult humans. Am. J. Physiol. Endocrinol. Metab. 293,
E444-E452 (2007).

Orava, J. et al. Different metabolic responses of human brown adipose tissue
to activation by cold and insulin. Cell Metab. 14, 272-279 (2011).

Ouellet, V. et al. Brown adipose tissue oxidative metabolism contributes to
energy expenditure during acute cold exposure in humans. J. Clin. Invest. 122,
545-552 (2012).

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

103.

Pfannenberg, C. et al. Impact of age on the relationships of brown adipose
tissue with sex and adiposity in humans. Diabetes 59, 1789-1793 (2010).
van der Lans, A. A. et al. Cold acclimation recruits human brown fat

and increases nonshivering thermogenesis. J. Clin. Invest. 123, 3395-3403
(2013).

Yoneshiro, T. et al. Recruited brown adipose tissue as an antiobesity agent in
humans. J. Clin. Invest. 123, 3404-3408 (2013).

Varemo, L. et al. Type 2 diabetes and obesity induce similar transcriptional
reprogramming in human myocytes. Genome Med. 9, 47 (2017).

Bereket, A. et al. Two patients with Kabuki syndrome presenting with
endocrine problems. J. Pediatr. Endocrinol. Metab. 14, 215-220 (2001).
Devriendt, K., Lemli, L., Craen, M. & de Zegher, F. Growth hormone
deficiency and premature thelarche in a female infant with Kabuki makeup
syndrome. Horm. Res. 43, 303-306 (1995).

Moon, J. E,, Lee, S. J. & Ko, C. W. A de novo KMT2D mutation in a girl with
Kabuki syndrome associated with endocrine symptoms: a case report. BMC
Med. Genet. 19, 102 (2018).

Shalev, S. A. et al. Long-term follow-up of three individuals with Kabuki
syndrome. Am. J. Med. Genet. A 125A, 191-200 (2004).

Tawa, R. et al. A case of Kabuki make-up syndrome with central diabetes
insipidus and growth hormone neurosecretory dysfunction. Acta Paediatr.
Jpn. 36, 412-415 (1994).

Xin, C. et al. Identification of novel KMT2D mutations in two Chinese
children with Kabuki syndrome: a case report and systematic literature review.
BMC Med. Genet. 19, 31 (2018).

Chen, H. L. et al. Polymorphism of the DNA methyltransferase 1 gene is
associated with the susceptibility to essential hypertension in male. Clin. Exp.
Hypertens. 40, 695-701 (2018).

Wang, W. & Seale, P. Control of brown and beige fat development. Nat. Rev.
Mol. Cell Biol. 17, 691-702 (2016).

Rawls, A. et al. Overlapping functions of the myogenic bHLH genes MRF4
and MyoD revealed in double mutant mice. Development 125, 2349-2358
(1998).

Rudnicki, M. A. et al. MyoD or Myf-5 is required for the formation of skeletal
muscle. Cell 75, 1351-1359 (1993).

Kajimura, S. et al. Initiation of myoblast to brown fat switch by a PRDM16-C/
EBP-beta transcriptional complex. Nature 460, 1154-1158 (2009).

Ohno, H., Shinoda, K., Ohyama, K., Sharp, L. Z. & Kajimura, S. EHMT1
controls brown adipose cell fate and thermogenesis through the PRDM16
complex. Nature 504, 163-167 (2013).

Harms, M. J. et al. PRDM16 binds MED1 and controls chromatin architecture
to determine a brown fat transcriptional program. Genes Dev. 29, 298-307
(2015).

lida, S., Chen, W., Nakadai, T., Ohkuma, Y. & Roeder, R. G. PRDM16
enhances nuclear receptor-dependent transcription of the brown fat-specific
Ucpl1 gene through interactions with Mediator subunit MED1. Genes Deyv. 29,
308-321 (2015).

Crewe, C., An, Y. A. & Scherer, P. E. The ominous triad of adipose tissue
dysfunction: inflammation, fibrosis, and impaired angiogenesis. J. Clin. Invest.
127, 74-82 (2017).

Sun, K., Kusminski, C. M. & Scherer, P. E. Adipose tissue remodeling and
obesity. J. Clin. Invest. 121, 2094-2101 (2011).

Wagner, S. A. et al. A proteome-wide, quantitative survey of in vivo
ubiquitylation sites reveals widespread regulatory roles. Mol. Cell. Proteom. 10,
M111 013284 (2011).

Conway, E., Healy, E. & Bracken, A. P. PRC2 mediated H3K27 methylations
in cellular identity and cancer. Curr. Opin. Cell Biol. 37, 42-48 (2015).
Manna, S. et al. Histone H3 Lysine 27 demethylases Jmjd3 and Utx are
required for T-cell differentiation. Nat. Commun. 6, 8152 (2015).
Mohyeldin, A., Garzon-Muvdi, T. & Quinones-Hinojosa, A. Oxygen in stem
cell biology: a critical component of the stem cell niche. Cell Stem Cell 7,
150-161 (2010).

Chakraborty, A. A. et al. Histone demethylase KDM6A directly senses oxygen
to control chromatin and cell fate. Science 363, 1217-1222 (2019).
Trayhurn, P. Hypoxia and adipose tissue function and dysfunction in obesity.
Physiological Rev. 93, 1-21 (2013).

Shimizu, L et al. Vascular rarefaction mediates whitening of brown fat in
obesity. J. Clin. Invest. 124, 2099-2112 (2014).

Ota, K. et al. High fat diet triggers a reduction in body fat mass in female mice
deficient for Utx demethylase. Sci. Rep. 9, 10036 (2019).

. Makowski, L. et al. Lack of macrophage fatty-acid-binding protein aP2

protects mice deficient in apolipoprotein E against atherosclerosis. Nat. Med.
7, 699-705 (2001).

