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PWWP2B Fine-Tunes Adipose Thermogenesis by Stabilizing

HDACs in a NuRD Subcomplex

Linyu Yan, Weiwei Jin, Qingwen Zhao, Xuan Cui, Ting Shi, Yingjiang Xu, Feiyan Li,
Wenfang Jin, Zhe Zhang, Zhao Zhang, Qi-Qun Tang, and Dongning Pan*

Histone deacetylases (HDACs) are widely involved in many biological
processes, as well as in control of brown and beige adipose physiology, but
the precise molecular mechanisms by which HDACs are assembled into
transcriptional machinery to fine-tune thermogenic program remain
ill-defined. PWWP domain containing 2b (PWWP2B), which is identified as a
component of the nucleosome remodeling and deacetylation complex
(NuRD), interacts and stabilizes HDAC1/2 at the thermogenic gene promoters
to suppress their expression. Ablation of Pwwp2b promotes adipocyte
thermogenesis and ameliorates diet-induced obesity in vivo. Intriguingly,
Pwwp2b is not only a brown fat-enriched gene but also dramatically induced

HDAC s, which remove acetyl groups from
histones or non-histone substrates, have
been highlighted as they are widely in-
volved in tumorigenesis, immune disorder,
neurodegenerative diseases, as well as
in control of brown and beige adipose
physiology.?l It is reported that HDAC1
negatively regulates brown fat-specific
gene activation through coordinated
removal of acetylation and deposition
of methylation on histone H3 lysine
27 (H3K27).Bl Enhanced Ucpl expres-
sion was also observed in brown and/or

by cold and sympathetic stimulation, which may serve as a physiological
brake to avoid over-activation of thermogenesis in brown and beige fat cells.

1. Introduction

Two types of thermogenic adipocytes, brown and beige fat
cells, are now appreciated to play an essential role in systemic
metabolism. Thermogenic adipocytes harbor the ability to ap-
propriately activate or repress the thermogenic gene program
in response to physiological and environmental stimuli. A set
of transcriptional and epigenetic regulators orchestrate adaptive
thermogenesis by changing histone marks and chromatin archi-
tectures at specific gene promoters.[!l Histone acetylation is one
of the most abundant epigenetic marks that exerts a profound
influence on transcription. The dynamic turnover of acetyla-
tion state of a given chromatin locus is managed by histone
acetyltransferases (HATS) and histone deacetylases (HDACs).
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beige cells upon HDAC3 inhibitor treat-
ment and in Hdac3 knockout mice.[*¢!
In accord with these data, Class I HDACs
(including HDACs 1, 2, 3, and 8) selective
inhibitor, MS275, promotes mitochondrial biogenesis and
respiration in primary brown fat cells, increases systemic energy
expenditure in both db/db mice and diet-induced obesity mouse
models.[”#] Apart from Class I HDACs, HDAC6 and HDAC11
are also reported to be involved in the regulation of adipose
thermogenesis.’'!l HDACs have therefore emerged as targets
for therapeutic interventions for insulin resistance and type 2
diabetes mellitus (T2DM).[2]

However, the fact that HDACs execute global regulation in a
variety of cell types makes them difficult to be useful targets for
obesity-associated diseases due to severe side effects.l'>"'7] HDAC
complex may be recruited to specific DNA loci through physically
interacting with defined transcription factors or regulators in a
cellular context. Transcriptional factor ZEB1 (zinc-finger E-box-
binding homeobox 1) is reported to interact with HDAC1 to mod-
ulate metastasis in non-small cell lung cancer.['8! ZEB2 cooper-
ates with HDAC complex to control schwann cell differentiation
and remyelination."”! ZFPM1 (zinc finger protein, multitype 1;
also known as FOG-1) enrolls HDACI to repress GATA-1 target
genes during erythroid cell maturation.!?”! Bcl6-dependent follic-
ular T cells development is mediated by a complex formed by
Bcl6, Osteopontin, and Mi-2f-nucleosome-remodeling deacety-
lase complex.l?!] Thus, an alternative strategy to alleviate side ef-
fects of HDAC inhibitors is to aim the tissue- or cell-specific com-
ponent in HDAC protein complexes.['7?22] In this regard, it will
be helpful to unravel how HDACs are assembled into transcrip-
tional machinery to fine-tune thermogenic gene expression.

