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Brown and beige adipocytes harbor the thermogenic capacity to
adapt to environmental thermal or nutritional changes. Histone
methylation is an essential epigenetic modification involved in the
modulation of nonshivering thermogenesis in adipocytes. Here, we
describe a molecular network leading by KMT5¢c, a H4K20 methyl-
transferase, that regulates adipocyte thermogenesis and systemic
energy expenditure. The expression of Kmt5c is dramatically induced
by a p3-adrenergic signaling cascade in both brown and beige fat
cells. Depleting Kmt5c in adipocytes in vivo leads to a decreased ex-
pression of thermogenic genes in both brown and subcutaneous (s.c.)
fat tissues. These mice are prone to high-fat-diet-induced obesity and
develop glucose intolerance. Enhanced transformation related protein
53 (Trp53) expression in Kmt5c knockout (KO) mice, that is due to the
decreased repressive mark H4K20me3 on its proximal promoter, is
responsible for the metabolic phenotypes. Together, these findings
reveal the physiological role for KMT5c-mediated H4K20 methylation
in the maintenance and activation of the thermogenic program in
adipocytes.

KMT5c | H4K20me3 | adaptive thermogenesis | brown adipocyte |
beige adipocyte

Brown and beige adipocytes have the distinct capacity of non-
shivering thermogenesis by engaging in futile cycling of me-
tabolites (1, 2). The best-characterized mechanism of adipose
thermogenesis is via expression of uncoupling protein 1 (UCP1).
UCP1 uncouples oxidative respiration from mitochondrial ATP
synthesis, resulting in energy derived from fatty acid and glucose
oxidation that is dissipated as heat. In addition, alternative UCP1-
independent thermogenesis has also been uncovered in recent
years (3-5). Brown adipose tissue (BAT) exists in discrete depots
in rodents and humans. By contrast, beige adipocytes appear in
white adipose tissue (WAT) in response to chronic cold exposure,
exercise, and treatment with ligands of peroxisome proliferator
activated receptor y (PPARYy) in a process referred to as browning
of white fat (6). The recruitment of new beige cells in adult hu-
mans leads to an increase in energy expenditure and an im-
provement in insulin sensitivity (7, 8). Recent studies further
demonstrated that human BAT is metabolically active even in
warm conditions and is involved in diet-induced thermogenesis
and fat utilization (9). All these findings support the potential
significance of thermogenic adipocytes in the treatment of obesity
and type 2 diabetes.

The thermogenesis of brown and beige adipose cells relies on
the activation of the thermogenic adipose program that is co-
ordinately modulated by an array of unique transcriptional and
epigenetic regulators (10). Histone methylations represent an
essential epigenetic mode of regulation in the establishment of
tissue-specific gene expression. Methylation of histone mainly
occurs on histone H3 lysine 4, histone H3 lysine 9 (H3K9), his-
tone H3 lysine 27 (H3K27), histone H3 lysine 36 (H3K36), his-
tone H3 lysine 79 (H3K79), histone H4 lysine 20 (H4K20), and
specific arginine residues. Some of them have been reported to
be involved in the regulation of adipocyte identity, adipogenesis,
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or thermogenesis. Notable among these are the dynamics of H3K9
methylation catalyzed by histone methyltransferases and demethy-
lases. H3K9 methyltransferase euchromatic histone lysine methyl-
transferase 1 (EHMTY1) controls brown adipocyte versus muscle cell
lineage by depositing H3K9 dimethylation (H3K9me?2) and trime-
thylation (H3K9me3) at muscle-selective gene promoters (11). In
mature brown adipocytes, EHMT1 represses the expression of
white-fat-selective genes (12). JMJD1la, a H3K9 demethylase,
erases H3K9me2 modification on beige-selective gene promoters
in s.c. WAT to provide long-term activation of thermogenic genes
in response to chronic cold exposure (13). Lysine-specific histone
demethylase 1 (LSD1) promotes the expression of BAT-selective
genes and the development of beige adipocytes, which demethy-
lates H3K9 to transcriptionally activate the thermogenic adipose
program through its interaction with zinc finger protein 516
(ZFP516) (14). A subset of BAT-selective genes distinguishes
from common fat genes partly by H3K27me3 marks on promoters
in brown preadipocytes. Demethylation of H3K27me3 by Jumonji
domain-containing protein 3 (JMJD3) or UTX is required for
BAT gene expression and browning of WAT (15, 16). Depletion
of histone H3K36 methylation in adipocytes in vivo leads to
whitening of BAT (17). However, little is known about the role of
H4K20 methylation in thermogenic fat cells.

H4K20 can accept up to three methyl groups, forming H4K20mel,
H4K20me2, and H4K20me3 derivatives. Methylated H4K20 is
associated with diverse biological processes from the cell cycle,
DNA damage repair, and chromatin compaction to transcriptional
regulation (18). Three distinct lysine methyltransferase enzymes,
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KMT5a (also known as SETDS, SETS, and PR-Set7), KMT5b
(SUV420H1), and KMT5c (SUV420H2), are responsible for the
generation of the methylated H4K20. KMT5a converts unmodified
H4K20 to H4K20mel, whereas KMT5b and KMT5c¢ mediate suc-
cessive methylations of H4K20me1 to H4K20me2 and H4K20me3.
Kmt5a is a Ppary target gene during adipogenesis and positively
regulates the expression of PPARy through H4K20mel modifica-
tion and adipocyte differentiation in 3T3-L1 cells (19). Knockdown
of Kmt5c suppresses brown adipocyte differentiation in vitro (20).
Moreover, double-KO (DKO) Kmt5b and Kmt5c mice display en-
hanced BAT metabolic activity and increased browning of WAT,
thus, counteracting diet-induced obesity (21). The DKO mice in this
study constitutively lack Kmt5c and KO Kmt5b in the Myf5 lineage,
which expresses in early mesenchymal precursor cells (22) to delete
Kmt5b in brown preadipocytes and muscle cells. The activation of
Ppary transcription upon Kmit5b and Kmt5c deletion accounts for
the increased energy expenditure in vivo (21). Although these prog-
ress, the role of individual H4K20 methyltransferase in committed
adipocytes needs to be further explored.

