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microRNA-33 maintains adaptive thermogenesis
via enhanced sympathetic nerve activity

Takahiro Horie® "™ Tetsushi Nakao', Yui Miyasaka', Tomohiro Nishino® !, Shigenobu Matsumura® 2,
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Naoya Sowa', Aoi Omori', Jin Tanaka?, Chika Nishimura3, Masataka Nishiga® ', Yasuhide Kuwabara® ',
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Adaptive thermogenesis is essential for survival, and therefore is tightly regulated by a central
neural circuit. Here, we show that microRNA (miR)-33 in the brain is indispensable for
adaptive thermogenesis. Cold stress increases miR-33 levels in the hypothalamus and
miR-33"/~ mice are unable to maintain body temperature in cold environments due to
reduced sympathetic nerve activity and impaired brown adipose tissue (BAT) thermogenesis.
Analysis of miR-33%f dopamine-p-hydroxylase (DBH)-Cre mice indicates the importance
of miR-33 in Dbh-positive cells. Mechanistically, miR-33 deficiency upregulates gamma-
aminobutyric acid (GABA) A receptor subunit genes such as Gabrb2 and Gabra4. Knock-down
of these genes in Dbh-positive neurons rescues the impaired cold-induced thermogenesis in
miR-33"f DBH-Cre mice. Conversely, increased gene dosage of miR-33 in mice enhances
thermogenesis. Thus, miR-33 in the brain contributes to maintenance of BAT thermogenesis
and whole-body metabolism via enhanced sympathetic nerve tone through suppressing
GABAergic inhibitory neurotransmission. This miR-33-mediated neural mechanism may
serve as a physiological adaptive defense mechanism for several stresses including
cold stress.

TDepartment of Cardiovascular Medicine, Graduate School of Medicine, Kyoto University, Kyoto, Japan. 2 Laboratory of Physiological Functions of Food,
Division of Food Science and Biotechnology, Graduate School of Agriculture, Kyoto University, Kyoto, Japan. 3 Department of Biological Sciences, Graduate
School of Medicine, Kyoto University, Kyoto, Japan. 4 Department of Psychiatry and Interdepartmental Neuroscience Program, Yale University School of
Medicine, New Haven, CT, USA. ° Center for iPS Cell Research and Application (CiRA), Kyoto University, Kyoto, Japan. © iPSC-based Drug Discovery and
Development Team, RIKEN BioResource Research Center (BRC), Kyoto, Japan. ” Medical-risk Avoidance based on iPS Cells Team, RIKEN Center for
Advanced Intelligence Project (AIP), Kyoto, Japan. & Department of Integrative Physiology, Nagoya University Graduate School of Medicine, Nagoya, Japan.
9 Laboratory of Nutrition Chemistry, Division of Food Science and Biotechnology, Graduate School of Agriculture, Kyoto University, Kyoto, Japan.

Memail: thorie@kuhp.kyoto-u.ac.jp; kohono@kuhp.kyoto-u.ac.jp

| (2021)12:843 | https://doi.org/10.1038/s41467-021-21107-5 | www.nature.com/naturecommunications 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-21107-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-21107-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-21107-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-21107-5&domain=pdf
http://orcid.org/0000-0002-6766-750X
http://orcid.org/0000-0002-6766-750X
http://orcid.org/0000-0002-6766-750X
http://orcid.org/0000-0002-6766-750X
http://orcid.org/0000-0002-6766-750X
http://orcid.org/0000-0002-3593-7368
http://orcid.org/0000-0002-3593-7368
http://orcid.org/0000-0002-3593-7368
http://orcid.org/0000-0002-3593-7368
http://orcid.org/0000-0002-3593-7368
http://orcid.org/0000-0002-7149-1375
http://orcid.org/0000-0002-7149-1375
http://orcid.org/0000-0002-7149-1375
http://orcid.org/0000-0002-7149-1375
http://orcid.org/0000-0002-7149-1375
http://orcid.org/0000-0001-6280-5742
http://orcid.org/0000-0001-6280-5742
http://orcid.org/0000-0001-6280-5742
http://orcid.org/0000-0001-6280-5742
http://orcid.org/0000-0001-6280-5742
http://orcid.org/0000-0002-6297-5642
http://orcid.org/0000-0002-6297-5642
http://orcid.org/0000-0002-6297-5642
http://orcid.org/0000-0002-6297-5642
http://orcid.org/0000-0002-6297-5642
http://orcid.org/0000-0001-5676-7671
http://orcid.org/0000-0001-5676-7671
http://orcid.org/0000-0001-5676-7671
http://orcid.org/0000-0001-5676-7671
http://orcid.org/0000-0001-5676-7671
http://orcid.org/0000-0002-9493-9494
http://orcid.org/0000-0002-9493-9494
http://orcid.org/0000-0002-9493-9494
http://orcid.org/0000-0002-9493-9494
http://orcid.org/0000-0002-9493-9494
http://orcid.org/0000-0002-4404-1280
http://orcid.org/0000-0002-4404-1280
http://orcid.org/0000-0002-4404-1280
http://orcid.org/0000-0002-4404-1280
http://orcid.org/0000-0002-4404-1280
http://orcid.org/0000-0003-4736-9537
http://orcid.org/0000-0003-4736-9537
http://orcid.org/0000-0003-4736-9537
http://orcid.org/0000-0003-4736-9537
http://orcid.org/0000-0003-4736-9537
http://orcid.org/0000-0002-6095-8996
http://orcid.org/0000-0002-6095-8996
http://orcid.org/0000-0002-6095-8996
http://orcid.org/0000-0002-6095-8996
http://orcid.org/0000-0002-6095-8996
http://orcid.org/0000-0001-8041-1915
http://orcid.org/0000-0001-8041-1915
http://orcid.org/0000-0001-8041-1915
http://orcid.org/0000-0001-8041-1915
http://orcid.org/0000-0001-8041-1915
http://orcid.org/0000-0002-4163-980X
http://orcid.org/0000-0002-4163-980X
http://orcid.org/0000-0002-4163-980X
http://orcid.org/0000-0002-4163-980X
http://orcid.org/0000-0002-4163-980X
mailto:thorie@kuhp.kyoto-u.ac.jp
mailto:kohono@kuhp.kyoto-u.ac.jp
www.nature.com/naturecommunications
www.nature.com/naturecommunications

A Self-archived copy in

Kyoto University Research Information Repository TR 1Y ?I
https://repositary.kulib.kyota-u.ac.jn !;SOU RENAI |p -

.. -

BB K 5

KYOTO UNIVERSITYC L E
7 NI 1

University Research Information Repositor

he balance between energy intake and expenditure

determines energy homeostasis, and an imbalance between

the two can contribute to obesity. Worldwide, the problem
of obesity is becoming increasingly apparent, given the range of
obesity-related disorders such as cardiovascular diseases, meta-
bolic diseases, and cancer. According to estimates from the World
Health Organization (WHO), in 2016, more than 1.9 billion
adults were overweight, and of these over 650 million were obese.
If current trends continue unabated, more than 1 billion indivi-
duals, or 20% of the world’s population, are predicted to be obese
by 20301. In spite of these dramatic increases in obesity in recent
years, therapeutic approaches have mainly been limited to
recommendations regarding lifestyle modifications, like caloric
restriction or exercise regimes. However, the development of
therapies beyond these approaches requires a deeper under-
standing of the fundamental mechanisms underlying obesity.

Brown adipose tissue (BAT) is one of the two main tissues that
comprise the adipose organ, along with white adipose tissue. Its
primary function is to maintain body temperature in response to
cold stress by utilizing fatty acids for heat generation, in a process
known as cold-induced adaptive thermogenesis?. BAT is enriched
with mitochondria and derives its thermogenesis ability mainly
from uncoupling protein 1 (UCP1), which uncouples substrate
oxidation from ATP production into heat production in mito-
chondria. First extensively investigated in rodents, the identifi-
cation of BAT in adult humans has accelerated the pace of
research into BAT biology in recent years3->. Because of its ability
to dissipate excess energy into heat to maintain energy balance,
understanding BAT and its activation may open up promising
approaches for the prevention and treatment of obesity. Adaptive
thermogenesis is essential for survival, and thus it is tightly
regulated by a central neural circuit mechanism®. BAT is highly
innervated by sympathetic ganglionic neurons, which are inner-
vated by sympathetic preganglionic neurons at the inter-
mediolateral nucleus (IML) of the spinal cord. Sympathetic
premotor neurons in the rostral raphe pallidus nucleus (rRPa) of
the medulla, which innervate to preganglionic neurons in the
IML, are highly regulated by the balance between glutamatergic
excitatory and gamma-aminobutyric acid (GABA)-ergic inhibi-
tory inputs from the upper neurons in the hypothalamic regions
like the dorsomedial hypothalamic nucleus (DMH) and the
preoptic area (POA)%7. Although this neural circuit is gradually
becoming more clarified through experimental studies, it has yet
to be fully elucidated.

MicroRNAs (miRNAs; miRs) are a class of short, noncoding
RNA that substantially affect many biological pathways via post-
transcriptional repression of their target genes®. Some miRNAs
are involved in the biogenesis and function of BAT, and these
may be potential targets for the treatment of obesity®. We and
other groups have shown that miR-33, transcribed from the
intron of sterol regulatory element-binding factor (SREBF) 2,
regulates lipid homeostasis with their host genes by targeting the
ATP-binding cassette subfamily A1 (ABCAI), which mediates
cholesterol export to apolipoprotein A-1.19-12, Inhibition or
deletion of miR-33 in mice (miR-33~/~) was found to reduce the
formation of atherosclerosis or aortic aneurysms by improved
serum cholesterol profile, enhanced cholesterol reverse transport,
and ameliorated inflammation!3-1>. Although rodents have only
one miR-33 in an intron of the Srebf2 gene, humans have another,
miR-33b, in an intron of the SREBFI gene. In studies with
humanized miR-33b knock-in (miR-33b™/*) mice, miR-33b was
found to accelerate atherosclerosis!®!7. In addition, inhibition of
miR-33 has been shown to improve dyslipidemia in non-human
primates!®1%. Thus, miR-33a/b has been suggested as a promising
target for the treatment of dyslipidemia and atherosclerosis.
However, miR-33~/~ mice unexpectedly exhibited an obese

phenotype when fed a high-fat diet (HFD)?, a result that was
further confirmed by other miR-33 inhibition studies using an
antisense oligonucleotide?! and another miR-33-deleted mouse
line?2. Taken together, these findings suggest that miR-33 plays a
substantial role in adipocyte biology, particularly in the onset of
obesity.

In the current study, we analyzed several miR-33 genetically
modified mice and found that miR-33 maintains BAT thermo-
genesis. Unexpectedly, we found that this effect was caused by
altered sympathetic nerve activity. Our analysis of miR-33f DBH-
Cre mice indicated that dopamine-B-hydroxylase (Dbh)-positive
cells were responsible for reduced sympathetic nerve activity and
decreased thermogenesis in miR-33~/~ mice. Mechanistically, we
propose that miR-33 deficiency upregulates the expression of
GABA 4 receptor subunit genes such as Gabrb2 and Gabra4, which
could reduce sympathetic nerve activity and BAT thermogenesis. In
support of this hypothesis, we found that adeno-associated virus
serotype 9 (AAV9)-mediated conditional knockdown of these genes
in the brain of miR-337f DBH-Cre mice reversed the decrease in
BAT thermogenesis. Conversely, miR-33b*/* mice displayed a
phenotype opposite that of miR-33~/~ mice. These data reveal a
neural mechanism for thermogenesis via miR-33, which exerts
sympathetic nerve activation and BAT thermogenesis in response to
cold stress by suppressing GABAergic inhibitory neurotransmission
in the brain.

