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over a decade ago. However, its physiological function remains poorly understood. Here, we report that HDAC11
knockout mice are resistant to high-fat diet-induced obesity and metabolic syndrome, suggesting that HDAC11
functions as a crucial metabolic regulator. Depletion of HDAC11 significantly enhanced insulin sensitivity and
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HDAC11 glucose tolerance, attenuated hypercholesterolemia, and decreased hepatosteatosis and liver damage. Mechanis-
Obesity tically, HDAC11 deficiency boosts energy expenditure through promoting thermogenic capacity, which attributes

Metabolic syndrome to the elevation of uncoupling protein 1 (UCP1) expression and activity in brown adipose tissue. Moreover, loss of
Hepatic steatosis HDACT11 activates the adiponectin-AdipoR-AMPK pathway in the liver, which may contribute to a reversal in
UcP1 hepatosteatosis. Overall, our findings distinguish HDAC11 as a novel regulator of obesity, with potentially impor-

CPT1 . tant implications for obesity-related disease treatment.
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1. Introduction

Histone deacetylases (HDACs) regulate a wide range of biological
functions by removing acetyl and acyl groups from lysine residues on
histones and non-histone proteins. There are two categories of HDACs,
the Zn?*-dependent deacetylases (HDAC1-11) and the NAD*-
dependent deacetylases (SIRT1-7). Based on sequence similarities,
eighteen HDACs have been grouped into four classes [1]. Class I
HDACs (HDACT, 2, 3 and 8) are similar to Saccharomyces cerevisiae
RPD3. Class Il HDACs (HDA(4, 5, 6, 7, 9, and 10) share a similar core se-
quence with yeast HDAI1. SIRT1, 2, 3, 4, 5, 6, and 7 belong to Class III,
which are orthologs of yeast Sir2 (silent information regulator 2).
HDACT11 is the sole Class IV HDAC, which shares its highly conserved
critical residues in the catalytic core regions with both class I and II
HDACs.

Many studies have established that abnormal HDACs play a key role
in human diseases, including cancer, neurological diseases, metabolic/
endocrine disorders, inflammatory diseases, immunological disorders,
cardiovascular diseases, and pulmonary diseases. As a result, there is
significant interest in targeting HDACs for therapeutic purposes. In the
area of metabolic/endocrine disorders, there is increasing evidence
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that Class I, Il and Il HDACs are intimately involved in the regulation
of metabolism, and dysregulation of these HDACs may lead to maladies
such as obesity and type 2 diabetes.

For Class I HDACs, overexpression of HDAC1 blocks, whereas dele-
tion of HDAC1 enhances, 3-adrenergic activation-induced BAT-specific
gene expression in brown adipocytes, suggesting that targeting
HDACT may be beneficial in the prevention and treatment of obesity
by enhancing BAT thermogenesis. [2]. It has been reported that hepatic
deletion of HDAC3 leads to lipid accumulation in the liver [3] and dis-
rupts normal metabolic homeostasis [4]. HDAC3 inhibition, however,
improves glycemia and insulin secretion in obese diabetic rats [5]. Treat-
ment of mice with MS-275, an HDAC1/HDAC3 inhibitor, stimulates the
functionality and oxidative potential of adipose tissue, improves glucose
tolerance and ameliorates the metabolic profile in diet-induced obese
mice [6]. In a contrasting study, inhibition of HDAC8 causes insulin resis-
tance [7].

For Class Il HDACs, high HDAC5 and HDACG6 expression levels are re-
quired for adequate adipocyte function [8]. HDAC9 gene deletion pre-
vents the detrimental effects of chronic high-fat feeding on adipogenic
differentiation, increases adiponectin expression, and enhances energy
expenditure by promoting beige adipogenesis, thus leading to reduced
body mass and improved metabolic homeostasis [9].

Sirtuins, the Class IIl histone deacetylase family, are regulators of
metabolism, and like Class I and II HDACs, may also be therapeutic
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intervention targets. Hepatocyte-specific deletion of SIRT1 alters fatty
acid metabolism and results in hepatic steatosis and inflammation
[10]. Ablation of SIRT6 in mice results in severe hypoglycemia, as well
as liver steatosis [11]. Additionally, while neural-specific deletion of
SIRT6 in mice promoted diet-induced obesity and insulin resistance
[12], SIRT6 overexpression protected against these effects [13].

Unlike Class [, I, and IIl HDACs, there is limited information on the
role of HDAC11, the sole Class IV HDAG, in the regulation of metabolic
pathways, and almost nothing is known about its potential role in obe-
sity. In fact, most studies on HDAC11 have focused on its function in the
immune and nervous systems, as well as in cancer development. In ad-
dition to its potential modest deacetylase activity, recent studies suggest
that HDAC11 is a long chain fatty-acid deacylase [14]. Similar to post-
translational lysine acetylation/deacetylation, protein acylation/
deacylation is a mechanism of biological signaling and many fatty acyl-
ated proteins play key roles in regulating cellular structure and function.
Therefore, we sought to determine if HDAC11 may also impact meta-
bolic phenotypes and core metabolic pathways.

Here we report a novel key regulatory function of HDAC11 in meta-
bolic homeostasis. HDAC11 deletion protected mice from high-fat diet
(HFD)-induced obesity, insulin resistance and hepatic steatosis. These
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results uncovered the potential prospect of HDAC11 inhibitors in the
therapy of obesity and obesity-related diseases.

2. Results
2.1. HDAC11 knockout mice display resistance to HFD-induced obesity

To study the function of HDAC11 in vivo, HDAC11 knockout (KO)
mice were generated with a targeted deletion of floxed exon 3 of
Hdac11, and the KO was confirmed by genotyping mouse-tail DNA de-
rived from wild-type (WT) and HDAC11 KO mice (Figs. S1A, B). Loss
of HDAC11 protein expression was also verified by Western blot analy-
sis of protein extracts from WT and HDAC11 KO mouse brains (Fig. S1C).