Lee, Y. S., Wollam, J. & Olefsky, J. M. An Integrated View of
Immunometabolism. Cell 172, 22-40 (2018).

Chen, J. et al. Kdm6a suppresses the alternative activation of macrophages and
impairs energy expenditure in obesity. Cell Death Differ. 28, 1688-1704
(2021).

| (2021)12:6838 | https://doi.org/10.1038/s41467-021-27141-7 | www.nature.com/naturecommunications 21


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

104. Gallagher, D. et al. Healthy percentage body fat ranges: an approach for
developing guidelines based on body mass index. Am. J. Clin. Nutr. 72,
694-701 (2000).

105. Palmer, B. F. & Clegg, D. J. The sexual dimorphism of obesity. Mol. Cell.
Endocrinol. 402, 113-119 (2015).

106. Schmidt, S. L. et al. Adrenergic control of lipolysis in women compared with
men. J. Appl. Physiol. 117, 1008-1019 (2014).

107. Monteiro, R., Teixeira, D. & Calhau, C. Estrogen signaling in metabolic
inflammation. Mediators Inflamm. 2014, 615917 (2014).

108. Wang, X. et al. Epigenetic regulation of macrophage polarization and
inflammation by DNA methylation in obesity. JCI insight 1, e87748 (2016).

109. Nguyen, N. L. et al. Separate and shared sympathetic outflow to white and
brown fat coordinately regulates thermoregulation and beige adipocyte
recruitment. Am. J. Physiol. Regul. Integr. Comp. Physiol. 312, R132-R145
(2017).

110. Cao, Q., Jing, J., Cui, X,, Shi, H. & Xue, B. Sympathetic nerve innervation is
required for beigeing in white fat. Physiological Rep. 7, 14031 (2019).

111. Shin, H. et al. Lipolysis in brown adipocytes is not essential for cold-induced
thermogenesis in mice. Cell Metab. 26, 764-777.e765 (2017).

112. Ding, Z. C. et al. Persistent STAT5 activation reprograms the epigenetic
landscape in CD4(+) T cells to drive polyfunctionality and antitumor
immunity. Sci. Immunol. 5, eaba5962 (2020).

113. Truax, A. D. & Greer, S. F. ChIP and Re-ChIP assays: investigating
interactions between regulatory proteins, histone modifications, and the DNA
sequences to which they bind. Methods Mol. Biol. 809, 175-188 (2012).

114. Balkow, A. et al. Direct lentivirus injection for fast and efficient gene transfer
into brown and beige adipose tissue. J. Biol. Methods 3, e48 (2016).

Acknowledgements

This work is supported by NIH grants R0O1DK107544, R01DK118106, and
R01DK125081, and American Diabetes Association (ADA) grant 1-18-IBS-260 to B.X,;
NIH grants RO1DK115740 and R01DK118106, and ADA grant 1-18-19 IBS-348 to H.S;
NIH grant R0O1DK116496 and ADA grant 1-18-IBS-346 to L.Y.

Author contributions

F.L. performed most of the experiments and data analysis; ].J. assisted F.L. in these
experiments; M.M. performed metabolic cage studies in wild-type C57BL/6] mice on
chow or HFD; X.C., Q.C., RW.,, and assisted in various experiments; Z.C., Y.P., and

H.D.S. performed bioinformatics analysis of RNAseq and RRBS data; L.Y. contributed
to study design, technical inputs and review/edits on the manuscript; B.X. and H.S.
conceived and designed study and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-27141-7.

Correspondence and requests for materials should be addressed to Hang Shi or
Bingzhong Xue.

Peer review information Nature Communications thanks Jiandie Lin and the other
anonymous reviewer(s) for their contribution to the peer review this work. Peer reviewer
reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

22 | (2021)12:6838 | https://doi.org/10.1038/s41467-021-27141-7 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-27141-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Epigenetic interaction between UTX and DNMT1 regulates diet-induced myogenic remodeling in�brown fat
	Results
	Mice with UTX deficiency in brown fat exhibit impaired BAT thermogenesis and are susceptible to DIO
	Utx deficiency in Myf5-expressing brown adipocyte precursor cells does not regulate BAT thermogenesis and energy homeostasis
	Utx deficiency in brown fat induces myogenesis
	DNMT1 deficiency in brown fat induces myogenesis
	Mice with Dnmt1 deficiency in brown fat exhibit increased body weight and adiposity on chow diet and are susceptible to DIO when fed a HFD
	DNMT1 deficiency in brown fat impairs cold-induced thermogenesis in iBAT
	Mice with brown adipocyte-specific Dnmt3a deficiency displayed similar metabolic phenotypes to that of UTXKO and D1KO
	Myod1 mediates the effect of DNMT1 deficiency on brown fat myogenesis
	Specifically reducing DNA methylation at Myod1 promoter induces myocyte-like brown adipocytes
	DNMT1�silences Myod1 expression via interacting with PRDM16

	Discussion
	Methods
	Mice
	Metabolic measurement
	Cold exposure
	Quantitative RT-PCR
	Immunoblotting
	Immunohistochemistry (IHC)
	Cell culture, SiRNA knockdown, overexpression, miRNA inhibition, and oil red O staining
	Measurement of oxygen consumption in brown adipocytes
	RNA-sequencing analysis
	Whole-genome DNA methylation analysis with reduced representation bisulfite sequencing (RRBS) to identify Myod1 promoter methylation
	Assay for transposase-accessible chromatin sequencing (ATAC-seq) analysis
	Chromatin immunoprecipitation (ChIP) and Re-ChIP assays
	Bisulfite conversion and pyrosequencing
	Targeted demethylation at the Myod1 promoter
	Statistical analysis

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