Results

miR-33~/~ mice become obese with reduced oxygen
consumption when fed an HFD. We and others have pre-
viously reported that miR-33—/~ mice become obese after HFD
feeding?0-?2, and as expected, in the present study miR-33~/~
mice gained much more weight than littermate miR-331/+
control mice when given a 45% HFD feeding for 12 weeks
(Supplementary Fig. la). Food intake was slightly but sig-
nificantly higher in miR-33=/~ mice on the HFD, as reported
previously (Supplementary Fig. 1b). We measured fat
tissue weight and found that BAT was significantly heavier in
miR-337/~ mice than in miR-337/* control mice after
12 weeks of HFD feeding (Supplementary Fig. 1c). Histological
analysis showed that there was much more white adipose tissue
(WAT)-like lipid droplets in the BAT of miR-33~/~ mice
(Supplementary Fig. 1d). Therefore, we speculated that BAT
function might be impaired in miR-33~/~ mice fed an HFD.
We measured oxygen consumption rate and found that it was
significantly lower in HFD-fed miR-33~/~ mice (Supplemen-
tary Fig. le, f). Gene expression levels of thermogenic genes
including Ucpl in the BAT were not significantly reduced in
these mice (Supplementary Fig. 1g). However, it is known that
long-term HFD feeding can affect several metabolic compo-
nents, and these in turn may influence each other through
compensatory mechanisms. To understand the direct effects of
HFD feeding, we conducted a shorter-term study lasting
2 weeks, during which mice were fed a diet with higher fat
content (60%) to increase the burden for a short time.
While mice gained weight on the 60% HFD after 2 weeks, the
changes in body weight were similar between miR-331/* and
miR-33—/~ mice (Supplementary Fig. 2a). Under this condi-
tion, the expression levels of thermogenic genes were sig-
nificantly reduced in the BAT of miR-337/~ mice
(Supplementary Fig. 2b). Increased protein levels of UCP1
were induced by feeding with an HFD in the BAT of
miR-33%/% mice, while this induction was not observed in
the BAT of miR-337/~ mice (Supplementary Fig. 2c, d).
Histological examination of the BAT showed larger lipid
droplets and attenuated UCP1 induction in miR-33~/~ mice
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(Supplementary Fig. 2e-g). These data indicate that BAT
activation and function are impaired in miR-33~/~ mice when
fed an HFD, which may contribute to the increased obesity of
these mice.

miR-33—/~ mice exhibit impaired thermogenesis via reduced
BAT activation. Because HFD-induced UCP1 increase was atte-
nuated in the BAT of miR-33—/~ mice and diet-induced thermo-
genesis is known to be one form of adaptive thermogenesis?3, we
speculated that cold-induced adaptive thermogenesis may also be

impaired in miR-33—/~ mice. To evaluate cold-induced adaptive
thermogenesis, we placed 8-week-old mice in a 4°C cold environ-
ment and measured serial core body temperature. We found that
rectal temperature decreased faster in miR-33~/~ mice than in miR-
33*+/* mice (Fig. 1a). Lipid droplets in the BAT were slightly but
significantly larger in miR-33~/~ mice than miR-33*/* mice at room
temperature, which is mildly cold for mice (Fig. 1b and Supple-
mentary Fig. 3a). After deep cold exposure (4°C) for 6h, lipid
droplets were dramatically reduced in miR-33*/+ mice but were still
present in miR-33—/~ mice (Fig. 1c and Supplementary Fig. 3a).
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Fig. 1 miR-33-/— mice exhibit impaired thermogenesis and BAT activation in a cold environment. a Serial core body temperature change of miR-33+/+
and miR-33—/— mice kept at 4°C. n=10 and 11 mice per group, ***p < 0.001, two-way repeated-measures ANOVA with Bonferroni's post hoc test.

b Representative images of HE staining for BAT in miR-33"/+ and miR-33~/~ mice kept at room temperature (RT). n = 6 mice per group. Scale bar, Tmm
(upper), 200 um (lower). ¢ Representative images of HE staining for BAT in miR-331/+ and miR-33~/~ mice kept at 4 °C for 6 h. n="5 mice per group.
Scale bar, 1mm (upper), 200 pm (lower). d Quantitative PCR analysis of thermogenic genes in BAT of miR-33*/+ and miR-33~/~ mice kept at room
temperature (RT) and 4 °C for 6 h (cold). n =6 mice per group at room temperature, n = 8-9 mice per group at 4 °C for 6 h. ***p <0.001, **p < 0.01, *p <
0.05, two-sided Mann-Whitney test. e Representative images of HE staining for BAT of miR-33%/+ and miR-33—/— mice kept at 4 °C for 48 h. n =6 mice
per group. Scale bar, 200 pm. f Western blotting analysis of ABCA1, UCP1, TH, and p-actin in the BAT of miR-33+/+ and miR-33~/~ mice kept at room
temperature (RT) and 4 °C for 48 h (cold). n= 2, 3 mice per group. The arrow indicates the specific bands for TH staining. g Densitometry for UCP1 and
TH in the BAT of miR-33*/+ and miR-33~/~ mice kept at 4 °C for 48 h. n = 4 mice per group, *p < 0.05, two-sided Mann-Whitney test. h Representative
images of immunohistochemistry for TH in the BAT of miR-33+/+ and miR-33~/~ mice at room temperature. n = 3 mice per group. Scale bar, 100 pm. All

data are presented as mean £ SEM.

These data suggest that miR-33—/~ mice cannot effectively use lipids
as fuel. The expression levels of thermogenic genes in the BAT were
similar between miR-337/* and miR-33~/~ mice at room tem-
perature (Fig. 1d). After cold exposure, Ucpl, Ppargcla, and Pparg
were induced in miR-33/* mice, but these inductions were atte-
nuated in miR-33~/~ mice. Other genes such as Adrb3, Lipe, and
Cidea were also decreased in miR-33—/~ mice after cold exposure.

We further checked the protein levels of several genes in the
BAT after 48 h of cold exposure. Under this condition, more
lipid droplets were still observed in miR-33~/~ mice (Fig. le,
Supplementary Fig. 3b, c). We found that ABCA1 transporter,
one of the well-known target genes of miR-33, was up-
regulated in miR-33~/~ mice (Fig. 1f), and that UCP1 was
induced after cold exposure in miR-337/* mice, with this
induction attenuated in miR-33~/~ mice (Fig. 1f, g). This was
also confirmed by immunostaining (Supplementary Fig. 3d).
Sympathetic nerve innervation into BAT was similar between
miR-33%/% and miR-33—/~ mice, which was confirmed by
western blotting and immunohistochemistry for tyrosine
hydroxylase (TH) (Fig. 1f-h). The oxygen consumption rate
at 23°C (room temperature) was slightly but significantly
reduced in miR-33-/~ mice in the dark phase. (Fig. 2a, ¢).
Carbon dioxide production was also significantly reduced in
miR-33~/~ mice in the dark phase (Fig. 2b, d). The respiratory
exchange rate (RER) and locomotor activity were similar for
both miR-331/% and miR-33~/~ mice (Fig. 2e, ). After 2 days
of cold exposure at 18 °C, the difference in oxygen consump-
tion became evident and significantly reduced in miR-33—/—
mice in the dark phase (Fig. 2g, i). The carbon dioxide
production was also significantly reduced in miR-33—/~ mice
(Fig. 2h, j). The RER was significantly higher in miR-33~/~
mice in the light phase, whereas the locomotor activity was not
different between miR-33%/* and miR-33—/~ mice in this
condition (Fig. 2k, 1). Fatty acid oxidation (FAO) activity in the
BAT was significantly reduced in miR-33~/~ mice in a cold
environment (Supplementary Fig. 3e). Oxygen consumption
rate in a thermoneutral zone (30 °C) is shown in Supplemen-
tary Fig. 3f, g. We measured the maximum oxygen consump-
tion rate using norepinephrine (NE) subcutaneous injection
after three days of cold exposure at 18°C242> NE-induced
maximum oxygen consumption was significantly reduced in
miR-33~/~ mice (Fig. 2m). Moreover, we measured both BAT
and rectal temperature at the same time in a cold condition.
BAT temperature declined more slowly than rectal tempera-
ture, which indicates that BAT thermogenesis was occurring.
The decline in BAT temperature was more prominent and the
difference in BAT and rectal temperature was smaller in miR-
337/~ mice than miR-33"/* mice (Fig. 2n). These data
indicate that miR-33—/~ mice exhibit impaired adaptive
thermogenesis with reduced BAT activation in a cold
environment.

The abundance of miR-33 in the human and mouse brain. We
reported the abundant expression of miR-33 in the brain of
mice?0. Although rodents have only one miR-33 in an intron of
the Srebf2 gene, humans have another, miR-33b, in an intron of
the SREBFI gene. We checked the expression profiles of miR-33a
and miR-33b in various organs using a commercially available
human RNA panel. Consequently, miR-33a and miR-33b were
most abundant in the brain compared with other organs, which
was accompanied by the expression of their host genes, SREBF2
and SREBF]I, respectively (Supplementary Fig. 4a). We previously
generated humanized miR-33b knock-in mice (miR-33b*/+
mice), in which the human miR-33b sequence is inserted within
the same intron of Srebfl as in human'®. In these mice, miR-33b
is physiologically co-expressed with its host gene, Srebfl. The
expressions of Srebf2, Srebfl, miR-33a, and miR-33b in several
regions of the central nervous system in miR-33b1/* mice are
shown in Supplementary Fig. 4b, indicating that miR-33bt/+
mice can be used as a gain-of-function model of miR-33.

miR-33~/~ mice exhibit reduced sympathetic nerve activity.
Because BAT activation is mainly under the control of sympathetic
nerves?’ and miR-33 is abundantly expressed in the central nervous
system, we hypothesized that the reduced BAT activation observed
in miR-33~/~ mice might be caused by differences in sympathetic
nerve activity. To assess this hypothesis, we surgically denervated the
nerves that innervate interscapular BAT (iBAT), as reported pre-
viously?8. In each mouse, the left side of BAT was denervated and
the right side of BAT was sham-operated on. Successful denervation
was confirmed by measurement of NE content in the BAT (Sup-
plementary Fig. 5a). Histological analysis showed enlarged lipid
droplets in the denervated BAT, indicating that lipids could not be
utilized effectively by denervated tissue (Supplementary Fig. 5b).
One week after the operation, miR-331/* and miR-33—/~ mice were
placed in a 4 °C environment for 5 h. Reduced expression levels of
thermogenic genes including Ucpl were observed in miR-33~/~
mice on the sham-operated side; however, these differences dis-
appeared in the denervated side of the BAT (Fig. 3a). Expression
levels of several internal control genes including B2m, 36b4, and
Gapdh are shown in Supplementary Fig. 5c. These results suggest
that sympathetic nerves are responsible for the different expression
levels of thermogenic genes between miR-331/* and miR-33~/~
mice in response to cold exposure.