We first assessed if the loss of HDAC11 had any effect on animal
body weight. When fed a normal diet (ND) ad libitum from 3 weeks
of age, HDAC11 KO mice exhibited a slight transient decrease in body
weight, while no statistical differences were detected between the
two groups throughout the 21 weeks of consecutive observation
(Fig. S2A). In contrast, when WT and HDAC11 KO mice were fed HFD
(42% kcal from fat; ad libitum from 3 weeks of age), a significant
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Fig. 1. HDAC11 KO mice are resistant to HFD-induced obesity. (A) Body weights of WT (n = 9) and HDAC11 KO (n = 8) mice fed with HFD (from 3-week-old). A representative picture of a
WT and a HDAC11 KO mouse after 20-weeks on HFD (right panel). (B) Comparison of body weight gain between WT and HDAC11 KO mice on 20-week and 30-week HFD. (C) Weight of
epididymis white adipose tissue (eWAT) between WT (n = 5) and HDAC11 KO (n = 5). (D) Representative H & E stain of eWAT sections, scale bar: 200 um. (E) Relative adipocyte area
quantified in the eWAT between WT and HDAC11 KO mice on 20-week HFD. (F) Food and (G) water intake averaged every day in WT (n = 4) and HDAC11 KO (n = 4) mice in 24 h, light
and dark phase. Data shown are mean =+ SD.*p < .05 and **p < .01 compared to control group.
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difference in body weight between the two groups was observed
(Fig. 1A). Maintaining the animals on HFD for up to 30 weeks resulted
in approximately 25% more body weight gain in WT mice compared
to HDAC11 KO mice (Fig. 1B). Furthermore, the epididymal white adi-
pose tissue (eWAT) weight was significantly reduced in HDAC11 KO
mice compared to WT on HFD (Fig. 1C). Hematoxylin and eosin (H &
E) staining showed that the average size of adipocytes was smaller in
the eWAT of HDAC11 KO mice compared to the WT mice (Figs. 1D, E),
reflecting a reduction in lipid accumulation in HDAC11 KO mice.

To investigate whether energy intake plays a role in HDAC11 KO-
driven obesity resistance, we compared the amount of food consump-
tion between the two groups using a comprehensive cage monitoring
system for 96 h. We found no statistical differences in food consumption
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between WT and HDAC11 KO mice (Fig. 1F). Furthermore, comparison
of food intake for 17 consecutive weeks showed no marked difference
between WT and HDAC11 KO mice (Fig. S2B). In contrast to food intake,
water consumption was significantly increased in WT animals, and the
higher water intake by WT mice occurred across both light phase and
dark phase, suggesting a status of polydipsia (Fig. 1G).

2.2. HDAC11 knockout mice are protected from HFD-associated hypercho-
lesterolemia and hyperinsulinemia

To determine if HDAC11 affects hyperlipidemia under HFD, we
tested cholesterol and triglyceride (TG) levels in plasma of WT and
HDAC11 KO mice. HFD feeding for 20 weeks increased cholesterol levels

A B
= WT " WT
500- B HDAC11 KO 200- B HDAC11 KO
5 49 - 1504
g =
< 300 2
8 £ 100-
g E
$ 2001 0
2 50
© 100
0- 0-
10 20 (weeks) 10 20 (weeks)
C D E
" WT " WT mWT
250~ B HDAC11KO 250+ m HDAC11 KO 1200 @ HDAC11KO
o
-] 200- 100+
@ 200- =200 =
= ) —E' 80 o
o =4 £ 1
S 150- ** E 1307 =)
E @ 2 60-
8 100- g 1001 =
> ] ] ]
= = o 40
(O] c
c -
£ g 50-
O 20-
’—
0- - 0-
Non-fasted Fasted
F G
- WT - WT
« -= HDAC11KO -=- HDAC11 KO
120~
T 4004 ; - o
° @ 100+ .
£ 8 *%
= 300 S o
0 - o 80
° —
S 200 £ 60
=) £ 1
he] S
o - o
8 100 2 40
o
01— r : . : 20— T T T
0 15 30 60 90 0 30 60 20

Min. after glucose injection

Min. after insulin injection

Fig. 2. HDAC11 KO mice are protected from HFD-induced hypercholesterolemia and hyperinsulinemia. (A) Plasma cholesterol and (B) plasma triglyceride (TG) levels in WT (n = 8) and
HDAC11 KO (n = 10) mice on 10-week and 20-week HFD. (C) Hepatic triglyceride (TG) content in WT (n = 7) and HDAC11 KO (n = 6) mice on 26-week HFD. (D) Plasma glucose level on
20-week HFD non-fasting and fasting for 12 h in WT (n = 8) and HDAC11 KO (n = 10) mice. (E) Plasma insulin level on 20-week HFD in WT (n = 8) and HDAC11 KO (n = 10) mice.
(F) Glucose tolerance test (GTT) and (G) insulin tolerance test (ITT) in WT (n = 12) and HDAC11 KO (n = 11) on 13-week HFD. Data shown are mean + SD. *p <.05, **p <.01.
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in WT mice, but not in HDAC11 KO mice (Fig. 2A). For plasma TG, there
was a slight, but not significant, difference between HDAC11 KO and WT
groups after 20 weeks of HFD (Fig. 2B), which is consistent with a pre-
vious report of decreased circulating TG levels in HFD-fed C57BL/6
mice [15]. We further measured liver TG levels, which were markedly
reduced in HFD-fed HDAC11 KO mice compared to WT mice (Fig. 2C).
Because HDAC11 deficient mice have less excessive drinking behav-
ior compared to WT mice, we measured both fasting and non-fasting
blood glucose levels to assess the diabetes status in these animals. The
results show that there is no marked difference between HDAC11 KO
and WT mice (Fig. 2D). To further explore the role of HDAC11 in glucose
metabolism, blood insulin levels were measured, which showed a sig-
nificant decrease in HDAC11 KO mice (Fig. 2E). Also, compared to WT
animals, HDAC11 KO mice show improved glucose tolerance as deter-
mined by the glucose tolerance test (GTT), which measures the clear-
ance by the body of an injected glucose load (Fig. 2F). Similarly, using
the insulin tolerance test (ITT), which monitors endogenous glucose
disappearance over time in response to an insulin injection, HDAC11
KO mice have a significantly greater reduction in blood glucose levels
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after insulin challenge, compared to WT mice (Fig. 2G). Together,
these findings suggest that HDAC11 plays an important role in main-
taining glucose homeostasis and insulin sensitivity. The effects of
HDAC11 in HFD-associated hyperinsulinemia are not due to changes
in the mRNA expression levels of insulin or glucagon receptors
(Fig. S3A). There is also no difference in the animals' hematological ex-
amination results (Table S1).