Here, we demonstrate that KMT5c but not KMT5a or KMT5b
plays an important role in thermogenic gene expression in fat cells.
KO of Kmt5c in adipocytes driven by Adipog-Cre suppresses the
expression of Ucpl in BAT and inguinal WAT (iWAT). Kmt5¢ KO
mice are susceptible to obesity when fed a high-fat diet (HFD).
Mechanically, increased expression of Trp53 provides molecular
insight into how Kmt5c deletion can inhibit the thermogenic
gene program.

Results

Knockdown of Kmt5c Inhibits the Thermogenic Gene Program in
Brown Adipocytes. Epigenetic and transcriptional regulators co-
ordinate to modulate the adipose thermogenic program. To test
whether the histone H4K20 methylation mark might be involved
in the regulation of brown adipose thermogenic gene expression,
we first used quantitative RT-PCR to profile the expression of
H4K20 methyltransferases, including Kmt5a, Kmt5b, and Kmt5c.
All these three methyltransferases express in adipose tissues (S
Appendix, Fig. S14), and their messenger RNA (mRNA) levels
increase during brown adipogenesis (SI Appendix, Fig. S1B). A-
196 is a potent and substrate-competitive inhibitor of KMT5b and
KMT5c (23). Treating the mature brown adipocytes by A-196 for
24 h remarkably decreased Ucpl, Cox7al, Cptlb, and Ppary2
mRNA levels (SI Appendix, Fig. S1C). To distinguish whether
KMT5b, KMT5c, or both of them are responsible for the repression
of these gene expressions, we then knocked down Kmit5a, Kmt5b, or
Kmt5c with lentiviral short hairpin RNAs (shRNAs) in immortal-
ized brown preadipocytes individually following differentiating them
into mature brown adipocytes. The cells with reduced expression of
Kmt5a, Kmt5b, or Kmt5c showed regular adipogenesis. Knockdown
of Kmt5a or Kmt5b had marginal effects on Ucpl expression (S
Appendix, Fig. S1 E and F). However, deletion of Kmt5c dramat-
ically decreased both basal and forskolin-induced Ucpl mRNA
expression without eliciting changes in the expression of Kmt5a
and Kmt5b (Fig. 14 and SI Appendix, Fig. S1D). Different from
the previous study (20), we did not see much defect in cell dif-
ferentiation when knocking down Kmit5c¢ (Fig. 1C), which may be
due to the different growth medium formulation used for the
preadipocytes’ culture. Strikingly, knockdown of Kmit5c also led to
a broad loss of brown-fat-selective gene expression, including re-
duced levels of Cidea, Pgcla, Cptlb, and Acadm (Mcad) (Fig. 14).
Reduction of UCP1 and the CIDEA protein was further con-
firmed by Western blot analysis (Fig. 1B). On the contrary, the
expression of white fat-selective genes Retn and Agt was increased
in Kmt5c-knockdown cells (Fig. 14).

Kmt5c depletion decreased protein levels of general adipocyte
markers FABP4 and PPARYy (Fig. 1B), although oil-red O staining
showed similar lipid droplet accumulations in Kmit5c-knockdown
adipocytes relative to the control cells (Fig. 1C). Then, we asked
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why PPARY reduction did not interrupt adipogenic differentiation
in Kmt5c-knockdown cells. To address this question, Kmt5c, Ppary,
Cebpa/f3, Fabp4, and Ucpl mRNA levels were further explored
during the course of brown adipogenesis. The induction of Kmit5c
mRNA during adipogenic differentiation was completely abolished
in knockdown cells (Fig. 1D). The retardation of the increase in
Ppary, Fabp4, and Ucpl was observed on day 4 in knockdown cells
(Fig. 1D). There was no significant difference in the expression of
Clebpa. and Clebpp, another two principal adipogenic transcription
factors, between control and knockdown cells (Fig. 1D). PPARy
binds to the Fabp4 promoter at the early differentiation stage (day
2). By contrast, it attaches to brown adipocyte-selective gene pro-
moters and activates their expression until day 4 (24, 25). Trans-
duction of lentiviral Ppary shRNA to brown fat cells on day 3 did
not disturb general adipocyte differentiation as revealed by com-
parable C/ebpo/p and Fabp4 levels but significantly decreased Ucpl
expression (S Appendix, Fig. S1G). To minimize the potential effect
of defective adipogenesis on brown fat-selective gene expression in
Kmt5c depletion cells, we induced brown adipocyte differentiation
first following knocking down Kmit5c on differentiation day 3 by
shRNAs. The Kmit5c mRNA level was slightly but significantly de-
creased. The expression of Ucpl, Cidea, and Cox7al still displayed
remarkable reduction, although with a comparable level of Ppary2
in Kmt5c-knockdown cells (SI Appendix, Fig. SIH). These data to-
gether show the decreased Ucpl expression is not always linked to
the reduced PPARy level, suggesting that down-regulation of the
thermogenic program caused by deletion of KmitSc is, at least, partly
independent of PPARYy.