Next, we measured NE turnover (NETO) in BAT using o-
methyl-pL tyrosine (AMPT), an inhibitor of TH that is a rate-
limiting enzyme for NE synthesis, with known usage as a
potential surrogate for sympathetic nerve activity?>28. NETO in
BAT was significantly lower in miR-33~/~ mice, indicating that
sympathetic nerve activity related to BAT was suppressed in miR-
33~/~ mice (Fig. 3b). Furthermore, we counted the number of c-
fos-positive cells, which can be used as an indicator of neuronal
activation, in the rRPa of the medulla (Fig. 3c). rRPa harbors
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sympathetic premotor neurons that control BAT thermogenesis
by directly innervating sympathetic preganglionic neurons at the
spinal IML2°. We found that the number of c-fos-positive cells in
the rRPa was significantly reduced in miR-33—/~ mice after 4 °C
exposure for 2h (Fig. 3d), indicating that the activation of
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sympathetic outflow after cold exposure was decreased in miR-
33—/~ mice. Recent evidence has shown the importance of beige
adipose tissue, which differentiates from WAT and serves similar
functions as BAT. Differentiation of beige adipocytes is also
under the control of sympathetic nerves2’. We kept mice at 16 °C
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Fig. 2 miR-33~/~ mice exhibit reduced oxygen consumption in a cold environment. a Oxygen consumption rate in miR-33/+ and miR-33~/~ mice kept
at 23°C. n=12 mice per group, **p < 0.01, f{dANOVA. b Carbon dioxide production rate in miR-33%/+ and miR-33—/~ mice kept at 23 °C. n=12 mice per
group, *p < 0.05, {dANOVA. ¢ Mean oxygen consumption rate during the light and dark phase in miR-33%/+ and miR-33~/~ mice kept at 23 °C. n =12 mice
per group, *p < 0.05, two-sided unpaired t test. d Mean carbon dioxide production rate in miR-337/+ and miR-33~/~ mice kept at 23°C. n=12 mice
per group. ***p < 0.001, two-sided unpaired t test. e Respiratory exchange rate in miR-33/+ and miR-33—/~ mice kept at 23 °C. n=12 mice per group.
f Locomotor activity of miR-33+/+ and miR-33—/~ mice kept at 23 °C. n =10 mice per group. g Oxygen consumption rate in miR-33%/+ and miR-33~/~ mice
at 2 days after transfer from 23 to 18 °C. n =10 mice per group, p < 0.05, fdANOVA. h Carbon dioxide production rate in miR-33+/+ and miR-33~~ mice at
2 days after transferring from 23 to 18 °C. n = 10 mice per group, p < 0.05, fdANOVA. i Mean oxygen consumption rate in miR-33+/+ and miR-33~/~ mice at
2 days after transferring from 23 to 18 °C. n =10 mice per group, *p < 0.05, two-sided unpaired t test. j Mean carbon dioxide production rate in miR-33+/+
and miR-33~/~ mice at 2 days after transferring from 23 to 18 °C. n =10 mice per group. **p < 0.01, two-sided Mann-Whitney test. k Respiratory exchange
rate in miR-331/+ and miR-33~/~ mice at 2 days after transferring from 23 to 18 °C. n =10 mice per group. *p < 0.05, two-sided unpaired t test. | Locomotor
activity of miR-33%/* and miR-33—/~ mice at 2 days after transferring from 23 to 18 °C. n =9 mice per group. m Maximum oxygen consumption after
1.0 mg/kg subcutaneous norepinephrine (NE) injection. miR-33+/+ and miR-33~/~ mice at 3 days after transfer from 23 to 18 °C were used. Measurements
were performed at 30 °C chambers. n =15, 13 mice per group, *p < 0.05, two-sided Mann-Whitney test for each time. n Serial measurement of BAT and
rectal temperature in miR-33/+ and miR-33~/~ mice at a cold condition. n =13, 11 mice per group. *p < 0.05, two-sided Mann-Whitney test. All data are

presented as mean £ SEM.

for 1 week, then analyzed their inguinal WAT. Induction of belﬁe
adipocyte markers including Ucpl was attenuated in miR-33
mice at both the mRNA and protein levels without TH
modification (Fig. 3e-g). Taken together, these results show that
miR-33~/~ mice exhibited reduced sympathetic nerve activity to
adipose tissues.

Cold exposure induces hypothalamic miR-33, possibly via ER
stress. To clarify the relationship between sympathetic nerve
activity and miR-33 in a cold environment, we measured the
expression of miR-33 in the hypothalamus after cold exposure in
wild-type mice. We found that hypothalamic miR-33 expression
was elevated by intermittent cold exposure over 7 days, and this
was accompanied by induction of its host gene, Srebf2 (Supple-
mentary Fig. 6a). Srebfl was also induced in this condition.
Previous in vitro studies have shown that hypothermic conditions
induce mild endoplasmic reticulum (ER) stress in cortical neu-
rons>%, and it is known that ER stress induces miR-33 expression
in macrophages3! and astrocytes32. In our study, expression levels
of ER stress markers Bip and Chop in the hypothalamus were
mildly induced by cold exposure for 6h, and these inductions
were reverted by subsequent exposure to room temperature for
18 h (Supplementary Fig. 6b). This BIP induction was also con-
firmed at the protein level by western blotting (Supplementary
Fig. 6¢, d). Cleaved-caspase 3, one of the markers of apoptosis,
was not detectable in this condition. In an in vitro study, we
treated Neuro2a cells with thapsigargin, an ER stress inducer, and
found that Srebf2 and miR-33 were induced along with Bip and
Chop even at a low concentration (Supplementary Fig. 6e). Sig-
nificant inductions of BIP and CHOP protein levels were
observed at a high concentration of thapsigargin (0.1 uM), which
were accompanied by an increased level of cleaved-caspase 3
(Supplementary Fig. 6f, g). On the other hand, a low con-
centration of thapsigargin (0.01 uM) also induced BIP and CHOP
but without an increase in cleaved-caspase 3 (Supplementary
Fig. 6f, g). Because the miR-33 increase was prominent at a low
concentration, mild ER stress may be important for miR-33
induction. HFD feeding, which is also known to induce ER stress
in the hypothalamus3?, also induced Srebf2 and miR-33 in the
hypothalamus (Supplementary Fig. 2h). These results suggest that
cold exposure and/or HFD feeding may induce miR-33 expres-
sion via increased ER stress in the hypothalamus.

miR-33b1/* mice show increased BAT activity with higher
sympathetic nerve activity. Next, we analyzed humanized
miR-33b*/* mice. Surprisingly, body core temperature was

significantly higher in miR-33b*/* mice than in littermate con-
trols (miR-33b—/~ mice), even at room temperature, in both
genders (Fig. 4a, b). Lipid droplets were smaller and the cyto-
plasmic area was prominent by histological analysis (Fig. 4c and
Supplementary Fig. 7a). We found that expression levels of Ucpl
and Ppargcla were significantly higher in the BAT of miR-33b*/+
mice (Fig. 4d). The protein levels of UCP1 were also upregulated
in the BAT of miR-33b*/* mice, while ABCA1 levels were sup-
pressed (Fig. 4e, f). The levels of other thermogenic markers are
shown in Supplementary Fig. 7b. Sympathetic nerve innervation
to the BAT was comparable as evaluated by western blotting and
immunohistochemistry for TH (Fig. 4e-g). In accordance with the
higher expression of thermogenic genes, the oxygen consumption
rate at room temperature was significantly higher in miR-33b*/+
mice (Fig. 4h, i). Carbon dioxide production was significantly
higher in miR-33b*/* mice in the light phase (Supplementary
Fig. 7c). The RER and locomotor activity were similar between
miR-33b~/~ and miR-33b*/* mice (Supplementary Fig. 7d, e).
The oxygen consumption rate was similar at 30 °C, whereas the
difference was much more evident at 18°C (Supplementary
Fig. 7f-i). NE-induced maximum oxygen consumption at room
temperature was significantly higher in miR-33b*/+ mice (Fig. 4j).
These results point to the higher activity of BAT thermogenesis in
miR-33b*/* mice. NETO in the BAT was higher in miR-33b*/+
mice (Fig. 4k). At room temperature, c-fos-positive cells in the
rRPa were rare in miR-33b—/~ control mice, whereas they were
significantly increased in the brain of miR-33b*/* mice (Fig. 41,
m). In the cold condition, miR-33b*/* mice ameliorated body
temperature decline and showed increased expression of ther-
mogenic genes including Ucpl, Ppargcla, and Pparg in the BAT.
(Supplementary Fig. 7j, k). Moreover, blood pressure was slightly
but significantly higher in miR-33b*/* mice (Supplementary
Fig. 7). Thus we infer that miR-33b*/* mice exhibit increased
BAT activity via high sympathetic nerve activity.

miR-33f DBH-Cre mice exhibit a phenotype similar to
miR-33~/~ mice. Because sympathetic nerve activity was altered
in miR-33~/~ and miR-33b™/* mice, we crossed miR-33f mice
with DBH-Cre mice, which express Cre recombinase under the
control of the human dopamine p-hydroxylase promotor. In DBH-
Cre mice, Cre recombinase is expressed in catecholamine-
producing cells like noradrenergic and adrenergic cells, and the
expression patterns have been previously reported in detail,
including several hypothalamic nuclei such as the DMH34. We
confirmed that the expression of Cre recombinase in Dbh-positive
cells neither affected body temperature at both room temperature
and in a cold environment (Supplementary Fig. 8a), nor altered
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Ucpl expression in the BAT in a cold environment (Supplemen-
tary Fig. 8b). miR-337f DBH-Cre mice were born without apparent
abnormality and showed normal growth until the age of 8 weeks
(Fig. 5a). Successful recombination was confirmed by PCR analyses
of genomic DNA from the brain and adrenal glands (Fig. 5b). The
expression levels of miR-33 in the hypothalamus and adrenal
glands were significantly reduced in miR-337f DBH-Cre mice
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(Fig. 5¢). At the age of 8 weeks, miR-33f DBH-Cre mice and their
littermate control mice (miR-33f mice) were placed into a 4°C
environment for 5h. Core body temperature decreased faster in
miR-33f DBH-Cre mice than in the control mice (Fig. 5d). His-
tological analyses showed that many more lipid droplets remained
in miR-337f DBH-Cre mice kept in a 4°C environment for 5h
(Fig. 5e and Supplementary Fig. 8c). NETO in the BAT was found
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Fig. 3 miR-33~/— mice exhibit reduced sympathetic nerve activity. a Quantitative PCR analysis of thermogenic genes in denervated or sham-operated
BAT kept at 4 °C for 5 h. Left side-BAT was denervated and right side-BAT was sham-operated in miR-33+/+ and miR-33~/~ mice. At 1 week after the
operation, mice were transferred to 4 °C for 5 h. n =5 mice per group, ***p < 0.001, **p < 0.0, *p < 0.05, one-way ANOVA with Bonferroni's post hoc test.
b Norepinephrine content in BAT of miR-337/+ and miR-33~ mice before and after AMPT injection. n=5-6 mice per group, *p < 0.05, two-way

ANOVA with Bonferroni's post hoc test. ¢ Representative images of c-fos immunohistochemistry in the rRPa of miR-33%/+ and miR-33~/~ mice kept at
4.°C for 2 h. n=9 mice per group. Scale bar, 200 pm (upper). d Number of c-fos-positive cells in the rRPa of miR-33/+ and miR-33~/~ mice kept at 4 °C
for 2 h. n=9 mice per group, *p < 0.05, two-sided unpaired t test. @ Quantitative real-time PCR analysis of beige adipocyte markers in inguinal WAT kept
at 16 °C for 1 week in miR-33/+ and miR-33~/~ mice. n = 8 mice per group, **p < 0.01, *p < 0.05, two-sided unpaired t test. f Western blotting analysis of
PGCla, UCP1, TH, and p-actin in inguinal WAT at 16 °C for 1 week in miR-331/+ and miR-33~/~ mice. n = 4 mice per group. n =4 mice per group. The
arrow indicates specific bands of TH staining. g Densitometry for UCP1 and TH in the inguinal WAT of miR-33+/+ and miR-33—/~ mice kept at 16 °C for

1 week. n =4 mice per group, *p < 0.05, two-sided Mann-Whitney test. All data are presented as mean + SEM.

to be reduced in miR-33f DBH-Cre mice (Fig. 5f). The expression
levels of thermogenic genes, including Ucpl, Adrb3, and Pparg
were downregulated in miR-33f DBH-Cre mice kept at 4 °C for
5h (Fig. 5g).