2.3. HDAC11 knockout mice are resistant to HFD-induced hepatic steatosis

Next, we examined obesity-associated hepatosteatosis and liver
function. The livers of WT mice were paler and enlarged compared to
HDAC11 KO mice after 26 weeks of HFD (Figs. 3A-C). Histological exam-
ination revealed severe steatosis and lipid accumulation in WT, but not
in HDAC11 KO, mouse livers (Fig. 3C). Oil red O stain also showed exten-
sive accumulation of large lipid droplets in the liver of WT, but not
HDAC11 KO mice (Fig. 3D). These results are consistent with our obser-
vation that the liver TG level was significantly reduced in HFD-fed

Fig. 3. HDAC11 KO mice are protected from HFD-induced hepatic steatosis. (A) Representative pictures of liver morphology and (B) liver weight from WT (n = 7) and HDAC11 KO (n = 6)
mice on 26-week HFD. (C) Representative H & E stain and (D) oil red O stain of liver sections from WT and HDAC11 KO mice on 26-week HFD, scale bar: 300 pm. (E) Representative images
of oil red O stain and (F) relative area of oil red O stain quantified from AML12 control (Con) cells and HDAC11 knockdown (HDAC11 KD) cells after 5 days of free fatty acid treatment, scale
bar: 100 pm. (G) ALT and (H) ALP plasma levels between WT (n = 8) and HDAC11 KO (n = 10) mice on 10-week and 20-week HFD. Data shown are mean 4 SD. *p <.05, **p <.01.
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HDAC11 KO mice (Fig. 2C), and suggests a beneficial protective role of
HDAC11 deletion in the HFD-associated hepatic steatosis. To further
verify the role of HDAC11 on lipid accumulation in hepatocytes, we
knocked-down HDAC11 expression (HDAC11 KD) in the mouse hepatic
cell line AML12. In HDAC11 KD cells, lipid droplet accumulation was sig-
nificantly reduced after five days of treatment with free fatty acids, com-
pared to control AML12 cells (Figs. 3E, F). Our results, therefore, strongly
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differences in albumin (Fig. S3B) or total bilirubin levels (Fig. S3C) be-
tween HDAC11 KO and WT mice.

2.4. HDAC11 deficiency enhances thermogenic potential and promotes
UCP1 expression

Total energy expenditure in mammals is a sum of energy utilization
during external physical activity and internal heat production. After
monitoring locomotor activity with the Phenomaster System for four
consecutive days, the total locomotor activity in the XYZ plane, horizon-
tal activity in the XY plane, and rearing activity in the Z plane of WT and
HDAC11 KO mice, were compared and showed no statistical differences
(Fig. S4A-H). These results argue that the resistance of HDAC11 KO mice
to HFD-induced obesity depends more on metabolic mechanisms than
on physical activity.

Defect in non-shivering thermogenesis appears to be constitutive,
rather than a secondary consequence of obesity [16]. We found that
body temperature was significantly increased in both ND- and HFD-
fed HDAC11 KO mice compared to WT mice at room temperature
(Fig. 4A). By performing the cold challenge experiment (4 °C for 6 h),
in stark contrast to WT mice, HDAC11 KO mice under either ND or
HFD exhibited a marked increase in thermogenesis and effective resis-
tance to a drop in body temperature (Fig. 4B).

Brown adipose tissue (BAT) is specialized in adaptive thermogenesis
through heat production in response to cold or excess calories. It was
unequivocally demonstrated that the majority of human adults possess
active BAT, which is associated with a favorable metabolic phenotype
[17]. As shown in Fig. 4C, H & E staining of BAT demonstrates a con-
densed tissue structure with significantly smaller lipid droplets in
HDAC11 KO mice than in WT mice. UCP1 is responsible for non-
shivering thermogenesis in BAT. Mice deficient in UCP1 have been
shown to be susceptible to weight gain, whereas overexpression of
UCP1 provides protection against diet-induced obesity [18, 19]. Our re-
sults indicate a marked increase in UCP1T mRNA (Fig. 4D) and protein
(Fig. 4E) expressions in the BAT of HDAC11 KO mice under 13 weeks
of HFD. The immunohistological analysis revealed a diffused distribu-
tion of UCP1 staining at a slightly higher intensity in the BAT of
HDAC11 KO mice (Fig. 4F).