In this manuscript, we identified PWWP domain containing
2b (PWWP2B) acting as a scaffold to stabilize HDAC1/2 pro-
tein in the nucleosome remodeling and deacetylation (NuRD)
subcomplex to modulate expression of thermogenic program in
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Figure 1. Pwwp2b is induced by f-adrenergic signaling in fat tissues. a) PWWP2B protein level in brown and white adipose tissues of C57BL/6 mice.
n =3, 12-week-old male mice. b) PWWP2B level in differentiating immortalized brown adipocytes. c) PWWP2B level in BAT, iWAT, and eWAT after cold
challenge for indicated time. n = 3 mice. d) Quantification of PWWP2B level in (c). n=3. *P < 0.05, **P < 0.01, ***P < 0.001 versus the control (0 day)
by unpaired two-tailed Student’s t-test. The data shown are mean + SEM. e) C57BL/6 mice are intraperitoneally (i.p.) injected CI316243 at a dose of
0.5 ug g~' body weight for 5 days. PWWP2B level in fat tissues is analyzed. n = 4 mice. f) Quantification of PWWP2B level in (e). n = 4. **P < 0.01,

*P < 0.001 by unpaired two-tailed Student’s t-test. The data shown are mean

brown and beige adipocytes. Pwwp2b is a brown fat-enriched
gene compared to white fat tissues (WAT), and its expression pat-
tern is correlated well with the induction of Ucp1 in adipose tis-
sues. Unexpectedly, PWWP2B serves as a built-in brake for adi-
pose thermogenesis by promoting deacetylation on the Ucp1 pro-
moter. Based on these observations, we propose that PWWP2B
bridges the assembly of the NuRD subcomplex in transcription
machineries to fine-tune thermogenic program.

2. Results

2.1. PWWP2B Protein is Enriched in Brown and Beige Adipose
Tissues

To understand how brown fat-enriched molecular components
control adaptive thermogenesis, we queried our previously pub-
lished RNA sequencing (RNA-seq) (GEO: GSE56367) dataset to
search for novel transcriptional or epigenetic regulators that are
preferentially expressed in brown adipose tissue (BAT).**) As
Pwwp2b messenger RNA (mRNA) level in BAT was fivefold com-
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+ SEM.

pared to that of epididymal WAT (eWAT), Pwwp2b was identified
as a candidate (Figure S1a,b, Supporting Information). PWWP2B
is a functionally uncharacterized protein containing a conserved
PWWP (Proline-Tryptophan-Tryptophan-Proline) domain at its
C-terminal, which usually binds nucleosome and recruits their
associated chromatin-modifying enzymes to the target locus on
chromatin.! To first reveal Pwwp2b expression distribution in
mouse tissues, we performed quantitative PCR (QPCR) analy-
sis to measure Pwwp2b mRNA abundance. Pwwp2b mRNA is
ubiquitously expressed in all tissues examined (Figure S1c, Sup-
porting Information). Consistent with the RNA-seq data, the lev-
els of Pwwp2b protein and mRNA were strikingly higher in BAT
compared to in inguinal WAT (iWAT) and eWAT (Figure 1a; Fig-
ure Slc, Supporting Information). Whereas Pwwp2a, a close ho-
molog of Pwwp2b, had no expression preference in brown versus
white fat tissues (Figure S1d, Supporting Information). Pwwp2b
is expressed in both stromal vascular fraction (SVF) and ma-
ture adipocytes isolated from BAT (Figure Sle, Supporting In-
formation). Moreover, in immortalized brown fat cell line the
PWWP2B level increased progressively during brown adipocyte
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differentiation and peaked at late differentiation stage (day 4
to day 6) (Figure 1b). The enriched expression of Pwwp2b in
brown fat tissue and in mature brown fat cells indicates that it
may be involved in governing the functional properties of brown
adipocytes.

Cold challenge and noradrenergic cascade activate thermo-
genesis in BAT and recruit beige adipocytes in WAT.[2% The
expression of Pwwp2b transcript was slightly but significantly in-
duced in BAT and eWAT upon mice were subjected to acute cold
exposure (Figure S1f, Supporting Information). PWWP2B pro-
tein levels were increased in BAT and WAT after cold exposure
for 24 or 48 h (Figure 1c,d). Chronic activation of f3-adrenergic
receptor by Cl316243 agonist strongly induced PWWP2B pro-
tein expression in adipose tissues, especially in white fat tissues
(Figure 1e,f), suggesting PWWP2B may be also involved in the
process of white adipose browning. In summary, we herein
identified Pwwp2b as a novel BAT-enriched component and the
expression of Pwwp2b is induced in brown and beige adipose
tissues by thermogenic activation.