Next, we assessed the metabolic parameters in miR-33f DBH-
Cre mice. The oxygen consumption rate at 18 °C was significantly
lower in miR-33f DBH-Cre mice in the dark phase (Fig. 6a, b).
Carbon dioxide production, RER, and locomotor activity were
similar between miR-33f and miR-33"f DBH-Cre mice (Supple-
mentary Fig. 8d-f). We evaluated the extent of browning of the
inguinal WAT after exposure to 16 °C for 1 week, and found that
the eosin-positive area was increased in miR-33ff control mice after
cold stimulation, but this increase was attenuated in miR-33f
DBH-Cre mice (Fig. 6¢). Beige adipocyte markers, such as Ucpl,
Cidea, and Elovi3, were induced in miR-33ff control mice by cold
exposure; however, this induction was attenuated in miR-33f
DBH-Cre mice (Fig. 6d). Protein levels of UCP1 were also
attenuated in miR-33f DBH-Cre mice without TH change (Fig. 6e,
f). To further characterize the metabolic phenotype of miR-33%f
DBH-Cre mice, we fed them an HFD. Unlike miR-33~/~ mice, the
food intake amounts were similar between miR-33f mice and miR-
33ff DBH-Cre mice, which indicates that loss of miR-33 in Dbh-
positive neurons is not responsible for the increased food intake in
miR-33~/~ mice (Supplementary Figs. 8g and 1b). Bodyweight gain
was more prominent in miR-33/f DBH-Cre mice than miR-33f/f
mice with HFD feeding (Supplementary Fig. 8h). These data
indicate that loss of miR-33 in catecholamine neurons is responsible
for impaired cold-induced thermogenesis and BAT activation,
which contribute to the development of obesity.

GABA, receptor subunit genes are altered by a miR-33
deficiency. GABAergic neurons are involved in the central neural
circuit controlling BAT thermogenesis®’. Furthermore, a recent
report showed that miR-33, which is induced in the hippocampus
in fear conditioning, affects state-dependent memory by regulating
several GABA-related genes®. To elucidate the molecular link
between miR-33 and sympathetic nerve activity, candidate target
genes of miR-33 were sought using public bioinformatics tools, and
several GABA-related genes such as Gabrb2, Gabra4, and Slc12a5
were found to be potential targets of miR-33 (TargetScan, http://
www.targetscan.org). We measured the expression levels of Abcal
and these GABA-related genes in the hypothalamus, medulla, and
spinal cord of miR-33%/* and miR-33~/~ mice. Abcal, one of the
prominent target genes of miR-33, showed significantly higher
expression levels in miR-33~/~ mice (Fig. 7a). Likewise, the
expression levels of Gabrb2 and Gabra4 were up-regulated in the
hypothalamus of miR-33—/~ mice (Fig. 7a). In contrast, the
expression levels of these genes were down-regulated in the hypo-
thalamus of miR-33b*/+ mice (Supplementary Fig. 9a). Recently,
we generated miR-33a, miR-33b, and miR-33a/b double knockout
(KO) human iPS cells using CRISPR-Cas9-mediated genome edit-
ing3%. These KO human iPS cells were differentiated into cortical

neurons using the quick embryoid body-like aggregate method
(Supplementary Fig, 9b)37. Expression levels of miR-33a and miR-
33b in these cells are shown in Fig. 7b. The expression levels of both
GABRB?2 and GABRA4 were significantly up-regulated in miR-33a/
b double KO human iPS-derived neurons, while SLCI2A5 levels
were not altered (Fig. 7c). Therefore, we focused on Abcal, Gabrb2,
and Gabra4 for further analysis. Gabrb2 and Gabra4 encode sub-
units of the GABA, receptor, which is necessary for inhibitory
GABAergic neurotransmission.

Gabrb2 and Gabra4 are responsible for altered thermogenesis
in miR-33—/~ mice. To clarify whether up-regulated expressions
of Abcal, Gabrb2, and Gabra4 were responsible for the changes in
thermogenesis we observed in miR-33~/~ mice, we performed
rescue experiments using an AAV vector. Although gene transfer
to the brain is known to be difficult, intracerebroventricular (icv)
injection of AAV within the first 24 h after birth yields widespread
and persistent neuronal transduction, because it passes from the
lateral ventricles through the immature ependymal barriers and
into the brain parenchyma38. We chose AAV9 for this experiment
because it has a high affinity for the central nervous system3’.
First, we infected AAV9-CMV-GFP into wild-type neonatal brains
(PO) via icv injection, then analyzed brains at 8 weeks old.
Fluorescence images of the whole brain and brain slices injected
with the indicated particles of AAV9 are shown in Supplementary
Fig. 10a, b. We found that neonatal icv injection of AAV9-GFP at
a dose of 1019 viral particles showed efficient gene transduction
into the brain. To rescue the target genes of miR-33, we used a
conditional short hairpin RNA (shRNA) AAV9 vector, by which
shRNA is expressed only in cells that express Cre recombinase*’
(Supplementary Fig. 10c). Sequences of shRNAs for the in vivo
rescue experiment were selected and validated in Neuro2a cells
(Supplementary Fig. 10d). The conditional sShRNA AAV9 vector
was injected into the brains of neonates between male miR-33f/
DBH-Cre and female miR-33f mice, and then the mice were
analyzed at 8 weeks old, as shown in the experimental scheme
(Supplementary Fig. 10e, f). Each shRNA was expressed only in
Dbh-positive cells of miR-33f DBH-Cre mice. Infection of the
control and each conditional shRNA AAV9 in the brain did not
affect the growth of mice, as shown by the comparable body
weights at 8 weeks (Supplementary Fig. 10g).

When mice were infected with conditional control shRNA
AAVY, body temperature decreased faster in miR-33f DBH-Cre
mice than miR-33"f mice at 4°C, which reproduced the case
without infection (Figs. 7d and 5d). Infection with conditional
shRNA AAVO9 against Abcal also did not affect the change in body
temperature, indicating that Abcal is not involved in the
phenotypic changes in miR-33f DBH-Cre mice (Supplementary
Fig. 10h). In contrast, infection of conditional shRNA AAV9
against Gabrb2 and Gabra4 attenuated the decline in body
temperature of miR-33f DBH-Cre mice at a level equal to or
greater than that of miR-33f mice (Fig. 7e, f). Lipid droplets
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remained in the BAT of control conditional ShRNA AAV9-infected
miR-337f DBH-Cre mice after exposure at 4°C for 5h, whereas
they were diminished in the BAT of conditional Gabrb2 and
Gabra4 shRNA AAV9-infected miR-33f DBH-Cre mice (Fig. 7g
and Supplementary Fig. 10i). In accordance with the histological
changes, the gene expression of Ucpl in the BAT was significantly

suppressed in control conditional shRNA AAV9-infected miR-33f/
DBH-Cre mice, and this suppression was reversed in conditional
Gabrb2 and Gabra4 shRNA AAV9-infected miR-33/f DBH-Cre
mice (Fig. 7h). The same tendency was observed in the expression
of Adrb3. Taken together, up-regulation of Gabrb2 and Gabra4 in
Dbh-positive neurons in the brain were responsible for the
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Fig. 4 miR-33b"/+ mice show increased BAT activity with higher sympathetic nerve activity. a Core body temperature of miR-33b~/~ and miR-33b*+/+
male mice kept at room temperature. n =24, 25 mice per group, ***p < 0.001, two-sided unpaired t test. b Core body temperature of miR-33b=/~ and
miR-33b*/+ female mice kept at room temperature. n =32, 31 mice per group, ***p < 0.001, two-sided unpaired t test. ¢ Representative images of HE
staining for the BAT of miR-33b=/~ and miR-33b*/+ mice kept at room temperature. n = 6 mice per group. Scale bar, 100 um (upper), 200 pm (lower).
d Quantitative real-time PCR analysis of Ucpl, Adrb3, and Ppargcla in the BAT of miR-33b~/~ and miR-33b*/+ mice kept at room temperature. =8, 9
mice per group, **p < 0.01, *p < 0.05, two-sided unpaired t test. @ Western blotting analysis of ABCA1, UCP1, TH, and GAPDH in the BAT of miR-33b~/~
and miR-33b™/+ mice kept at room temperature. n =5 mice per group. The arrow indicates specific bands of TH staining. f Densitometry for UCP1 and TH
in the BAT of miR-33b~/~ and miR-33b*/+ mice at room temperature. n =5 mice per group, *p < 0.05, two-sided unpaired test. g Representative images
of immunohistochemistry for TH in the BAT of miR-33b=/~ and miR-33b*/+ mice at room temperature. n =3 mice per group. Scale bar, 100 um.

h Oxygen consumption rate of miR-33b~/~ and miR-33b*+/+ mice kept at 23 °C. n = 10 mice per group, p < 0.05, {dANOVA. i Mean oxygen consumption
rate during the light and dark phase in miR-33b=/~ and miR-33b*/+ mice kept at 23 °C. n =10 mice per group, ***p < 0.001, two-sided unpaired t test.
j Maximum oxygen consumption by 1.0 mg/kg subcutaneous norepinephrine (NE) injection. miR-33b~/~ and miR-33b™/* mice kept at room temperature
were used. Measurement was performed at 30 °C in a chamber. n =15, 14 mice per group, *p < 0.05, Mann-Whitney test for each time. k Norepinephrine

contents in BAT of miR-33b~/~ and miR-33b*/+ mice before and after AMPT injection. n=6-8 mice per group, *p < 0.05, two-way ANOVA with
Bonferroni's post hoc test. | Representative images of c-fos immunohistochemistry of the rRPa of miR-33b—/~ and miR-33b*/+ mice kept at room
temperature. n = 8, 9 mice per group. Scale bar, 200 um (upper). m Number of c-fos positive cells at the rRPa of miR-33b=/~ and miR-33b*/* mice kept
at room temperature. n= 28, 9 mice per group, *p < 0.05, two-sided unpaired t test. All data are presented as mean + SEM.

phenotypic changes in miR-33~/~ mice. Thus, miR-33 promotes
the activation of catecholamine neurons by decreasing the
inhibitory effect of GABAergic inputs via down-regulation of
Gabrb2 and Gabra4, subunit-coding genes of GABA, receptor.