2.5. HDAC11 deficiency promotes oxygen consumption and elevates CPT1
activity

Oxygen consumption has been used as the gold standard for indirect
calorimetry. To further understand the resistance to HFD-induced obe-
sity in HDAC11 KO mice, we measured oxygen consumption (VO,), car-
bon dioxide production (VCO,) and respiratory exchange ratio (RER;
VCO,/V0,). As shown in Figs. 5A, B, the 24-h oxygen consumption and
carbon dioxide production of HDAC11 KO mice were significantly ele-
vated across both light and dark phases. However, there was no differ-
ence in RER level between WT and HDAC11 KO mice. It is worth
noting that an increased RER of HDAC11 KO mice in the dark phase
was statistically significant, when compared to that in the light phase
(Fig. 5C). In nocturnal animals, such as mice, the metabolic circadian
shift in RER ratios from day to night is well-substantiated with the fat
utilization during the day and carbohydrate utilization at night [20,
21]. It is known that HFD curtails this shift in metabolic fuels utilization
from day to night. Likewise, in our study, WT mice on HFD failed to shift
to the carbohydrates pattern at night, but HDAC11 KO mice increased
RER from light to dark shifting metabolism. These data support the pre-
mise that HDAC11 KO mice maintain the normal circadian daytime-to-
nighttime shift towards carbohydrates as the primary metabolic fuel,
despite consuming HFD.

The energy expenditure could also be assessed through the meta-
bolic rate, which is calculated with the parameters of VO,, VCO, and
body weight. As shown in Fig. 5D, deletion of HDAC11 resulted in a sig-
nificant elevation of total calories expenditure across light and dark

phases, highlighting the importance of enhanced metabolic activity in
HDAC11 KO mice in resistance to obesity.

Given our observation that the absence of HDAC11 promoted oxy-
gen consumption and metabolic activity, we hypothesize that fat oxida-
tion serves as a crucial mechanism for energy expenditure. Carnitine
palmitoyltransferase 1 (CPT1), which initiates the first step of the oxida-
tive pathway in the mitochondrial matrix, is the key regulatory enzyme
of mitochondrial long-chain fatty acid B-oxidation [22]. As shown in
Fig. 5E, liver CPT1 activity is markedly elevated in HDAC11 KO mice.

To further verify the impact of HDAC11 deficiency on mitochondrial
respiration, we measured the mitochondrial oxygen consumption rate
(OCR) under basal and stress conditions in AML12 cells. In comparison
to control cells, HDAC11 KD cells showed an increased OCR even
under basal conditions (Fig. 5F). HDAC11 KD also significantly elevated
maximal respiration driven by a mitochondrial uncoupling agent, car-
bonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP). More-
over, the spare respiratory capacity (difference between maximal and
basal respiration) was markedly elevated in HDAC11 KD cells, suggest-
ing that a decrease in HDAC11 enhances the ability to respond to an in-
creased energy demand under stress conditions [23]. Consistent with
these observations, using exogenous fatty acids substrates in the OCR
experimental system, HDAC11 KD increased maximal respiration in-
duced by FCCP as well (Fig. S5A). In contrast, UCP2 which belongs to
the superfamily of mitochondrial anion carrier and is widely expressed,
unlike UCP1, shows no significant difference in mRNA levels when com-
pared in HDAC11 KD versus control AML12 cells (Fig. S5B).

2.6. HDAC11 deficiency elevates plasma adiponectin and activates the
adipoR-AMPK signaling pathway in the liver

Adiponectin, the most abundant adipose-specific adipokine, is a hor-
mone involved in regulating glucose levels and fatty acid degradation.
An association between reduced adiponectin production and the patho-
genesis of non-alcoholic fatty liver disease (NAFLD) has been confirmed
in numerous studies [24, 25]. Results from our ELISA analysis revealed a
significantly elevated plasma adiponectin levels in 20-week HFD-fed
HDAC11 KO mice (Fig. 6A). The AdipoQ gene mRNA expressions in the
eWAT, BAT, and liver of HDAC11 KO mice were also markedly increased
compared to the WT animals (Fig. 6B).

Adiponectin signaling is mainly mediated through the AdipoR1-
AMP-activated protein kinase (AMPK) and AdipoR2-peroxisome
proliferator-activated receptor o (PPARat) pathways in the liver [26].
Consistent with previous reports that AdipoR2 mRNA levels are reduced
in NAFLD patients and hepatocytes induced by fatty acid [27], RT-qPCR
analysis confirmed an increase in adiponectin receptor 2 (AdipoR2), but
not adiponectin receptor 1 (AdipoR1), in the livers of HDAC11 KO mice
(Fig. 6C).

AMPK signaling plays an essential role in adiponectin-mediated ben-
eficial effects on adipose tissue and lipid metabolism. One of the most
well-defined mechanisms of AMPK activation is phosphorylation at
Thr172 of the ai-subunit [28]. As shown in Fig. 6C, compared to WT an-
imals, Thr172 of AMPK is hyperphosphorylated in hepatic tissues from
HDAC11 KO mice. Additionally, phosphorylation at Ser79 of acetyl-
CoA carboxylase (ACC), a downstream substrate of AMPK [29], was in-
creased in parallel with AMPK activity (Fig. 6D). Phospho-ACC could en-
hance CPT1 activity, which is consistent with the observation that CPT1
activity was enhanced in HDAC11 KO mouse livers. The results here
demonstrate that HDAC11 deletion increases AMPK activity and stimu-
lates the AMPK-ACC-CPT1 signaling pathway. Additionally, because
PPARa is another effector of adiponectin in the liver, we assessed the ef-
fect of HDAC11 deletion in PPAR expression. As shown in Fig. S5C, in the
absence of HDAC11, PPARac mRNA levels increased while PPARYy
decreased.