Importantly, the effect of Kmt5c knockdown is functionally
relevant as the rate of oxygen consumption in knockdown cells
was significantly lower than control cells (Fig. 1E). Collectively,
these data demonstrated that KMT5c is required for thermo-
genic gene expression in brown fat cells in vitro.

KMT5c Is Induced by p3-Adrenergic Signaling. Next, we examine the
physiological regulation of Kmt5c expression in adipocytes and
adipose tissues. Consisting of its mRNA expression (SI Appendix,
Fig. S1B), the KMT5c protein was greatly increased when brown
preadipocytes differentiated into mature adipocytes (Fig. 24). The
significantly higher KMT5c protein level in BAT relative to iWAT
and epididymal WAT (eWAT) (Fig. 2B) further indicates its po-
tential roles in brown fat tissue thermogenesis in vivo. The ther-
mogenic program in BAT is activated in response to f-adrenergic
agonists and cold exposure, and, under these stimuli, recruitable
beige cells also develop the ability of adaptive thermogenesis (S/
Appendix, Fig.S24). Although the Kmt5c mRNA level in BAT is
reported to be dramatically reduced upon acute cold exposure
(21), intraperitoneal (i.p.) injection of the p3-adrenergic receptor
agonist C1316,243 for 5 d significantly increased the KMT5c pro-
tein level in brown and white adipose tissues, that mirrored UCP1
expression (Fig. 2 C and D). The expression of the KMT5c protein
in adipose tissues was also slightly induced by 2 to 3 d of 4 °C cold
challenge (SI Appendix, Fig. S2B). The discrepancy observed in the
induction of KMT5c¢ by p-adrenergic signaling in vivo may be due to
the different treatment duration. Furthermore, KMT5c induction in
adipose tissues by ClI316,243 is cell autonomous since Cl1316,243
treatment could strongly promote the expression of KMT5c in both
immortalized brown adipocytes (Fig. 2E) and primary iWAT cells
(Fig. 2F). Noticeably, the KMT5c protein was marginally increased
in rosiglitazone-stimulated beige cells (Fig. 2F, lanes 5 and 6 versus
lanes 3 and 4) but was drastically induced by Cl1316,243 treatment
(Fig. 2F, lanes 7-12), further suggesting p3-adrenergic signaling
cascade is involved in the KMT5c¢ induction in beige adipocytes.
The amount of functionally active BAT is reversely correlated with
body-mass index in human adults and obese (ob/ob) animals (26,
27). Genetically ob/ob mice have lower energy expenditure rates,
and BAT depots show impaired thermogenic activity (28, 29).
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Fig. 1. Kmt5c regulates the thermogenesis gene program in brown adipocytes. (A) Immortalized brown preadipocytes were infected with shKmt5c or

scrambled knockdown lentiviruses and differentiated. Gene expression in mature brown fat cells was analyzed. n = 3. (B) Representative Western blot analysis
of UCP1, CIDEA, PPARy, FABP4, and KMT5c in adipocytes generated as in A. Values represent the results from three experimental replicates. (C) Represen-
tative oil-red O staining of mature adipocytes generated as in A. (Scale bar, 40 pm.) (D) Kmt5c was knocked down in brown preadipocytes. Relative mRNA
expression of indicated genes during brown adipogenesis. n = 3. (E) Oxygen consumption rate was measured with a Clark-type electrode in brown adipocytes
generated as in A. n = 3. *P < 0.05; **P < 0.01; ***P < 0.001. Two-tailed unpaired Student’s t test was performed. The results shown are the mean + SEM.

KMT5c expression was twofold increased in BAT of ob/ob mice
relative to lean mice (SI Appendix, Fig. S2C), indicating a possible
feedback regulation on BAT Kmt5c expression by obesity.

Kmt5c Deficiency Abolishes Browning of White Adipocytes. We noted
that the KMT5c protein is significantly increased in iWAT and
beige cells when the activation of f3-adrenergic receptors occurs
(Fig. 2 C and F), suggesting it may be also involved in white fat
browning. KO of Kmt5c in beige adipocytes was achieved by
infecting Cre recombinase adenovirus to differentiating SVF cells
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isolated from iWAT of mice carrying a homozygous floxed Kmit5¢
allele (Kmt5c¢™*) or isolating SVF cells from iWAT of
Kmt5c™e% wild type (WT) and KmtSc KO mice (KmtSc™/x,
Adipog-Cre, and [adipocyte KO] AdKO) (SI Appendix, Fig. S44).
Kmt5c KO adipocytes with little Kmt5¢c mRNA and protein left
(Fig. 3 B and C) appeared to fully differentiate into mature adi-
pocytes (Fig. 34). At a molecular level, reduction of Kmt5c ex-
pression in beige adipocytes led to a systematic decreased expression
of adipocyte genes (Fig. 3 B and C), which largely phenocopied the
knockdown brown fat cells (Fig. 14). A decrease in the Ppary