Discussion

In the current study, we showed that miR-33 in the brain plays an
important role in the regulation of body temperature in cold
environments by increasing sympathetic thermogenesis in BAT. We
found that miR-33~/~ mice could not maintain their body tem-
perature under cold conditions due to impaired BAT activation and
a reduced metabolic rate. In these mice, sympathetic nerve activity
was decreased, as indicated by a reduced NETO rate as well as a
decreased number of c-fos-positive neurons in the rRPa of the
medulla after cold exposure. miR-33f DBH-Cre mice exhibited a
similar phenotype to that of miR-337/~ mice, indicating the
importance of miR-33 in Dbh-positive cells. Our analysis of the
miR-33~/~ hypothalamus and miR-33-deficient human iP$ cell-
derived neurons confirmed that Abcal, Gabrb2, and Gabra4 were
regulated by miR-33 in neurons. Rescue experiments using AAV9-
mediated conditional shRNA demonstrated that upregulation of
Gabrb2 and Gabra4 in Dbh-positive neurons in the brain was
responsible for the phenotype of miR-33~/~ mice. In contrast, as a
gain-of-function model of miR-33, miR-33b*/* mice showed
reduced levels of Gabrb2 and Garba4 in the hypothalamus and
increased BAT activity with higher sympathetic nerve activity.
Furthermore, we found that cold stress up-regulated miR-33 levels
in the hypothalamus, possibly via ER stress. These results indicate
the likely existence of a neural mechanism for controlling BAT
thermogenesis involving hypothalamic miR-33, which exerts sym-
pathetic nerve activation by suppressing GABAergic inhibitory
neuronal transmission and can thereby regulate whole-body
metabolism by modulating sympathetic nerve tone.

Adaptive thermogenesis is a fundamental mechanism that is
indispensable for survival; therefore, it is tightly regulated by a
central neural circuit. Glutamate-driven activation of BAT-
sympathetic premotor neurons in the rRPa region of the
medulla is essential for the thermoregulatory activation of BAT
thermogenesis®’-4!. These neurons may be activated by several
stimuli, including cold exposure, pyrogens such as prostaglandin
E2, and psychological stress?®42:43, Sympathetic premotor neu-
rons in the rRPa directly innervate sympathetic preganglionic
neurons, which control the postganglionic sympathetic neurons
innervating BAT. Thus, counting the number of c-fos-positive
cells in the rRPa can allow for estimation of the activation of this
pathway. We found that the number of c-fos-positive cells was

decreased in miR-33~/~ mice in a cold environment, while it was
increased in miR-33b*/* mice even at room temperature, in
parallel with their BAT activity and metabolic rate. The activation
of sympathetic premotor neurons in the rRPa is tightly regulated
by the balance between glutamatergic excitatory and GABAergic
inhibitory inputs from the upper neurons in the DMH and the
POA of the hypothalamus, respectively®74l. Glutamatergic
excitatory neurons from the DMH directly project to the pre-
motor neurons at the rRPa to activate BAT thermogenesis,
whereas GABAergic inhibitory neurons from the POA control the
DMH and/or the rRPa to suppress BAT thermogenesis. It has
been shown that nano injection of a GABA, agonist into the
DMH completely blocks BAT thermogenesis in response to cold
exposure, pyrogens, or psychological stress*3-4>. Several GABA-
related genes have been predicted to be the targets of miR-33%.
Among these, we found that the expression of Gabrb2 and
Gabra4, which are subunits of GABA 4 receptors, was elevated in
the hypothalamus of miR-337/~ brains and miR-33-deficient
human iPS cell-derived neurons. In fact, the reduction of Gabrb2
and Gabra4 expression in Dbh-positive neurons rescued the
phenotype of miR-33f DBH-Cre mice. Therefore, miR-33 in
some populations of catecholamine-producing neurons can
enhance sympathetic nerve activity by targeting Gabrb2 and
Gabra4 and thus suppressing upper thermoregulatory GABAergic
inhibitory neurotransmission. Moreover, shivering thermogen-
esis, which was not examined in this study, is also important for
thermogenesis in cold environments. Because regulation of the
central nervous system for shivering thermogenesis is known to
function similarly as in BAT thermogenesis®, this might be also
changed by miR-33 alternation in the brain to affect the main-
tenance of body temperature and whole-body metabolism.
Previous studies have shown that fear conditioning up-
regulates miR-33 levels in the hippocampus®>, and miR-33
levels are also elevated in the hippocampus of behavioral stress-
responsive mice32, Therefore, we speculated that cold stress might
also increase miR-33 expression in the hypothalamus. Our results
show that cold stress and HFD feeding augmented miR-33
expression in the hypothalamus, along with its host gene, Srebf2.
Hypothermia has been reported to induce ER stress in cortical
neurons® as occurs in the brain under HFD feeding33. ER stress
is known to activate SREBP24°, and transcription of SRBEF2 is
partly controlled by SREBP2 itself*”. Since ER stress has also been
shown to induce miR-33 in macrophages®! and astrocytes®2, we
focused on the putative role of ER stress for hypothalamic miR-33
induction. Our experiments with Neuro2a cells suggest that mild
ER stress without apoptosis may be important for miR-33
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Fig. 5 Generation and characteristics of miR-33"/f DBH-Cre mice. a Body weight of miR-33"f and miR-33%/f DBH-Cre mice at 8 weeks old. n=11 or 18
mice per group. b PCR analysis of genome DNA from the brain and the adrenal gland of miR-33f and miR-33%f DBH-Cre mice. A representative image
from two independent experiments. ¢ Quantitative real-time PCR analysis of miR-33 in organs of miR-33%f and miR-33"f DBH-Cre mice. n =5 mice per
group, **p < 0.01, *p < 0.05, two-sided Mann-Whitney test. The expression of miR-33f cortex is set to 1. d Serial core body temperature change of miR-
33%f and miR-33%f DBH-Cre mice kept at 4 °C. n=11-13 mice per group, ***p < 0.001, two-way repeated-measures ANOVA with Bonferroni's post hoc
test. e Representative images of HE staining for the BAT of miR-33%/f and miR-33%f DBH-Cre mice kept at 4 °C for 5 h. n = 4 mice per group. Scale bar, 200
pm (lower). f Norepinephrine contents in BAT before and after AMPT injection. n =5-7 mice per group, **p < 0.01, two-way ANOVA with Bonferroni's
post hoc test. g Quantitative real-time PCR analysis of thermogenic genes in the BAT of miR-33%f and miR-33"f DBH-Cre mice kept at 4°C for 5h. n=
10-13 mice per group, **p < 0.01, *p < 0.05, two-sided unpaired t test. All data are presented as mean = SEM.
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Fig. 6 miR-33%/f DBH-Cre mice exhibit a phenotype similar to miR-33—/— mice. a Oxygen consumption rate in miR-33%f and miR-33"f DBH-Cre mice
kept at 18 °C n =4 or 5 mice per group. b Mean oxygen consumption rate during the light and dark phase in miR-33%f and miR-33%f DBH-Cre mice kept at
18°C. n=4 or 5 mice per group. *p < 0.05, two-sided Mann-Whitney test. ¢ Representative images of HE staining for inguinal WAT kept at 16 °C for
1 week in miR-33"f and miR-33"f DBH-Cre mice. n=3, 5, 6 mice per group. Hematoxylin-strongly stained area of inguinal lymph node was taken into the
picture to evaluate almost the same location in inguinal WAT. Scale bar, 200 pm. d Quantitative real-time PCR analysis of beige adipocyte markers in
inguinal WAT kept at 16 °C for 1 week in miR-33%f and miR-33"f DBH-Cre mice. n =3 mice in miR-33"f mice at room temperature, n =14, 15 mice per
group at 16 °C, **p < 0.01, *p < 0.05, two-sided Mann-Whitney test. @ Western blotting analysis of PGCla, UCP1, TH, and p-actin in inguinal WAT kept at
16 °C for 1 week in miR-33%f and miR-33%f DBH-Cre mice. n=4 mice per group. The arrow indicates specific bands of TH staining. f Densitometry for
UCP1 and TH in the inguinal WAT of miR-33"f and miR-33"f DBH-Cre mice at 16 °C for 1 week. n = 4 mice per group, *p < 0.05, two-sided Mann-Whitney
test. All data are presented as mean £ SEM.
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elevation. In the hypothalamus, ER stress markers were also be an adaptive or complementary response to cold environments.
mildly elevated in response to cold stress. The difference in the Because miR-33 in the brain is induced by stresses such as fear
duration of miR-33 elevation between our in vitro and in vivo conditioning, behavior stress, and cold stress, and given the
results may be due to the degree of ER stress, although further ability of miR-33 to increase sympathetic nerve tone by sup-
in vivo analysis is surely required. It takes several days for pressing GABAergic inhibitory transmission, this machinery is
hypothalamic miR-33 to increase after cold exposure, which may likely to be a physiological adaptive defense mechanism against
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Fig. 7 Gabrb2 and Gabra4 are the genes responsible for the phenotype of miR-33~/— mice. a Quantitative real-time PCR analysis of Abcal, Gabrb2,
Gabra4, and Slc12a5 in the hypothalamus, medulla, and spinal cord of miR-33*/+ and miR-33~/~ mice. n=7 or 8 mice per group ***p < 0.001, *p < 0.05,
two-sided Mann-Whitney test. b Quantitative real-time PCR analysis of miR-33a and miR-33b in the control, miR-33a KO, miR-33b KO, and miR-33a/b
double KO (dKO) human iPS cell-derived cortical neurons. n = 3 in control, miR-33a KO, miR-33b KO, n= 6 in miR-33 dKO. ¢ Quantitative real-time PCR
analysis of GABRB2, GABRA4, and SLC12A5 in control, miR-33a KO, miR-33b KO, and miR-33a/b double KO iPS cell-derived cortical neurons. n=3 in
control, miR-33a KO, and miR-33b KO, n=6 in miR-33 dKO, *p < 0.05, Kruskal-Wallis test with Dunn’s post hoc test. d Serial core body temperature
change of miR-33%f and miR-33/f DBH-Cre mice infected with conditional control ShRNA AAV9 vector kept at 4 °C. n =13, 10 mice per group, **p < 0.01,

Kok k

p < 0.007, two-way repeated-measures ANOVA with Bonferroni's post hoc test. e Serial core body temperature change in miR-33f and miR-33%f DBH-

Cre mice infected with conditional shRNA AAV9 vector against Gabrb2 kept at 4 °C. n=9, 13 mice per group. f Serial core body temperature change in
miR-33"f and miR-33"f DBH-Cre mice infected with conditional ShRNA AAV9 vector against Gabra4 kept at 4 °C. n =13, 9 mice per group, ***p < 0.001,
two-way repeated-measures ANOVA with Bonferroni's post hoc test. g Representative images of HE staining for the BAT of the indicated mice kept at 4 °C
for 5h.n=4, 4, 3, 4 mice per group. Scale bar, 50 pm. h Quantitative real-time PCR analysis of UcpT and Adrb3 in the BAT of control shRNA, Gabrb2

shRNA, and Gabra4 shRNA-infected mice kept at 4 °C for 5 h. The mean value of control shRNA-infected miR-33%f mice was set to 1. n =13, 10 mice per
group for control shRNA, n=9, 13 mice per group for Gabrb2 shRNA, n =13, 9 mice per group for Gabra4 shRNA, ***p < 0.001, two-sided Mann-Whitney

test. All data are presented as mean £ SEM.

life-threatening stress. However, the induction of miR-33 is
relatively mild and takes time. In general, our results support that
miR-33 is important for inducing sympathetic nerve activation,
and suggest that its induction may be a complement to this neural
mechanism under cold exposure or HFD feeding.

miR-33 is one of the best-characterized miRNAs*349, Several
previous studies, including our own, indicate that miR-33 reg-
ulates metabolic pathways such as cholesterol!0-12:1819 and glu-
cose homeostasis®?. Because deletion or inhibition of miR-33
ameliorates atherosclerosis by improving lipid profiles and
reducing inflammation, it shows promise as a therapeutic target
for atherosclerosis-related diseases!3-1°. These beneficial effects
originate from peripheral tissues or cells such as the liver and
macrophages. Here, we found that miR-33 in the brain affects
whole-body metabolism by modulating the sympathetic nerve
tone. To the best of our knowledge, this is the first study to
demonstrate that a certain miRNA in the central nervous system
has substantial effects on metabolism by altering sympathetic
nerve activity, and we identify crosstalk between miR-33, meta-
bolic miRNA, and the central nervous system. Because increased
sympathetic nerve activity is known to accelerate atherosclerosis
by several mechanisms®!~>4, its reduction via deletion or inhibi-
tion of miR-33 can contribute to the amelioration of
atherosclerosis.