Previous studies showed that AdipoR2 KO mice were lean and resis-
tant to HFD-induced obesity associated with improved glucose toler-
ance, higher energy expenditure, and reduced plasma cholesterol
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levels [30]. To further study the effect of HDAC11 and adiponectin, we
activated AdipoR with AdipoRon, an adiponectin receptor agonist that
binds both AdipoR1 and AdipoR2 [31], in AML12 cells. AdipoRon acti-
vated the phosphorylation of Thr172-AMPK and Ser79-ACC in a dose-
dependent manner in both control and HDAC11 KD AML12 cells
(Fig. S6A). Oral administration of HFD-fed mice with AdipoRon
(50 mg/ kg body weight/day) for 10 days revealed no further increase
of phospho-AMPK and phospho-ACC in the liver of HDAC11 KO mice
compared to WT mice, suggesting a maximized signaling stimulation
by AdipoRon (Fig. S6B). Indeed, AdipoRon treatment effectively pre-
vents an increase in liver TG in HFD-fed WT mice and no further effect
on liver TG levels in HDAC11 KO mice. Thus, it is reasonable to conclude
that the HDAC11 deficiency-activated adiponectin-AdipoR-AMPK path-
way serves as a major mechanism in the attenuation of hepatic TG accu-
mulation (Fig. 6E).

In summary, our results convincingly show that HDAC11 is an im-
portant metabolic regulator. Mice that lack HDAC11 are protected
from diet-induced obesity and fatty liver. HDAC11 deletion inhibited
HFD-associated hypercholesterolemia and hyperinsulinemia and re-
versed liver injury. HDAC11 deficiency boosted thermogenesis, which
is associated with increased UCP1 expression in BAT. A significant in-
crease in adiponectin production by HDAC11 deletion might serve as
another important regulatory mechanism that activates adiponectin-
associated signaling and re-programming (Fig. 6F).

3. Discussion
In this study, we show that the absence of HDAC11 prevented obe-

sity and ameliorated pathological manifestations associated with
chronic high-fat feeding in mice, including glucose intolerance, insulin



164 L. Sun et al. / EBioMedicine 33 (2018) 157-168

= WT = WT 2.0- = WT
= HDAC11 KO a HDAC11 KO § m HDAC11 KO
501 @ *% =
o * E 2.5- *k £ 154 *
£ ] =
A v $ 2.0- . 2
: : :”
£ 304 1.5 = 1.0
3 g z
c 20 £ 1.0
o T [
= < 2 0.5
3 104 E 0.5 %
od S 0.0- ® -
14 : A
eWal’ BAT  Liver AdipoR1 AdipoR2
D
mWT = WT
sl S P-AMPK (Thri72) m HDAC11 KO m HDAC11 KO
< 06, O 0.6 *
- — -—_ “- " W tatol AMPK < * 5]
- o 2 <
s 3]
- e S S mes  p-ACC (Ser79) < 0.4 < 0.4
oy s
R , _ _ e =
e pe— = ]
-~ P _— W iotal ACC I 8,
20 2 O
SRR  —'w—> (3-actin g 2
=] ]
) )
wT HDAC11 KO S 0.0 @ 0.
Ucp1 47 Thermogenesis/
e
801 " WT . Adiponectin 1
* *k m HDAC11 KO &
Ty Adiposetissue \ Protection from
=3
B 60 5 Obesity
; HDAC11 deficiency Hepa'tlc StfiatOSI
- Insulin resistance
£ 40- AdipoR1
= AdipoR2
[
2
£ 204 ——> AMPK pathway %
e
Liver l
0"‘

AdipoRon Non-treat

CPT1 activity 1
Oxygen consumption?

Fig. 6. HDAC11 deficiency elevates plasma adiponectin and activates AdipoR-AMPK signaling in the liver. (A) Plasma adiponectin level in WT (n = 5) and HDAC11 KO (n = 6) mice on 20-
week HFD. (B) Relative AdipoQ mRNA expression levels in eWAT, BAT and liver tissue between WT (n = 3) and HDAC11 KO (n = 3) mice. (C) Relative liver mRNA expression of AdipoR1
and AdipoR2 in WT and HDAC11 KO mice. (D) Western blot analysis of liver p-Thr172-AMPK, AMPK, p-Ser79-ACC, ACC, and 3-actin protein levels in WT (n = 3) and HDAC11 KO (n = 3)
mice on 20-week HFD. Right panel shows relative ratios of p-AMPK/AMPK and p-ACC/ACC. (E) Hepatic triglyceride (TG) content in WT and HDAC11 KO mice fed HFD for 30 days, then
10 days of AdipoRon (50 mg/kg body weight) treatment (WT, n = 5; HDAC11 KO, n = 4) or non-treatment (WT, n = 5; HDAC11 KO, n = 4). (F) A schematic diagram of HDAC11
deficiency and its effect on metabolic syndrome in HFD mice. Data shown are mean 4+ SD. *p <.05, **p <.01.

resistance, hypercholesterolemia, and hepatosteatosis. Under HFD,
compared to WT animals, HDAC11 KO mice were healthy and showed
no apparent abnormality in their appearances or behaviors throughout
our studies.

Accumulating evidence indicates a link between metabolic disorders
and dysregulated HDACs. For example, in sharp contrast to HDAC11 KO
mice, liver-specific HDAC3 KO resulted in induced obesity and
hepatosteatosis accompanied with hepatocyte hypertrophy, liver dam-
age with elevated ALT, and a significant increase in serum TG, choles-
terol, and LDL [3, 4, 32]. These results suggest that HDAC11
reprograms metabolism through novel and unique signaling pathways,
and each HDAC may have distinct functions in metabolic regulation.
Thus, our study illuminates the potential therapeutic benefit of selective

HDAC11 inhibitors for the prevention or treatment of obesity and
obesity-related diseases.