PNAS | September8,2020 | vol. 117 | no.36 | 22415

MEDICAL SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental

A B g *%k
i E 5 *k%
Brown adipocytes B 4
Day 0 2 4 6 BAT iWAT _eWAT g :
Kmt5c | . au(s%a T e —— K;Ja g
Ucp1 = 25 Hsp90 |-— S —— 32 E 4 _
HSp90|h_--r:g .20
[
] A A A
x %?"\ v‘@ \ss
C PBS Cl316,243 D E
KD. ClI316,243
Kmt5c [« et a _
| 1so g e —— 02 46 8 1012 1418 24 30h
UCP1| e b Lzs - BAT < 20 243 R R e e o |0
Hsp90|.‘—~ - .....,.-._.L"O €15 3\[' -:gr* 5
e & Ucp1
- 8 1.0 % p . —— . e ”
Kmtso |8 st L50 E 05 : 90
e .
Ucp1 | -w |, rIWAT ° HSPOO | s e e s s s iy iy o e .
90 . S F
Hsp90 [« ...__....__L75 ] § BAT iWAT eWAT
Kmt5c+_ R—— L F -Rosi  +Rosi CI316,243
%0 2 4 18 24h
U cp1| L25 cWAT day0 day6 day6 6 9 18
s 90 Kmt5c - e e e S S S SR e e KDa
Hsp90 |~—-—--—- |_75 .
90
HspOO | ™ =5 v i s s o w sy oy oy
75

Fig. 2. KMT5c can be induced by f3-adrenergic signaling. (A) Representative KMT5c protein level during the differentiation of immortalized brown fat cells.
Values represent the results from three experimental replicates. (B) Western blot analysis of the KMT5c protein (Left) and its quantification (Right) in BAT,
iWAT, and eWAT adipose tissues of 8-wk-old male mice. n = 3. (C) KMT5c and UCP1 protein levels in adipose tissues of 10-wk-old male mice after i.p. injection
of C1316,243 (0.5-mg/kg body weight) or phosphate-buffered saline (n = 3 per group) for 5 d. (D) Quantification of the KMT5c protein in C. (E) Representative
Western blot analysis of the KMT5c and UCP1 proteins in brown adipocytes. Mature brown fat cells differentiated from immortalized brown preadipocyte
were treated with 10-uM CI316,243 for the indicated time. (F) Representative KMT5c protein level in beige adipocytes. Stroma vascular fractions (SVFs)
isolated from s.c. WAT were induced to beige adipocytes. Rosiglitazone (Rosi, 1 pM) was used during differentiation to promote beige cells formation unless
otherwise indicated. Mature beige cells were treated with or without 10-uM CI316,243 for the indicated time. *P < 0.05; **P < 0.01; ***P < 0.001. Two-tailed
unpaired Student’s t test was performed. The results shown are the mean + SEM.

mRNA level was observed from differentiation day 4 to day 6 (57
Appendix, Fig. S3B). The expression of Kmt5c (SI Appendix, Fig.
S3A), Ucpl (SI Appendix, Fig. S3C), and other genes examined, in-
cluding Cidea, Atgl, Cebpa, Cebpf, Fabp4, and Cd36, was all reduced
in the last 2 d of differentiation (SI Appendix, Fig. S3 D-I). More-
over, Ucpl, Cox8b, Agl, and Ppary expressions could be partly re-
stored by reconstitution of Kimt5¢ in AdKO cells (Fig. 3 D and E),
but not by the mutant Kmt5c (G140Y/W174A) that lacks methyl-
transferase activity (30). Together, Kmt5c deficiency in beige adi-
pocytes reduces the expression of BAT-selective markers, lipid
metabolism genes, and common adipogenic markers in the final
differentiation stage. The requirement for KMT5c in the beige
adipocytes thermogenic program, at least, partly relies on its
methyltransferase activities.

Kmt5c Regulates Ucp1 Expression In Vivo. To determine whether
KMT5c is genetically required for the thermogenic adipose pro-
gram in vivo, we generated mice lacking Kmt5c specifically in ad-
ipose tissues by crossing Kmt5¢™** mice to Adipog-Cre lines (SI
Appendix, Fig. S44). AJKO mice are apparently indistinguishable
from WT littermates at birth. Then, they were raised at room tem-
perature with a chow diet until 2-mo old. Gene expression analysis
demonstrated that Adipog-Cre recombinase decreased Kimt5c mRNA
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expression specifically in brown and white adipose tissues but did
not affect the Kmt5c level in other detected tissues (SI Appendir,
Fig. S4B). Kmt5c deletion did not cause a compensatory increase
in the expression of Kmt5b in adipose tissues, but a slightly de-
creased Kmt5a was seen in BAT of AdKO mice (S Appendix,
Fig. S4 C and D). Chow diet-fed AJKO mice had similar body
weight, comparable food intake, equal cell size, and cell numbers
in adipose tissues as indicated by the unchanged genomic DNA
content as well as similar amounts of fat mass as WT mice (S
Appendix, Fig. S4 E-I). AJKO mice had significantly less Ucpl
levels in iWAT compared to WT mice, and the expression of
other thermogenic genes and Ppary2 in both BAT and iWAT is
similar (Fig. 44 and SI Appendix, Fig. S4 J and K)

Room temperature (22 °C) is already below the mice ther-
moneutral zone, which profoundly impacts BAT metabolism
(31). To study the requirement of Kmt5c in adipose thermo-
genesis at the setting physiologically relevant to humans, WT and
AdKO mice were fed a regular or high-fat diet at thermoneu-
trality (30 °C). A decreased UCP1 protein level was discerned in
BAT of AdKO after 3-wk chow feeding at 30 °C (SI Appendix,
Fig. S4L). Additionally, 4-wk HFD consumption let AdKOs
housed at thermoneutrality gain more body weight (Fig. 4B).
Dramatically decreased UCP1, CIDEA, and PPARy protein
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Fig. 3. Kmt5c knockdown decreases BAT-selective gene expression in beige cells. (A) Primary iWAT preadipocytes were isolated from WT and Kmt5¢c AdKO
mice and differentiated into beige cells. On day 6, oil-red O staining was performed. (Scale bar, 40 um.) (B) Gene mRNA expression in primary iWAT adipocytes
(n = 3). On differentiation day 2, Cre adenovirus infected cultured iWAT adipocytes isolated from Kmt5c ™% mice to the KO Kmt5c allele. A green fluo-
rescent protein virus was used as the control. (C) Representative Western blot analysis in primary mature iWAT adipocytes generated as in A. Values represent
the results from three experimental replicates. (D) Representative Western blot analysis of the UCP1 and KMT5c protein expressions in beige cells. Kmt5¢c KO
iWAT adipocytes were infected with WT or a methyltransferase-dead mutant (Mut) Kmt5c adenovirus for 24 h. Values represent the results from three
experimental replicates. (E) The mRNA levels of indicated genes were analyzed in cells generated as in D (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. Two-

tailed unpaired Student’s t test was performed. The results shown are the mean + SEM.