Rodents have only one miR-33 in an intron of the Srebf2 gene,
while humans have another, miR-33b, in an intron of the SREBFI
gene. We previously generated miR-33b*+/* mice, which have the
human miR-33b sequence in the same intron of Srebfl as in
humans!®, and we found the acceleration of atherosclerosis in
these micel”. In contrast to miR-33~/~ mice, these humanized
mice exhibited reductions of Gabrb2 and Gabra4 in the hypo-
thalamus, higher body temperature and metabolic rate, and
higher sympathetic nerve activity even at room temperature.
miR-33a and miR-33b have been shown to share the same genes
as their targets by comprehensive transcriptome and bioinfor-
matics analysis>>, therefore, the copy number of miR-33 is most
likely to be important for these phenotypic changes. Because
humans possess both miR-33a and miR-33b, as do miR-33b*/+
mice, this neural circuit may have more impact in humans than
in mice. In this study, Srebf2 expression was induced by cold
stress, HFD feeding, and thapsigargin treatment, while SrebfI was
induced only by cold stress. Since there may be different pathways
for inducing Srebfl expression other than ER stress®®, further
analyses are needed.

Diet-induced thermogenesis is another form of adaptive ther-
mogenesis that limits weight gain in response to caloric excess
such as HFD feeding. HFD feeding for 2 weeks increased UCP1
expression in the BAT of miR-331/* mice, but not in miR-33~/~

mice. As discussed above, HFD feeding is known to induce ER
stress in the hypothalamus®3. We found that HFD feeding also
up-regulated miR-33 in the hypothalamus. ER, stress-induced
miR-33 can enhance sympathetic nerve activity by suppressing
the GABA, receptor-mediated mechanism, leading to increased
BAT thermogenesis. Thus, diet-induced thermogenesis probably
shares the same pathway as cold-induced thermogenesis from the
viewpoint of miR-33 and the GABA, receptors. A recent report
showed that hunger signal stimulates GABAergic neurons in
medullary reticular nuclei, which innervate the rRPa and inhibit
BAT thermogenesis to reduce energy expenditure®’, which is
compatible with and supports our findings. Accumulating evi-
dence indicates that beige adipose tissue, which differentiates
from WAT and functions similarly to BAT, is also important for
whole-body metabolism and is expected to have clinical impli-
cations?’. Because WAT is also under the control of the sym-
pathetic nerve tone, we evaluated the extent of browning of WAT
in this study. In accordance with the de fgree of sympathetic nerve
activity, miR-33~/~ mice and miR-33ff DBH-Cre mice exhibited
a reduced rate of browning of WAT under cold exposure. Pre-
vious reports have shown that miR-33 deficiency or long-term
inhibition of miR-33 can lead to obesity with HFD feeding20-22,
In this study, miR-33—/~ mice showed reduced BAT activation,
reduced metabolic rate, and susceptibility to HFD feeding, which
were also observed in miR-33f DBH-Cre mice. Therefore, miR-
33 deficiency or long-term inhibition of miR-33 may fail to
induce HFD-induced thermogenesis and browning of WAT,
which in part contributes to obesity with HFD feeding. On the
other hand, food intake, another important factor in obesity, was
increased in miR-33~/~ mice but not in miR-33f DBH-Cre mice,
which indicates that miR-33 in Dbh-positive neurons is not
responsible for increased food intake in miR-33~/~ mice. Further
analysis is needed to elucidate this mechanism.

In conclusion, we identified a neural mechanism for the reg-
ulation of adaptive thermogenesis via miR-33. During cold stress,
miR-33 in the brain (Dbh-positive neurons in particular) con-
tributes to the maintenance of BAT thermogenesis and whole-
body metabolism through increased sympathetic nerve activity by
suppressing GABA, inhibitory neuronal transmission. This
neural machinery may serve as an adaptive defense mechanism
against cold stress and other stresses such as fear conditioning or
behavior stress.

Methods

Animals. miR-33~/~, miR-33b*/+, and miR-33f mice were originally generated
in our laboratory as reported previously!»16>8. DBH-Cre mice were generated by
Dr. Kazuto Kobayashi and provided by the RIKEN BRC through the National Bio-
Resource Project of the MEXT, Japan®%. To obtain miR-33f DBH-Cre mice, male
DBH-Cre mice were crossed with female miR-33f mice. All of the in vivo
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experiments were performed in C57BL/6] background mice, and littermates were
used as controls. Mice were weaned at the age of 4 weeks and fed normal chow
(NC) containing 4.5% fat until the age of 8 weeks, then used for experiments. In
HFD experiments, 8-week-old mice were switched from NC to either 45% HFD
(D12451; Research Diet, Inc. NJ) for 12 weeks, or 60% HFD (D12492) for 2 weeks.
For cold exposure, mice were kept at 4 °C for the indicated times. All of the
experimental protocols were approved by the Ethics Committee for Animal
Experiments of Kyoto University. All animal experiments were performed in
accordance with the ethical guidelines of the Animal Experimentation Committee
of Kyoto University. Primers for genotyping and product size are listed in Sup-
plementary Table 1.

Cell culture and reagents. Neuro2a cells were obtained from ATCC and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
FBS. Antibodies used in this study comprised: anti-ABCA1 antibody (NB400-105;
Novus Biologicals, CO), anti-UCP1 antibody (U6382), anti-$-actin antibody
(A5441) (Sigma-Aldrich, MO), anti-TH antibody (AB152), anti-goat-IgG biotin-
conjugated antibody (AP180B), anti-rabbit-IgG biotin-conjugated antibody
(AP182B) (Millipore, MA), anti-c-fos antibody (sc-52), anti-PGCla antibody (H-
300), anti-CHOP antibody (sc-575) (Santa Cruz Biotechnology, CA), anti-GAPDH
antibody (#2118), anti-BIP antibody (#3183), anti-cleaved-caspase 3 antibody
(#9664) (Cell Signaling Technology, MA), and anti-rabbit, anti-mouse, and anti-
goat IgG HRP-linked antibodies (GE Healthcare, Inc., IL). NE, AMPT methyl ester
hydrochloride, and thapsigargin were purchased from Sigma-Aldrich.

Quantitative real-time PCR for mRNAs and miRNAs. Total RNA was isolated
using TriPure reagent (Sigma-Aldrich) from organs or cells. For coding genes,
cDNAs were synthesized using a Verso cDNA synthesis kit (Thermo Fisher Sci-
entific, MA), and quantitative real-time PCR (qRT-PCR) measurements used
THUNDERBIRD SYBR qPCR Mix (TOYOBO, Japan) in accordance with the
manufacturers’ instructions. Expression levels were normalized using B-actin
expression levels. miR-33a and miR-33b were measured using TagMan MicroRNA
Assays (Applied Biosystems, Inc., CA) in accordance with the manufacturer’s
instructions. Expression levels were normalized using U6 snRNA expression.
Human Total RNA Master Panel II (Clontech, CA) and human adipose tissue RNA
(Biochain, CA) were used for the distribution of genes in human organs. All
analyses were performed using a StepOnePlus real-time PCR system and StepOne
Software v2.3 (Applied Biosystems, Inc.). Primers used for quantitative real-time
PCR in this study are listed in Supplementary Table 2.

Western blotting. Western blotting was performed using standard procedures. A
total of 20 pg of protein was fractionated using NuPAGE 4-12% Bis-Tris gels
(Thermo Fisher Scientific, MA) and transferred to a Protran nitrocellulose transfer
membrane (GE Healthcare, Inc). The membrane was blocked using 1x phosphate-
buffered saline (PBS) containing 5% non-fat milk for 1h and incubated with a
primary antibody (anti-ABCA1; 1:1000, anti-UCP1; 1:2000, anti-TH; 1:1000, anti-
B-actin; 1:3000, anti-PGCla; 1:500, anti-GAPDH; 1:3000, anti-BIP; 1:1000, anti-
CHOP; 1:500, anti-cleaved-caspase 3; 1:500) overnight at 4 °C. After a washing step
in PBS containing 0.05% Tween 20 (0.05% T-PBS), the membrane was incubated
with the secondary antibody (anti-rabbit IgG HRP-linked; 1:2000, anti-mouse IgG
HRP-linked; 1:2000) for 1h at 4 °C. The membrane was then washed in 0.05% T-
PBS and detected with ECL Western Blotting Detection Reagent (GE Healthcare),
using an ImageQuant LAS4000 mini system (GE Healthcare, Inc, IL). Densito-
metry was performed using ImageJ software 1.44p.

Measurement of rectal core body temperature. The rectal core body tempera-
ture of mice was measured with a thermometer and probe for a mouse (AD-1687-
M) (A & D company, Japan) at 10 A.M. For serial measurement of body tem-
peratures, mice fasted for 2 h, then measurements were taken at 12 P.M., under a
room temperature of 23 °C.

Measurement of BAT and rectal temperature. Anesthetized mice were placed on
ice, and BAT and rectal temperature were recorded simultaneously every minute. A
needle-type probe and thermometer were used for direct measurement of BAT
temperature (AD-1220-100 and AD5601A) (A & D company, Japan).

Assessment of the metabolic rate. Male mice at 8 weeks old were kept in
separate chambers at the indicated temperature for 3 days, and oxygen con-
sumption rates were measured using an Oxymax indirect calorimetric system and
analyzed by CLAX software v2.2.10 (Columbus Instruments, OH)*°. For the
experiment of miR-337f DBH-Cre mice, male mice at 16 weeks of age were used.

Assessment of maximum oxygen consumption rate. For the assessment of the
maximum oxygen consumption rate, male mice kept at the indicated temperature
for 3 days were anesthetized with pentobarbital, and then transferred to a chamber
at 30 °C. After measurement of basal rates for 30 min, mice were subcutaneously
injected with NE (1 mg/kg), and oxygen consumption rate was measured for
another 60 min?42>,

Measurement of FAO activity. We measured FAO activity in the BAT using a
non-radioactive enzymatic assay kit according to the manufacturer’s instruction
(BMR, NY)®0, The measurement is based on the oxidation of octanoyl-CoA, which
is coupled to NADH-dependent reduction of INT to INT-formazan. The formazan
production from the same amount of BAT homogenates with or without octanoyl-
CoA was measured by an ARVO X3 microplate reader at O.D. 492 nm (Perki-
nElmer, MA). The subtracted O.D. values presented here are proportional to the
FAO activity.

Measurement of NETO. NETO was measured using AMPT as follows?>28. In
brief, mice were divided into two groups and then BAT was collected without
injection of AMPT (0 h) in one group. In the other group, BAT was collected 4 h
after AMPT intraperitoneal injection (300 mg/kg). Mice were euthanized by
decapitation without anesthesia in order to prevent NE release from sympathetic
terminals. BAT was homogenized, and then NE concentrations were measured for
the pre- and post-AMPT treatment groups. Values were calculated as NE content
per gram of BAT.