By catalyzing histone deacetylation, HDACs are thought to modify
chromatin and regulate gene transcription. However, recent studies
suggest that many HDACs possess enzymatic activities in addition to
deacetylation and most, if not all, HDACs have additional non-histone
substrates and function beyond transcriptional regulation. Although
HDAC11 contains conserved catalytic core regions shared with class I
and Il HDACs, we have not been able to detect significant HDAC11
deacetylase activity in HDAC11 overexpressing cells (Figs. S7A, B). Our
results are consistent with a recent report that HDAC11 is a fatty-acid
deacylase rather than deacetylase, and this function of HDAC11 is phy-
logenetically conserved [14]. Identification of HDAC11 de-fatty-
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acylation targets will help to further understand how the lack of
HDAC11 prevents obesity in animals, as well as the roles and functions
of HDAC11-mediated metabolic reprogramming.

BAT is a regulator of energy expenditure and body fat in humans and
rodents. We found an increase in thermogenesis in HDAC11 KO mice,
accompanied with high expression of UCP1, which is responsible for
uncoupling and proton leak across the inner mitochondrial membrane
and heat production. Increased BAT capacity of thermogenesis relies
on the expression of UCP1, which most likely contributes to the
HDAC11 KO phenotypes under HFD in mice. While numerous transcrip-
tional regulatory mechanisms associated with UCP1 expression have
been proposed, it remains unclear if they are phylogenetically con-
served and hence essential for UCP1 expression [33]. HDAC3 has been
reported to activate the Ucp1 enhancer to ensure thermogenic aptitude
[34]. Mice with BAT-specific ablation of HDAC3 become severely hypo-
thermic with nearly no UCP1 expression. Despite the similarity in the
conserved catalytic core regions between HDAC3 and HDACI1,
HDAC11 deletion promoted thermogenic function in BAT with an in-
creased UCP1 expression, which indicates that different members of
the HDAC family differ in regulating metabolic gene transcription.

Activation of BAT and suppression of WAT expansion are two princi-
pal treatments of obesity. Our results indicate that HDAC11 deletion
suppressed WAT weight in HFD-fed mice compared to WT control ani-
mals, which may be largely due to the smaller size of adipocytes and re-
duction of lipid accumulation. The fatty acid de novo biosynthesis and
lipogenesis in WAT rely heavily on the regulation of AMPK-ACC signal-
ing [35], and the activity of ACC, which is inhibited by phosphorylation
[36]. Our results showing a higher ratio of p-ACC/ACC in HDAC11 KO,
compared to WT, offer a mechanistic explanation for WAT suppression
in these mice. It has been reported that in WAT, depletion of white ad-
ipocyte progenitors results in compensatory population of beige adipo-
cytes and activation of energy expenditure [37]. Also, UCP1 deficiency
not only exerts an effect on BAT, but it also induces WAT de novo mono-
unsaturated fatty acid synthesis, and promotes hepatic triglyceride ac-
cumulation [38]. Thus, our findings provide a clue to further explore
the role of HDAC11 in adipocyte reprogramming.

Adiponectin is predominantly produced by adipose tissues, but
plasma adiponectin concentration and adiponectin gene expression
are inversely correlated with adiposity. Compelling evidence demon-
strated that adiponectin enhances insulin sensitivity, improves fatty
acid oxidation, and markedly ameliorates obesity-associated pathologic
symptoms [39]. The biological function of adiponectin is mediated, at
least in part, by the existence of different oligomeric complexes of
plasma adiponectin (trimers, hexamers, and high molecular weight
multimers) [40]. The regulatory roles of Class I and Il HDACs in
adiponectin expression may be different for each HDAC. Upregulation
of HDAC9 expression blocked the adipogenic differentiation program
under HFD animals, leading to an accumulation of improperly differen-
tiated adipocytes with a diminished expression of adiponectin [9].
Valproic acid, a class I HDAC inhibitor, significantly decreased
adiponectin protein and mRNA levels in both mice and 3T3-L1 adipo-
cytes [41]. Sodium butyrate (NaB), a class I and Ila HDAC inhibitor, stim-
ulated adipocyte differentiation and adipogenic gene expression,
including adiponectin [42]. Here, our data convincingly shows that the
loss of HDAC11 not only elevates plasma adiponectin, but also promotes
adiponectin gene expression in adipose tissue. Currently, we do not yet
know if the HDAC11 de-fatty-acylation activity is responsible for the un-
derlying mechanism by which HDAC11 regulates adiponectin
expression.

The importance of adiponectin in the balance of hepatic TG was
demonstrated by quantitative analysis of hepatic TG in HFD-fed
adiponectin KO mice, which showed a markedly elevated TG level that
was reversed by adiponectin treatment [43]. The targets of adiponectin
include lysophospholipids, which are up-regulated by HFD and contrib-
ute to the phenotypes of HFD-induced insulin resistance, impaired glu-
cose tolerance, and hypertriglyceridemia [43]. The selective reduction of

ceramides (C20:0 and C18:0) by adiponectin further suggests its influ-
ence on de novo and salvage pathways of ceramide synthesis [44]. Cer-
amide is the neutral lipid building block of sphingolipids or, if they
contain sugars, of glycosphingolipids. These lipids not only serve struc-
tural roles in biomembranes, but also have wide effects on signal trans-
duction and cell function. Although the mechanisms whereby lipids
exert their functions have been less clear than those of proteins, our
findings on the important regulatory role of HDAC11 on adiponectin re-
veals a new physiological signaling pathway, which confers distinct bio-
chemical properties. Furthermore, the recent discovery of HDAC11 as a
fatty-acid deacylase provides a new opportunity to investigate this pre-
viously under-explored protein posttranslational modification and its
impact on adiponectin cell signaling, membrane trafficking, protein-
membrane interactions, and cellular localization.