levels and increased adipocyte size were observed in BAT of
AdKOs (Fig. 4 C and D), implying defects of diet-induced BAT
thermogenesis with Kmt5c ablation.

Next, we wonder whether AdJKO mice are cold sensitive. WT
and AdKO mice were exposed to 4 °C acutely. The core body
temperature of AJKO mice was slightly lower than that of WT
only at the 8-h time point (Fig. 4E). The expression levels of Ucpl1,
Atgl, CD36, and PPARy were remarkably decreased in iWAT of
AdKO mice (Fig. 4F and SI Appendix, Fig. S4M) but without
significant differences in gene expression in BAT (SI Appendix,
Fig. S4N). Alternative mechanisms of adipose adaptive thermo-
genesis have been discovered in recent years (3, 4). The expression
of key genes responsible for creatine-dependent substrate cycling
and the calcium-dependent futile cycle did not exhibit any dif-
ference in AdKO iWAT after cold challenge (SI Appendix, Fig.
S40). Taken together, KMT5c is important for maintaining BAT
Ucpl and Ppary expression at thermoneutral settings and is re-
quired for the iWAT thermogenic program at ambient tempera-
ture and upon acute cold exposure.

KMT5c-Deficient Mice Gain More Body Weight on a HFD Feeding.
Then, we sought to investigate whether the impaired thermo-
genic program in iWAT is functionally relevant. We assessed the
effects of Kmt5c deficiency by challenging the KO mice with a
HFD. The female AdKO mice were susceptible to diet-induced
obesity. The average body weight of AAKO mice was 6.9 g more
than that of WT after 17 wk of a HFD feeding (Fig. 54 and SI
Appendix, Fig. S54), although they consumed similar amounts of
high-fat food (SI Appendix, Fig. SSB). AdJKO mice appeared
substantially obese (Fig. 5B) because of more fat accumulation as
revealed by increased fat mass whereas similar lean mass as WTs
(Fig. 5 C and D). Accordingly, weights of inguinal and epididymal
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adipose depots and livers were considerably more in HFD AdKOs
(Fig. SE and SI Appendix, Fig. S5C). The morphology of adipo-
cytes and hepatocytes was also examined. In HFD AdKOs, brown
adipocytes and hepatocytes accumulated substantially more fat,
and white adipocytes were more hypertrophic (Fig. 5 F and G).
Moreover, a glucose tolerance test found that HFD AdKOs were
more glucose intolerant (Fig. SH). However, an insulin tolerance
test and phosphorylated Akt level in tissues revealed that the
AdKO mice did not display signs of insulin resistance (SI Ap-
pendix, Fig. S5 D and E). Accordingly, WT and AdKO mice had
similar serum insulin levels (SI Appendix, Fig. SSF). Metabolic
analysis of HFD AdKOs showed reduced heat production, de-
creased O2 consumption, decreased CO, production, and respi-
ratory exchange ratio (RER) (Fig. 5 I-L and SI Appendix, Fig.
S5 G-J) in a 24-h time period relative to WTs. Importantly, male
AdKO mice also gained slightly but significantly more weight than
WTs when fed a HFD (SI Appendix, Fig. S5K).

Quantitative PCR revealed thermogenic gene expression in
BAT was comparable between AdKO and WT mice (SI Appendix,
Fig. S5L). On the other hand, a significant decrease in the Ucpl
mRNA level was seen in iWAT of HFD AdKOs (Fig. SM). A
higher level of Lep, decreased Adipog, and similar fibrosis marker
gene expression were seen in the Kmt5c-deficient gonadal WAT
(gWAT) relative to WT mice (Fig. 5SN).

Depletion of Kmt5c Enhances Trp53 Expression. KMT5c is pre-
dominantly responsible for trimethylation deposition to histone
H4K20. A decrease in H4K20me3 modification is usually asso-
ciated with transcriptional activation (32). The fact that re-
pressed the adipocyte thermogenic gene program in Kmt5c KO
cells in vitro and in vivo leads us predict Ucpl, Cox7al, or Ppary
genes should not be the direct targets of KMT5c. Therefore,

PNAS | September 8,2020 | vol. 117 | no.36 | 22417

MEDICAL SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922548117/-/DCSupplemental

A IWAT, 22°C B
WT AdKO £ 16 gon WIS deo
B KDa © =
Ucp1 mg & 40 £25 el
Ppary2 . 5T 3
ppamﬁ:-'.u - “LO 2 %05 3 2 20
90 2 =0 3
Hsp90 "'"—"———[ g 00 @ 15
oo WT AdKO 0 1 2 3 4Week
C BAT, 30°C D
WT AdKO 2 0 HWT M Acko wT ~ Adko
Ucp.]l_____..,._..,.-]KDa & Y
: % 15
e BEEBEE =B, § ; o K
- 25 € 1.0 ek I i I
a P
Ppary1/2 | e s s = o= o LSO 205 & 4 |
90 =
HSPOO | m v w v o w om wo wmy g
P90 L., 2 90 cpt Cidea s o 1L K
E _« F .
0 T WP e AdKO IWAT, 4°C H 20
© 38 s <
g __WT  __ AdKO o 215
[ a
5 36 Uopt o s | =] 210
i 4 8
8 gy Ppary1/2 )H---‘— - - ‘ a 0.5 *
> 50
© 90 B
g T e — [ % 00" —\T adko
32 75 2