Surgical denervation of iBAT nerves. Surgical denervation of nerves that
innervate iBAT was performed as follows?8. Under anesthesia with isoflurane, a
midline incision in the skin along the upper dorsal surface was made. The medial,
ventral surface of iBAT was exposed to visualize nerves beneath the pad. There are
five intercostal nerves that unilaterally innervate each iBAT lobe and these nerves
appear in bundles of two to three. All of these nerves were carefully cut using micro
scissors with the use of a microscope so as not to cut the large Sulzer’s vein. The left
side of BAT was denervated and the right side of BAT was sham-operated. Mice
were analyzed 1 week after the operation. Successful denervation was confirmed by
NE content in BAT.

Immunohistochemistry for c-fos-positive cells. miR-33~/~ mice and their lit-
termates were placed at 4 °C as cold exposure for 2 h. miR-33b*/* mice and their
littermates were used at room temperature. After anesthetization, mice were per-
fused transcardially with ice-cold PBS (pH 7.4) followed by 4% PFA, then the
brains were harvested. After overnight post-fixation with 4% PFA, brain samples
were cryoprotected in a 30% sucrose solution. The brain tissues were embedded in
O.C.T. Compound (Tissue-Tek, Japan) and sliced at a thickness of 40 um. The
slices were treated with methanol supplemented with 0.3% H,O,, blocked with 1%
normal donkey serum containing 0.1% TritonX-100, and then incubated with a
goat anti-c-fos primary antibody (1:200) overnight. After washing with T-PBS,
slices were incubated biotin-conjugated anti-goat secondary antibody (1:500) for
1 h. After washing with T-PBS, sections were incubated with VECTASTAIN Elite
ABC kit (Vector Laboratories, CA) for 30 min, then the color was developed using
a DAB Substrate kit with nickel (Vector Laboratories). After washing with T-PBS,
slices were embedded and coverslipped. c-fos-positive cells in the rRPa were
counted. The mean number of c-fos-positive cells from six sequential sections are
presented here. Data were obtained by Axio Observer 7 and Zen 2 pro software
(Carl Zeiss, Inc).

Intermittent cold exposure for mice. To measure gene expression in the hypo-
thalamus after intermittent cold exposure, wild-type mice were kept at 4 °C for 3h
and returned to room temperature for 21 h as one cycle. This cycle was repeated for
7 consecutive days.

Measurement of blood pressure and heart rate. Blood pressure and heart rate
were measured using a noninvasive tail-cuff system (BP-98A, Softron). The mean
of 8 measurements per mouse was used as values for blood pressure and heart rate.

Generation of human iPS cell-derived cortical neurons. miR-33a knockout,
miR-33b knockout, and miR-33a/b double knockout human iPS cells were gen-
erated using CRISPR-Cas9-mediated genome editing as reported previously>°. The
human iPS cells used in this study were 201B7, which were generated by Dr. Shinya
Yamanaka®! from dermal fibroblasts (Cell Applications, Inc.) obtained from a
healthy donor who gave informed consent. The iPS cell line is widely used for
research and ethical approval is not required in Japan. These human iPS cells,
including controls, were differentiated into cortical neurons using the quick
embryoid body-like aggregate (SFEBq) method?”. The use of human iPS$ cells was
approved by the Ethics Committee of Kyoto University.

Generation of AAV vector. An AAV vector was generated using an AAV-2
Helper-Free System in accordance with the manufacturer’s protocol (Cell Bio-
labs, Inc. CA). A plasmid with AAV capsid serotype 9 (pAAV-RC9) was
obtained from Penn Vector Core at the University of Pennsylvania. A plasmid
with AAV conditional shRNA (pAAV-dsRed-Sico-shRNA), in which the shRNA
was expressed only when regulated by Cre recombinase was kindly provided by
Dr. Marina Picciotto, Yale University?(. The purification method was performed
with slight modifications®2. Briefly, AAV-293 cells (Agilent Technologies, CA)
were transfected with pAAV-GFP or pAAV-conditional shRNA, pHelper, and
pAAV-RCY vector plasmids using a standard PEI (Polysciences, Inc. PA)-

| (2021)12:843 | https://doi.org/10.1038/s41467-021-21107-5 | www.nature.com/naturecommunications 15


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

A Self-archived copy in
Kyoto University Research Information Repository
https://repositary.kulib kyoto-u.ac.in

RBAEFHERY LS b

KURENAI #1

Kyoto University Research Information Repository

.. -

BB K 5

KYOTO UNIVERSITVC L E
7 NI 1

mediated transfection method. 72 h after transfection, cells were collected and 10. Najafi-Shoushtari, S. H. et al. MicroRNA-33 and the SREBP host genes
suspended in artificial CSF solution containing 124 mM NaCl, 3 mM KCl, 26 cooperate to control cholesterol homeostasis. Science 328, 1566-1569 (2010).
mM NaHCO;, 2 mM CaCl,, 1 mM MgSOy, 1.25 mM KH,PO, and 10 mM b- 11. Rayner, K. J. et al. MiR-33 contributes to the regulation of cholesterol
glucose. Following four freeze-thaw cycles, the cell lysates were treated with homeostasis. Science 328, 1570-1573 (2010).
Benzonase nuclease (Millipore) at 45 °C for 15 min, then centrifuged twice at 12. Horie, T. et al. MicroRNA-33 encoded by an intron of sterol regulatory
16,000xg for 10 min at 4 °C. The supernatant was used as the virus-containing element-binding protein 2 (Srebp2) regulates HDL in vivo. Proc. Natl Acad.
solution. Quantitative real-time PCR was performed to measure the titer of the Sci. USA 107, 17321-17326 (2010).
puriﬁ'ed virus. Virus aliquots were then stored at -80 °C until used for the 13. Rayner, K. J. et al. Antagonism of miR-33 in mice promotes reverse cholesterol
experiment. transport and regression of atherosclerosis. J. Clin. Investig. 121, 2921-2931
(2011).
Screening and validation of shRNA sequence. Two to three kinds of shRNA 14. Horie, T. et al. MicroRNA-33 deficiency reduces the progression of
sequence against indicated genes were cloned into pAAV-conditional sS(RNA atherosclerotic plaque in ApoE-/- mice. J. Am. Heart Assoc. 1, 003376 (2012).
(pAAV-dsRed-Sico-shRNA). The sequences were confirmed by 3130xl Genetic 15. Nakao, T. et al. Genetic ablation of microRNA-33 attenuates inflammation
Analyzer, Foundation Data Collection v3.1.1, and Sequence Analysis software v5.4 and abdominal aortic aneurysm formation via several anti-inflammatory
(Applied Biosystems, Inc). These plasmids are co-transfected with Cre-expression pathways. Arterioscler. Thromb. Vasc. Biol. 37, 2161-2170 (2017).
vectors into Neuro2a cells. 48 h later, the cells were collected and analyzed by 16. Horie, T. et al. MicroRNA-33b knock-in mice for an intron of sterol
quantitative real-time PCR. The most-effective sequence was selected for in vivo regulatory element-binding factor 1 (Srebfl) exhibit reduced HDL-C in vivo.
experiments. Sequences for shRNA used for the in vivo study are listed in Sup- Sci. Rep. 4, 5312 (2014).
plementary Table 3. 17. Nishino, T. et al. SREBF1/microRNA-33b axis exhibits potent effect on
unstable atherosclerotic plaque formation in vivo. Arterioscler. Thromb. Vasc.
Injection of AAV9 vector into neonatal mouse brain. An AAV9 viral vector was Biol. 38, 2460-2473 (291'8')' . . . .
injected into neonatal brains by icv injection as reported previously3$. In brief, PO 18. Rayner, K. J. et al. Inhibition of miR-33a/b in non-human primates raises
neonatal mice were placed on a cold aluminum plate on ice to induce hypothermia plasma HDL and lowers VLDL triglycerides. Nature 478, 404-407 (2011).
anesthesia. After wiping the head of the pup with a cotton swab soaked in 70% 19. Rottiers, V. et al. Pharmacological inhibition of a microRNA family in
ethanol, icv injection of AAV9 was performed using a 1701RN 33-gauge Neuros nonhuman primates by a seed-targeting 8-mer antimiR. Sci. Transl. Med. 5,
Syringe (Hamilton Company, NV). The needle was inserted at a site two-fifths of 212ral62 (2013).
the distance from the lambda suture to each eye until a depth of 3 mm. Then, 5x  20. Horie, T. et al. MicroRNA-33 regulates sterol regulatory element-binding
10 viral particles per hemisphere were injected. The same procedure was per- protein 1 expression in mice. Nat. Commun. 4, 2883 (2013).
formed with the contralateral ventricle. After completing viral injections into both ~ 21. Goedeke, L. et al. Long-term therapeutic silencing of miR-33 increases
hemispheres, the pup was placed back on a warming pad. AAV9 vector-injected circulating triglyceride levels and hepatic lipid accumulation in mice. EMBO
mice were analyzed at 8 weeks of age. Mol. Med. 6, 1133-1141 (2014).
22. Price, N. L. et al. Genetic ablation of miR-33 increases food intake, enhances
Statistics. Data are presented as the mean + standard error of means. Statistical adipose tissue expansion, and promotes obesity and insulin resistance. Cell
comparisons were performed using either two-sided paired or unpaired ¢ test or Rep. 22, 2133_2}45 (2018). . .
Mann-Whitney test for the comparison of two groups, and either one-way or two- 23. von Essen, G, Lindsund, ITZ.,.Can'non, B. & Neder.gaar d, J. Adaptive f'acultatlve
way or two-way repeated-measures analysis of variance with Bonferroni’s post hoc diet-induced thermogenesis in wild-type but not in UCP1-ablated mice. Am. J.
test or Kruskal-Wallis test with post hoc Dunn’s test for the multiple groups, based Physiol. Endocrinol. Metab. 313, E515-E527 (2017).
on the normality test, with p < 0.05 taken to indicate significance. fd/ANOVA was ~ 24. Cannon, B. & Nedergaard, J. Nonshivering thermogenesis and its adequate
used for the analysis of the oxygen consumption curves. Exact p values are pro- measurement in metabolic studies. J. Exp. Biol. 214, 242-253 (2011).
vided in a Source Data file. Statistical and data analyses were performed using 25. Tsukita, S. et al. Hepatic glucokinase modulates obesity predisposition by
Image] 1.44p, GraphPad Prism 5.04 and 6.05 (GraphPad Software, Inc.), and R regulating BAT thermogenesis via neural signals. Cell Metab. 16, 825-832 (2012).
software 3.6.0. 26. Kim, J. et al. microRNA-33 regulates ApoE lipidation and amyloid-beta
metabolism in the brain. J. Neurosci. 35, 14717-14726 (2015).
Reporting summary. Further information on research design is available in the Nature 27. Harms, M & Sealg, P. Brown and beige fat: development, function and
Research Reporting Summary linked to this article. therapeutic potential. Nat. MEd' 19, 1252-1263 (2013). .
28. Vaughan, C. H., Zarebidaki, E., Ehlen, J. C. & Bartness, T. J. Analysis and
measurement of the sympathetic and sensory innervation of white and brown
Data availability adipose tissue. Methods Enzymol. 537, 199-225 (2014).
The data that support the findings in this study are available from the corresponding 29. Nakamura, K. et al. Identification of sympathetic premotor neurons in
authors upon reasonable request. Source data are provided with this paper. medullary raphe regions mediating fever and other thermoregulatory
functions. J. Neurosci. 24, 5370-5380 (2004).