AMPK is a crucial energy sensor, and AMPK has been implicated in
the regulation of a number of metabolic pathways in the liver, including
gluconeogenesis, fatty acid synthesis, and fatty acid oxidation. Cur-
rently, the upstream regulating signal of AMPK is still unclear and,
here, we provided evidence that HDAC11 impacts plasma adiponectin
levels, adiponectin-AMPK activation, and adiponectin-AMPK signaling-
mediated metabolism outcomes, such as hepatic TG accumulation.
These findings warrant further investigations into targeting HDAC11
for obesity and related metabolic diseases.

4. Methods
4.1. Animals

WT and HDAC11 KO mice are on C57BL/6 background. To assess met-
abolic parameters, male HDAC11 KO and WT mice at 3 weeks of age
were fed a HFD (Adjusted Calories Diet, TD. 88137, Harlan, 42% kcal
from fat, 42.7% kcal from carbohydrate, and 15.2% kcal from protein)
for the indicated times. Mouse body temperature recordings were de-
termined with YSI 4600 Precision thermometer (YSI, Inc., Yellow
Springs, OH).

4.2. Comprehensive cage monitoring system

Comprehensive metabolic cages were used to identify altered phys-
iological systems in response to HFD. Phenomaster System (TSE Sys-
tems, USA) accommodating 12 mice simultaneously was used to
measure calorimetry, activity, circadian patterns, water and food intake
for 7 consecutive days. The equipment measured the volumes of O, con-
sumed and CO, produced in air samples independently from each cage,
calculating respiratory exchange ratio, and metabolic rate corrected for
body weight. Food and water intake were measured directly and
corrected for spillage. Locomotor activity was measured every 10 s by
counting the number of infrared beam breaks in the X, Y, and Z planes.
After a 3-day habituation period to the metabolic cages, 96 h of data was
analyzed, with the reviewer blind to the genotype, for all
measurements.

4.3. Cell culture

Mouse normal hepatocyte AML12 was purchased from American
Type Culture Collection. Cells were grown in a 1:1 mixture of Dulbecco's
modified Eagle's medium and Ham's F12 medium with 0.005 mg/mL in-
sulin, 0.005 mg/mL transferrin, 5 ng/mL selenium and 40 ng/mL dexa-
methasone with 10% fetal bovine serum (FBS), at 37 °C in a
humidified atmosphere of 5% CO,.

4.4. Antibodies and reagents
AMPKa (2532), phosphor-AMPKa (T172) (2531), ACC (3662) and

phosphor-ACC (S79) (11818) antibodies were purchased from Cell Sig-
naling Technology. UCP1 (ab23841) antibody was purchased from



166 L. Sun et al. / EBioMedicine 33 (2018) 157-168

Abcam. B-actin (A5316) antibody was purchased from Sigma-Aldrich.
Mouse IgG (NA931V) and rabbit IgG (NA934V) HRP-linked whole anti-
bodies were purchased from GE Healthcare. To generate an anti-
HDAC11 antibody, a peptide corresponding to amino acids 179-193 of
HDAC11 (DLDAHQGNGHERDFM) was injected subcutaneously into
New Zealand white rabbits (Alpha Diagnostic, Inc.). The resulting anti-
body was immune-affinity purified on a peptide column with Affi-gel
agarose (Bio-Rad). Specificity of this anti-HDAC11 antibody was con-
firmed using brain tissue extracts from HDAC11 KO and WT mice. Oil
red O (00625) and oleic acid (03008) were purchased from Sigma-
Aldrich. AdipoRon (15941) was purchased from Cayman Chemical,
and Insulin-Transferrin-Selenium (41400-045) was from Thermo
Fisher Scientific.

4.5. Histology and Immunohistochemistry

Mice were anesthetized with ketamine-xylazine solution and per-
fused intracardially with PBS and 4% formalin solution through the left
ventricle. Liver, brown and white adipose tissue were dissected and
fixed in 4% phosphate-buffered formalin solution at room temperature
overnight, and embedded in paraffin wax. Paraffin sections (6 pm)
were cut and stained by hematoxylin and eosin (H & E). For immunobhis-
tochemistry, tissue paraffin sections were deparaffinized and
rehydrated by immersing in xylene and ethanol, followed with antigen
retrieval using the citrate buffer method. Sections were incubated in 3%
H,0, solution at room temperature for 15 min, and blocked by 5% don-
key serum in PBS-0.1% tween-20 for 1 h. Next, sections were incubated
with primary antibody overnight at 4 °C followed by incubation with bi-
otinylated secondary antibody (Vector Laboratories, MP-7500) for
30 min at room temperature. DAB substrate solution (Vector Laborato-
ries, SK-4105) was added to the sections according to the manufactur-
er's instructions.

4.6. Blood analyses

Plasma total cholesterol, TG, glucose, ALT, ALP, Albumin and total bil-
irubin levels were measured using FUJI DRI-CHEM slide live panel
(FUJIFILM), and were evaluated by DRI-CHEM 4000 chemistry analyzer.
Hematology results were measured by HemaTrue Veterinary Chemistry
Analyzer.

4.7. Glucose and insulin tolerance test

Mice were fasted 12 h before the administration of glucose or insu-
lin. Before the test, mice were tail nicked at the very distal tip portion
to collect 1-2 pL of blood to measure baseline glucose levels on a porta-
ble glucometer. Glucose (1 mg/g body weight) or insulin (1 mU/g body
weight) was injected intraperitoneally and glucose levels were tested at
15, 30, 60, 90 min after injection until glucose returned to baseline level.

4.8. Triglyceride (TG), insulin and adiponectin quantification

Liver TG levels were measured by Triglyceride Colorimetric Assay Kit
(Cayman Chemical, Catalog #10010303) following the procedure pro-
vided by the manufacturer. Insulin and adiponectin in the plasma
were tested by an enzyme-linked immuno sorbent assay (Insulin
mouse ELISA kit was from Thermo Fisher Scientific, Catalog #EMINS,
and adiponectin mouse ELISA kit was from Crystal Chem, Catalog
#80569).