0123 456 7 8h

Fig. 4. Kmt5c deficiency blunts the expression of Ucp1 in adipose tissues. (A) UCP1 and PPARy protein levels in iWAT tissues of mice housing at 22 °C. Right
shows quantification of the UCP1 protein. n = 3 per group. (B) Body weight of mice fed a HFD and housed at 30 °C for 4 wk. n = 4 to 5 per group. (C) The
protein levels of UCP1, CIDEA, and PPARy in BAT of mice in B. Right shows quantification of UCP1 and CIDEA proteins. n =4 to 5 per group. (D) Representative
BAT hematoxylin/eosin (H&E) staining in mice of (B). (E) Rectal temperature of 8-wk-old male WT and AdKO mice at 4 °C. n =5 to 6 per group. (F) UCP1 and
PPARYy protein levels in iWAT of mice in E. Right shows quantification of the UCP1 protein. n = 4 per group. *P < 0.05; **P < 0.01; ***P < 0.001. Two-tailed
unpaired Student’s t test was performed. The results shown are the mean + SEM.

we assume KMT5c represses the expression of a negative regulator
of adipose thermogenic machinery. To test this hypothesis, we
screened a list of known negative regulators of thermogenesis in
Kmt5c-knockdown brown fat cells (10). Trp53 was the only can-
didate whose expression was significantly increased in Kmit5c-
deficient cells both in brown and in beige adipocytes (Fig. 6 A-D).
Given the fact that adipose KMT5c is significantly induced by a
3-adrenergic receptor agonist (Fig. 2C), we examined the p53
protein level in adipose tissues after Cl316,243 injection. As
expected, the protein level of p53 was considerably decreased by
Cl1316,243 in brown and white fat tissues (Fig. 6F, the specificity
of the p53 antibody was shown in SI Appendix, Fig. S64 by in-
cluding Trp53 knockdown samples). These data demonstrate that
the protein levels of KMT5c and p53 are negatively correlated in
adipocytes and adipose tissues.

Elevated Trp53 expression was observed from day 4 to day 6
but not in preadipocytes with knockdown of Kmt5c¢ in brown fat
cells (SI Appendix, Fig. S6 B and C). While the levels of well-
defined Trp53 target genes, which are involved in cell-cycle ar-
rest, apoptosis, or cell proliferation, were not altered in mature
adipocytes (SI Appendix, Fig. S6 D and E). It may be due to
mature adipocytes as a terminal differentiated cell type have left
the cell cycle and lost the ability to cell divide.

Kmit5c regulates target gene expression through deposition of
the H4K20me3 mark on gene promoter regions (33). Next, we
examined the H4K20me3 level in Kmt5c-knockdown cells and fat
tissues of KO mice. Western blot and immunofluorescence
staining revealed Kmt5c depletion reduced the H4K20me3 level
in fat tissues (Fig. 6F), immortalized brown adipocytes (SI Ap-
pendix, Fig. S6F), and primary iWAT cells (SI Appendix, Fig.
S6G). The proximal promoter of Trp53 is enriched in the
H4K20me3 mark in both brown and beige fat cells (S Appendix,
Fig. S6 H and I). Knockdown of Kmt5c in brown fat cells erased
H4K20me3 on the Trp53 proximal promoter region (Fig. 6G). By
contrast, CI316,243 treatment increased H4K20me3 modifica-
tion on the Trp53 promoter in s.c. fat tissues (Fig. 6H).

22418 | www.pnas.org/cgi/doi/10.1073/pnas.1922548117

The role of p53 in cellular metabolism is emerging, positioning
p53 as a fundamental regulatory hub in adipose tissue metabo-
lism (34). It is reported that elevated p53 in WAT aggravates
systemic insulin resistance (35). Whole-body 7rp53 KO mice
gained less weight and showed increased BAT and beige ther-
mogenic activity (36). To verify whether p53 is responsible for
the phenotypes in Kmt5c-deficient mice, p53 expression in iWAT
of AdKO mice fed with normal chow or a HFD was detected.
Elevated p53 mRNA and protein expressions were seen in iWAT
of AdKO mice (Fig. 6 I and J and SI Appendix, Fig. S6 J and K).
There was no difference in the 7rp53 mRNA level in BAT be-
tween WT and AdKO mice housing at 22 °C (S Appendix, Fig.
S6L), which was in agreement with the relatively normal gene
expression profile in BAT of AdKOs. In addition, overexpression
of Tip53 at the physiological level in primary iWAT SVF cells
did not affect adipocyte differentiation (SI Appendix, Fig. S6M)
but repressed the expression of Ucpl, Cox7al, and Cidea (SI
Appendix, Fig. SON). A similar gene expression profile was also
observed in brown adipocytes when Trp53 was overexpressed (S
Appendix, Fig. S60). Knockdown of Trp53 can partly resume
Ucpl and Cox7al expressions in Kmt5c-knockdown fat cells
(Fig. 6K). Together, these lines of molecular evidence suggest
that p53 functions as one of the key mediators downstream of
KMTS5c in adipocytes.