. 30. Rzechorzek, N. M., Connick, P., Patani, R., Selvaraj, B. T. & Chandran, S.
Received: 10 September 2019; Accepted: 12 January 2021; Hypothermic preconditioning of human cortical netJlrons requires proteostatic
Published online: 16 February 2021 priming. EBioMedicine 2, 528-535 (2015).

31. Sun, Y. et al. Endoplasmic reticulum stress affects lipid metabolism in
atherosclerosis via CHOP activation and over-expression of miR-33. Cell
Physiol. Biochem. 48, 1995-2010 (2018).
32. Feng, X, Lin, Y. L. & Wei, L. N. Behavioral stress reduces RIP140 expression
References in astrocyte and increases brain lipid accumulation. Brain Behav. Immun. 46,
1. Kelly, T, Yang, W., Chen, C. S., Reynolds, K. & He, J. Global burden of obesity 270-279 (2015).
in 2005 and projections to 2030. Int. J. Obes. 32, 1431-1437 (2008). 33. Ramirez, S. & Claret, M. Hypothalamic ER stress: a bridge between leptin
2. Peirce, V., Carobbio, S. & Vidal-Puig, A. The different shades of fat. Nature resistance and obesity. FEBS Lett. 589, 1678-1687 (2015).
510, 76-83 (2014). 34. Matsushita, N., Kobayashi, K., Miyazaki, J. & Kobayashi, K. Fate of transient
3. van Marken Lichtenbelt, W. D. et al. Cold-activated brown adipose tissue in catecholaminergic cell types revealed by site-specific recombination in
healthy men. N. Engl. J. Med. 360, 1500-1508 (2009). transgenic mice. J. Neurosci. Res. 78, 7-15 (2004).
4. Cypess, A. M. et al. Identification and importance of brown adipose tissue in ~ 35. Jovasevic, V. et al. GABAergic mechanisms regulated by miR-33 encode state-
adult humans. N. Engl. J. Med. 360, 1509-1517 (2009). dependent fear. Nat. Neurosci. 18, 1265-1271 (2015).
5. Virtanen, K. A. et al. Functional brown adipose tissue in healthy adults. N. 36. Nakazeki, F. et al. MiR-33a is a therapeutic target in SPG4-related hereditary
Engl. J. Med. 360, 1518-1525 (2009). spastic paraplegia human neurons. Clin. Sci. 133, 583-595 (2019).
6. Morrison, S. F. & Nakamura, K. Central mechanisms for thermoregulation. 37. Kondo, T. et al. Modeling Alzheimer’s disease with iPSCs reveals stress
Annu. Rev. Physiol. 81, 285-308 (2019). phenotypes associated with intracellular Abeta and differential drug
7. Morrison, S. F., Madden, C. J. & Tupone, D. Central neural regulation of responsiveness. Cell Stem Cell 12, 487-496 (2013).
brown adipose tissue thermogenesis and energy expenditure. Cell Metab. 19,  38. Kim, J. Y., Grunke, S. D., Levites, Y., Golde, T. E. & Jankowsky, J. L.
741-756 (2014). Intracerebroventricular viral injection of the neonatal mouse brain for
8. Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell persistent and widespread neuronal transduction. J. Vis. Exp. https://doi.org/

116, 281-297 (2004). 10.3791/51863 (2014).

9. Goody, D. & Pfeifer, A. MicroRNAs in brown and beige fat. Biochim. Biophys. ~ 39. Foust, K. D. et al. Intravascular AAV9 preferentially targets neonatal neurons

Acta Mol. Cell Biol. Lipids 1864, 29-36 (2019).

and adult astrocytes. Nat. Biotechnol. 27, 59-65 (2009).

16 | (2021)12:843 | https://doi.org/10.1038/s41467-021-21107-5 | www.nature.com/naturecommunications


https://doi.org/10.3791/51863
https://doi.org/10.3791/51863
www.nature.com/naturecommunications

K 5

KYOTO UNIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https:/Lrepasitory-kylib.kyoto-u.ac.jp

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Calarco, C. A. et al. Molecular and cellular characterization of nicotinic
acetylcholine receptor subtypes in the arcuate nucleus of the mouse
hypothalamus. Eur. J. Neurosci. https://doi.org/10.1111/ejn.13966 (2018).
Nakamura, Y. & Nakamura, K. Central regulation of brown adipose tissue
thermogenesis and energy homeostasis dependent on food availability. Pflug.
Arch. 470, 823-837 (2018).

Cano, G. et al. Anatomical substrates for the central control of sympathetic
outflow to interscapular adipose tissue during cold exposure. J. Comp. Neurol.
460, 303-326 (2003).

Kataoka, N., Hioki, H., Kaneko, T. & Nakamura, K. Psychological stress
activates a dorsomedial hypothalamus-medullary raphe circuit driving brown
adipose tissue thermogenesis and hyperthermia. Cell Metab. 20, 346-358
(2014).

Nakamura, K. & Morrison, S. F. Central efferent pathways for cold-defensive
and febrile shivering. J. Physiol. 589, 3641-3658 (2011).

Madden, C. J. & Morrison, S. F. Excitatory amino acid receptors in the
dorsomedial hypothalamus mediate prostaglandin-evoked thermogenesis in
brown adipose tissue. Am. J. Physiol. Regul. Integr. Comp. Physiol. 286,
R320-R325 (2004).

Colgan, S. M., Tang, D., Werstuck, G. H. & Austin, R. C. Endoplasmic
reticulum stress causes the activation of sterol regulatory element binding
protein-2. Int. J. Biochem. Cell Biol. 39, 1843-1851 (2007).

Sato, R. et al. Sterol-dependent transcriptional regulation of sterol regulatory
element-binding protein-2. J. Biol. Chem. 271, 26461-26464 (1996).
Rottiers, V. & Naar, A. M. MicroRNAs in metabolism and metabolic
disorders. Nat. Rev. Mol. Cell Biol. 13, 239-250 (2012).

Ono, K. et al. MicroRNA-33a/b in lipid metabolism—novel “thrifty” models.
Circ. J. 79, 278-284 (2015).

Ramirez, C. M. et al. MicroRNA 33 regulates glucose metabolism. Mol. Cell
Biol. 33, 2891-2902 (2013).

Dutta, P. et al. Myocardial infarction accelerates atherosclerosis. Nature 487,
325-329 (2012).

Heidt, T. et al. Chronic variable stress activates hematopoietic stem cells. Nat.
Med. 20, 754-758 (2014).

DiBona, G. F. Sympathetic nervous system and hypertension. Hypertension
61, 556-560 (2013).

Malpas, S. C. Sympathetic nervous system overactivity and its role in the
development of cardiovascular disease. Physiol. Rev. 90, 513-557 (2010).
Koyama, S. et al. Identification of differential roles of microRNA-33a and -33b
during atherosclerosis progression with genetically modified mice. J. Am.
Heart Assoc. 8, 012609 (2019).

Damiano, F., Alemanno, S., Gnoni, G. V. & Siculella, L. Translational control
of the sterol-regulatory transcription factor SREBP-1 mRNA in response to
serum starvation or ER stress is mediated by an internal ribosome entry site.
Biochem. ]. 429, 603-612 (2010).

Nakamura, Y., Yanagawa, Y., Morrison, S. F. & Nakamura, K. Medullary
reticular neurons mediate neuropeptide Y-induced metabolic inhibition and
mastication. Cell Metab. 25, 322-334 (2017).

Nishiga, M. et al. MicroRNA-33 controls adaptive fibrotic response in the
remodeling heart by preserving lipid raft cholesterol. Circ. Res. 120, 835-847
(2017).

Hiraoka, Y. et al. Critical roles of nardilysin in the maintenance of body
temperature homoeostasis. Nat. Commun. 5, 3224 (2014).

Kwong, S. C,, Jamil, A. H. A., Rhodes, A., Taib, N. A. & Chung, I. Metabolic
role of fatty acid binding protein 7 in mediating triple-negative breast cancer
cell death via PPAR-alpha signaling. J. Lipid Res. 60, 1807-1817 (2019).
Takahashi, K. et al. Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell 131, 861-872 (2007).

62. Matsui, S. et al. Neuronal SIRT1 regulates macronutrient-based diet selection
through FGF21 and oxytocin signalling in mice. Nat. Commun. 9, 4604
(2018).

Acknowledgements

‘We would like to thank Dr. Kazuto Kobayashi and RIKEN BRC for providing DBH-Cre
mice. This work was supported by the Ministry of Education, Culture, Sports, Science,
and Technology (MEXT) and Japan Society for the Promotion of Science (JSPS)
KAKENHI Grants 17K09860 and 20K08904 (T.H.), 1605297 (T.K.), 17H04177,
17H05599, and 20H03675 (K.O.). This work was also supported by AMED under grant
JP19£k0210112 (K.O.), as well as grants from the Mochida Memorial Foundation for
Medical and Pharmaceutical Research, Suzuken Memorial Foundation, Bristol Myers
Squibb, Fujiwara Memorial Foundation (T.H.), and The Vehicle Racing Commemorative
Foundation (K.O.).

Author contributions

T.H. and K.O. designed the project; T.H., T. Nakao, Y.M,, T. Nishino, SM., EN,, TW., N.S,,
A.O. and J.T. performed the experiments; T.H., T. Nakao, Y.M.,, Y.I, MK, ST, RRR, TW,,
TY., SX, CO, SM, KM, MN,, YK, OB, SW, HN, Y.N,, T.S,, TK. and K.O. analyzed
and interpreted the data; CN.,, M.RP, H.I, D.W., KN. and T.S. contributed reagents,
materials, and analysis tools; and T.H. and K.O. prepared the paper.

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/s41467-021-21107-5.

Correspondence and requests for materials should be addressed to T.H. or K.O.

Peer review information Nature Communications thanks Shaun Morrison and the other,
anonymous, reviewer(s) for their contribution to the peer review of 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
2

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

| (2021)12:843 | https://doi.org/10.1038/s41467-021-21107-5 | www.nature.com/naturecommunications 17

RBAEFHERY LS b

il


https://doi.org/10.1111/ejn.13966
https://doi.org/10.1038/s41467-021-21107-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	microRNA-33 maintains adaptive thermogenesis via enhanced sympathetic nerve activity
	Results
	miR-33−/− mice become obese with reduced oxygen consumption when fed an HFD
	miR-33−/− mice exhibit impaired thermogenesis via reduced BAT activation
	The abundance of miR-33 in the human and mouse brain
	miR-33−/− mice exhibit reduced sympathetic nerve activity
	Cold exposure induces hypothalamic miR-33, possibly via ER stress
	miR-33b+/+ mice show increased BAT activity with higher sympathetic nerve activity
	miR-33f/f DBH-Cre mice exhibit a phenotype similar to miR-33−/− mice
	GABAA receptor subunit genes are altered by a miR-33 deficiency
	Gabrb2 and Gabra4 are responsible for altered thermogenesis in miR-33−/− mice

	Discussion
	Methods
	Animals
	Cell culture and reagents
	Quantitative real-time PCR for mRNAs and miRNAs
	Western blotting
	Measurement of rectal core body temperature
	Measurement of BAT and rectal temperature
	Assessment of the metabolic rate
	Assessment of maximum oxygen consumption rate
	Measurement of FAO activity
	Measurement of NETO
	Surgical denervation of iBAT nerves
	Immunohistochemistry for c-fos-positive cells
	Intermittent cold exposure for mice
	Measurement of blood pressure and heart rate
	Generation of human iPS cell-derived cortical neurons
	Generation of AAV vector
	Screening and validation of shRNA sequence
	Injection of AAV9 vector into neonatal mouse brain
	Statistics

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