4.9. Oil Red O stain

Cryosections of livers were dried for 30-60 min at room temperature
and then fixed in ice cold 10% formalin for 5-10 min. Sections were
rinsed immediately in 3 changes of distilled water, then in absolute pro-
pylene glycol for 2-5 min. Slides were stained in 0.5% oil red O solution

for 10 min in 60 °C oven, then differentiated in 85% propylene glycol so-
lution for 5 min. Slides were washed with distilled water and mounted
with glycerin jelly.

For AML12 cells, control and HDAC11 KD cells were cultured for
5 days in complete medium with free fatty acid (200 puM oleic acid,
Sigma, 01383). To detect lipid accumulation, cells were stained with
oil red O. Cells were washed twice with PBS, fixed in 4% paraformalde-
hyde for 1 h, stained with 0.3% Qil Red O in 60% isopropanol for
10 min, and washed with 60% isopropanol. Then cells were washed
with PBS and photographed.

4.10. Immunoblotting

Cells were lysed in NETN buffer (10 mM Tris, pH 8.0, 150 mM NacCl,
1 mM EDTA, 1% NP-40, and protease inhibitor cocktail) with 2 mM so-
dium orthovanadate, 2 mM sodium fluoride, 50 mM nicotinamide and
25 mM B-glycerophosphate. Fresh mice tissues were quickly frozen
with liquid nitrogen, and homogenized in NETN buffer with 2 mM so-
dium orthovanadate, 2 mM sodium fluoride, 50 mM nicotinamide and
25 mM P-glycerophosphate in a Potter-Elvehjem homogenizer
followed by ultrasonication on ice. Samples were centrifuged for
10 min at 12,000g at 4 °C, and protein contents of the samples were de-
termined by the Bradford assay. Proteins were separated by SDS-PAGE
and transferred to polyvinylidene fluoride (PVDF) membrane
(Millipore, MA), which was probed with primary and secondary anti-
bodies. Proteins were visualized using a chemiluminescence detection
kit (Pierce).

4.11. CPT1 activity assay

The non-radioactive CPT1 activity assay is used with Ellman's re-
agent [45]. A yellow-colored product with the release of CoA-SH from
palmitoyl-CoA is measured at an absorbance of 412 nm using the 5,
5’-dithio-bis-(2-nitrobenzoic acid) (DTNB, Sigma, D8130). Mice liver
whole protein lysates were prepared as described for immunoblotting.
Whole protein samples (30 pig) and DTNB (final concentration 1 mM)
were mixed in the reaction buffer (20 mM Tris, pH 8.0, 1 mM EDTA)
and incubated for 30 min at room temperature. To start the reaction,
palmitoyl-CoA (Pubchem, 644109) (100 uM final concentration) and
L-carnitine (Sigma, C0283) (5 mM final concentration) solutions were
added to the reaction system. As a negative control, reaction buffer
was used instead of palmitoyl-CoA. Absorbance was recorded at
412 nm at 1 min intervals for 90 min. Activity was defined as nmol
CoA-SH released/min/mg protein.

4.12. Oxygen consumption rate measurements

Oxygen consumption rate (OCR) of AML12 cells was analyzed by XF-
96 Extracellular Flux Analyzer (Seahorse Bioscience). Cells were washed
with XF assay medium and placed into a 37 °C incubator without CO, for
45 min to 1 h. For the mitochondrial stress test, the cells were treated
with the ATP synthase inhibitor oligomycin (1.0 pM), the chemical un-
coupler FCCP (1.0 uM), and the electron transport inhibitor antimycin
A (0.5 uM). Basal oxygen consumption was assessed before the addition
of any mitochondrial inhibitor. For test using exogenous fatty acids sub-
strate, cell culture medium was replaced with substrate-limited me-
dium (0.5 mM glucose, 1 mM GlutaMAX, 0.5 mM carnitine and 1%
FBS) for 24 h. Forty-five minutes prior to testing, medium was replaced
with FAO assay medium (111 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl,,
2 mM MgSO,4, 1.2 mM NaH,PO,4 and supplemented with 2.5 mM glu-
cose, 0.5 mM carnitine, and 5 mM HEPES), and 30 pL XF Palmitate-BSA
FAO substrate were added before starting the measurement. OCR values
were normalized to cell number.
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4.13. Preparation and transduction of ShRNA

The lentivirus transduction particles containing shRNA, specific for
mouse HDAC11 (SHVRS-NM_144919) or non-targeting shRNA
(SHC002V), were purchased from Sigma-Aldrich. Lentivirus was pre-
pared by transfecting into HEK293T cells together with packaging
vectors. Packaged lentivirus was transfected into AML12 cells with
polybrene, and transduced cells were selected for resistance to
puromycin.

4.14. RT-qPCR

Total RNA was isolated from mouse tissues using the mirVana isola-
tion kit (Applied Biosystems). Total RNAs from at least three mice were
mixed equally. Reverse transcription was carried out by the gScript
cDNA synthesis kit (Quanta Biosciences, Gaithersburg, MD). Relative
quantitation of mRNAs was tested via SYBR green-based quantitative
PCR and specific primers (Table S2). qPCR was carried out by 7900 HT
fast real-time PCR system (Applied Biosystems) following the manufac-
turer's instruction of iQ SYBR green Supermix (Bio-Rad). Mice GAPDH
served as an internal control, and PCR results were analyzed using the
27(85C1 method.

4.15. Statistical analysis

Statistical differences were detected using t-tests when only com-
paring two groups or ANOVA plus post-hoc comparison for multiple
comparisons, with significance set at p < .05, and very significant set at
p <.01. (GraphPad Prism 7.03).
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