KMT5c and YBX1 Cooperate to Suppress Trp53 Expression. Lastly, we
asked the molecular basis for the recruitment of KMT5c to
the Trp53 promoter. Transcription factors often orchestrate
chromatin-modifying enzymes binding to the promoter of spe-
cific genes and result in the activation or silencing of the gene
expression. To find out the involved transcription factors, we
purified the KMT5c protein complex in brown adipocytes stably
expressing a HA-tagged KMT5c protein. Then liquid chroma-
tography coupled with tandem mass spectrometry was per-
formed (SI Appendix, Table S1). Our attention is attracted to
the transcription factor YBX1, which is reported to interact
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Fig. 5. Kmt5c deficient mice are predisposed to diet-induced obesity. (4) WT and AdKO female mice body weights before and after a HFD feeding. n=5t0 6

per group. Values represent the results from two experimental replicates. (B) Mice in A after 17 wk of HFD feeding. (C and D) Fat mass (C) and lean mass (D) of
mice in A. n =5 to 6 per group. (E) Fat pad and liver weight of WT and AdKO mice in A. n =5 to 6 per group. (F and G) Representative H&E staining of adipose
tissues (F) and livers (G) from mice in A. (Scale bars, 20 um for BAT and liver and 50 pm for iWAT and eWAT.) (H) Glucose tolerance test in WT and AdKO mice
in A at 15 wk of a HFD. n = 5 to 6 per group. (I-L) Metabolic cage analyses in WT and AdKO mice at 17 wk of a HFD. Heat production (/), oxygen consumption
(J), carbon dioxide production (K), and RER (L) were measured. n =5 to 6 per group. (M) iWAT mRNA levels of Ucp1, Cox7al, and Ppary2 in mice of A.n=5 to
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unpaired Student'’s t test was performed. The results shown are the mean + SEM.

with Ewing sarcoma (EWS) to activate the expression of Bmp7
in the early stage of adipocytes differentiation (37). YBXI1 is
also a potential negative regulator of 7rp53 in several tumor cell
lines (38), but the underlying mechanism is still unknown. We
assume YBXI1 may be responsible for recruitment of KMT5c¢ to
the 7rp53 promoter. An interaction between YBX1 and KMT5c¢
was readily detected when overexpressing Flag-YBX1 and
HA-KMT5c in HEK293T cells (Fig. 74). Lentiviral expression of
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Flag-YBX1 at the physiological level (Fig. 7C) could associate
with endogenous KMT5c¢ in brown adipocytes (Fig. 7B). Overex-
pressed YBX1 in brown adipocytes inhibited the expression of
Tp53 (Fig. 7C). Simultaneous knockdown of Kmit5c partly re-
stored the mRNA level of Trp53 (Fig. 7C). To summarize, our
data together uncover a molecular network leading by KMT5c
that regulates adipose adaptive thermogenesis and systemic en-
ergy expenditure in vivo (Fig. 7D).
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Fig. 6. Increased p53 expression in Kmt5c KO adipocytes is responsible for repression of the thermogenic program. (A) Quantitative RT-PCR screening of
negative regulators in the thermogenic program in Kmt5c knockdown brown adipocytes. n = 3. (B) Representative Western blot analysis of the p53 protein in
Kmt5c knockdown brown adipocytes. Values represent the results from three experimental replicates. (C) Trp53 mRNA level in isolated iWAT adipocytes from
WT and AdKO mice (n = 3). (D) Trp53 mRNA level in primary iWAT adipocytes as generated in Fig. 3B (n = 3). (E) p53 protein level in adipose tissues after
CI316,243 injection for 5 d. n = 3 mice per group. (F) Adipose tissue H4K20me3 protein level in WT and AdKO mice. (G) Representative H4K20me3 chromatin
immunoprecipitation (ChIP) assay on the Trp53 promoter in Kmt5c-knockdown brown adipocytes (n = 3). Values represent the results from three experi-
mental replicates. (H) Representative H4K20me3 ChlIP assay on the Trp53 promoter in s.c. fat tissues. n = 4 per group. (/) p53 protein expression and its
quantification in iIWAT of 8-wk-old WT and AdKO mice. (J) p53 protein expression and its quantification in iWAT of WT and AdKO mice after 17-wk HFD
feeding. (K) Relative mRNA levels in Kmt5c knockdown and scrambled control brown adipocytes. Lentiviral Trp53 shRNA was infected with Kmt5c-knockdown
cells on differentiation day 2 (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. Two-tailed unpaired Student’s t test was performed. The results shown are the
mean + SEM.
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Discussion

We report, here, that KMT5c is induced upon activation of the
p-adrenergic signaling cascade and modulates the adaptive
thermogenesis gene expression, specifically in BAT at thermo-
neutrality and iWAT at ambient and cold challenges. Knock-
down of Kmt5c in cultured brown or primary iWAT adipocytes
dramatically reduces the expression of a broad panel of ther-
mogenic, mitochondrial, and fatty acid oxidation genes, which
indicates that the effects caused by Kmt5¢ KO in vivo are adi-
pocyte autonomous. Although BAT Kmt5c expression is much
higher than WAT, there were no alterations in thermogenic gene
expression in BAT of Kmt5¢ AJKO mice at room temperature.
We predict there could be some compensation mechanisms in
BAT to maintain regular thermogenesis at the subthermoneural
environment (22 °C). PGCla and PRDM16 are two fundamental
transcriptional factors responsible for the adipocyte thermogenic
program (39), but intact brown fat thermogenic gene expression
has also been reported in Pgc/o and Prdmi6 KO mice (40, 41).

KMT5c¢ deposits di- and trimethylation to H4K20, which is
associated with transcription repression and chromatin com-
paction. The proximal region of the Trp53 promoter is remark-
ably marked by H4K20me3 modification in adipocytes (SI
Appendix, Fig. S6 H and I), which is also observed in T98G gli-
oma cell lines (42). There is increasing evidence underscoring
that p53 regulates lipid metabolism, adipocyte differentiation,
and systemic energy metabolism (34). Overexpression of Trp53
inhibits 3T3-L1 cell adipogenesis, concomitantly, the expression
of Ppary, Fabp4, and Adipoq is largely reduced (43). In our study,

the decreased Ppary and Fabp4 level after knockdown of Kmt5c
phenocopied that in 3T3-L1 cells with ectopic expression of
Trp53. 1t is worth noting with the knockdown of Kmt5c, the de-
creased Ppary and Fabp4 expressions were only observed in the
final differentiation stage (day 4 to day 6) without an obvious
defect in adipogenesis per se. It may be because the twofold
increase in p53 expression in Kmt5c knockdown cells (Fig. 6 A-D)
is not as high as the overexpression of p53 (more than fourfold
of the endogenous level) in 3T3-L1 cells (43) to block the adipocyte
differentiation. The Trp53-deficient mice exhibit the activated
thermogenic program in iWAT and are more resistant to HFD-
induced obesity under thermoneutral conditions (36). Over-
expression of 7rp53 in adipose tissues results in insulin resistance
even at normal chow, and, conversely, loss of 7rp53 in adipocytes
improves insulin resistance on a high-fat high-sucrose diet (35). All
these findings show that p53 negatively regulates metabolism in
thermogenic adipocytes, supporting our conclusion that the in-
creased p53 protein level elicited by Kmt5c ablation is responsible
for the decrease in thermogenic gene expression and inclination
to diet-induced obesity.

A recent study took advantage of whole-body Kmt5¢™~ and
Myf5-driven KMT5b DKO mice to investigate the role of KMTS
in systemic energy metabolism (21). The mice deficient of Kmt5b
and Kmt5c demonstrate enhanced mitochondria respiration in
BAT, increased WAT browning, and resistance to obesity. Ppary
is a direct target of KMT5b and KMT5c in preadipocytes, and
increased PPARY expression accounts for H4K20me3 metabolic
regulation. All these data are completely contrary to our results.
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Fig. 7. YBX1 coordinates KMT5c to inhibit p53 expression. (A) Representative coimmunoprecipitation analysis in HEK293T cells cotransfected with Flag-Ybx1
and HA-Kmt5c plasmids. YBX1 can form the homodimer. The interaction between Flag-YBX1 and HA-YBX1 is used as a positive control. The interaction
between YBX1 and PPARa« is used as a negative control. Values represent the results from two experimental replicates. (B) Detection of KMT5c in Flag-YBX1
immunoprecipitates isolated from brown fat cell extracts. Values represent the results from two experimental replicates. (C) Immortalized brown pre-
adipocytes were infected with Ybx7 overexpression lentivirus and differentiated. Lentiviral Kmt5c shRNA or scrambled control infected the Ybx7-
overexpressing adipocytes at differentiation day 2. Gene expression was analyzed at day 6 (n = 3). *P < 0.05; **P < 0.01, Two-tailed unpaired Student’s
t test was performed. The results shown are the mean + SEM. (D) A model for KMT5c action in thermogenic adipocytes. KMT5¢c modulates the thermogenic
program in adipocytes, in part, through downregulating Trp53 expression. YBX1 cooperates with KMT5c to suppress the expression of Trp53.
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We cannot exclude the contribution of Kmt5c expressed in
nonadipose cells on metabolism when whole-body Kmt5c KO
mice were used there. Systemic loss of Kmt5¢c may also cause
interorgan crosstalk targeting adipocyte metabolic activity. Myf5
is expressed in precursor cells of skeletal muscle and brown
adipocyte, and Myf5-Cre is usually used to investigate BAT de-
velopment and myogenesis. Deletion of Kmt5b in the Myf5
lineage may concomitantly affect adipocyte and skeletal muscle
functions since Kmt5b is reported to regulate skeletal muscle
stem cell quiescence and muscle regeneration (44). By contrast,
in our study, Adipog-Cre was utilized for KO Kmt5¢ mainly in
mature brown and white adipocytes. Considering that dynamic
epigenetic modification is highly tissue and cell specific (45, 46),
the H4K20me3 code may modulate distinct target gene sets in
precursor and mature adipocytes. In light of all these factors, it is
not surprising that loss of H4K20me3 modification at different
adipogenic stages results in diverse metabolic consequences.

In conclusion, our analyses of KMT5c ablation mice have
revealed that KMT5c plays an important role in regulating ther-
mogenic gene expression in adipose tissues. The fact that KMT5c
serves as a key epigenetic regulator in adipocyte thermogenesis
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may provide a potential drug target aiming at activating its
methyltransferase activity for the therapeutics of obesity.

Materials and Methods

Kmt5c™* mice in a C57BL/6 background were prepared by Beijing Bio-
cytogen Co, Ltd. The immortalized BAT preadipocytes and primary SVF cells
were induced to differentiate as decribed in the SI Appendix. Cellular res-
piration was measured with a Clark-type oxygen electrode (Oxygraph* sys-
tem, Hansatech). The shRNA target sequences, antibodies used in this study,
and the procedures for ChIP, gRT-PCR, and coimmunoprecipitation are de-
scribed in the S/ Appendix.
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are reported in this paper and associated S/ Appendix. We welcome any
specific inquiries.
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