2.2. Loss of Pwwp2b in Adipose Tissues Enhances Adaptive
Thermogenic Response and White Fat Browning

To study the function of Pwwp2b in adipose tissues, we gener-
ated adipose tissue-selective Pwwp2b knockout mice (Ad-KO) by
crossing Pwwp2bo*/1o¥ mice (Floxed) with Adiponectin-Cre mice
(Figure S2a, Supporting Information). The Pwwp2b knockout
mice (Pwwp b1 with Adiponectin-Cre) were apparently indis-
tinguishable from the Floxed mice. Then QPCR analysis veri-
fied the selective deletion of Pwwp2b in BAT and iWAT (Fig-
ure S2b, Supporting Information), but no significant reduction
in eWAT that may be due to the remaining Pwwp2b expression
in SVF cells. Reduced PWWP2B protein was observed in BAT
(Figure 2a) and fractionated mature brown adipocytes (Fig-
ure S2¢, Supporting Information) isolated from Ad-KO mice.
Pwwp2b Ad-KO mice consumed similar amount of chow diet and
had comparable body weight to Floxed mice when raised at room
temperature (23 °C) (Figure S2d,e, Supporting Information). Fur-
ther gene expression analysis revealed increased mRNA levels
of uncoupling protein 1 (Ucpl) and PR domain containing 16
(Prdm16) in BAT of Ad-KO mice (Figure S2f, Supporting Infor-
mation). UCP1 protein level was also upregulated in brown fat
tissues of knockout mice (Figure 2b,c). About a twofold increase
in Ucpl, Cox8b, and Prdm16 mRNA levels were also detected in
Ad-KO iWAT (Figure S2g, Supporting Information). On the other
hand, the gene expression screening in eWAT and hematoxylin-
eosin (H&E) staining of brown and white fat tissues did not show
much difference between Ad-KO and Floxed mice (Figure S2h,i,
Supporting Information). The adipose Pwwp2a mRNA level in
knockout mice was similar to that of controls (Figure S2f-h, Sup-
porting Information).

We next tested the effects of different environmental temper-
ature on BAT adaptive thermogenesis in Pwwp2b-deficient mice.
Intriguingly, Ad-KO mice had more active BAT activities at 30
°C, as revealed by the remarkable upregulation of markers of
thermogenesis, including Ucp1, Cidea, Prdm16, Cox8b and Pgcla
(Figure. 2d; Figure S2j, Supporting Information), implying en-
hanced diet-induced BAT thermogenesis upon Pwwp2b deletion.
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Although the Pwwp2b knockout mice had similar rectal tempera-
ture as Floxed mice when exposed to 4 °C for 6 h (Figure S2k, Sup-
porting Information), elevated dorsal surface temperature was
observed in knockout mice (Figure 2e,f). QPCR analysis uncov-
ered increased expression of Prdm16and Atglin BAT of knockout
mice (Figure S21, Supporting Information).

Moreover, ablation of Pwwp2b sensitized both brown and white
adipose tissues to f3-adrenergic receptor agonist C1316243 ad-
ministration. Considerable induction of UCP1 protein was seen
in BAT, inguinal and epididymal WAT of Pwwp2b knockout mice
(Figure 2g). Consistent with the gene expression data, C1316243-
treated knockout mice exhibited more multilocular and positively
UCP1-stained adipocytes in iWAT and eWAT (Figure 2h,i), which
are typically associated with the browning process. Elevated oxy-
gen consumption rate (OCR) was also observed in knockout mice
iWATs before and after C1316243 administration (Figure 2j). In
contrast, the increase of UCP1 level in BAT of Ad-KO mice did
not elicit the detectable alteration in cell morphology, UCP1 im-
munostaining, and OCR (Figure 2h—j), possibly due to the alter-
ation was relatively slighter compared to the high basal thermo-
genic activity in BAT.

2.3. Pwwp2b Deletion Ameliorates Diet-Induced Obesity

To investigate if loss of Pwwp2b in adipose tissues alters whole-
body energy expenditure, we then challenged the mice with a
high-fat diet (HFD). The Floxed mice gained weight more rapidly
than knockout mice (Figure 3a), although they consumed simi-
lar amount of food (Figure S3a, Supporting Information). The
decreased body weight of knockout mice was due to less fat
mass (Figure 3D), especially significantly decreased amount of
inguinal fat tissue deposition (Figure S3b, Supporting Informa-
tion). An indirect calorimetry study demonstrated that knockout
mice had increased heat generation, decreased respiration ex-
change rate (RER), increased oxygen consumption at night, and
unaltered carbon dioxide production (Figure 3c—f). Furthermore,
Pwwp 2b-knockout mice fed an HFD exhibited moderately but sig-
nificantly lower blood glucose concentrations after glucose or in-
sulin injection, indicating that genetic disruption of Pwwp2b im-
proved glucose tolerance and insulin sensitivity on HFD-fed mice
(Figure 3g,h). Histological analyses demonstrated that knockout
mice had markedly reduced size of lipid droplets in BAT, iWAT,
and fewer vacuoles in livers (Figure 3i,j).

At molecular levels, increased UCP1 protein, immunostain-
ing, and mRNA levels were shown in BAT of knockout mice (Fig-
ure 3k,]; Figure S3c, Supporting Information). The mRNA levels
of other thermogenic genes, Cidea, Prdm16, Pgcla, and/or Cox8b
were also significantly upregulated in both BAT and iWAT (Fig-
ure S3c,d, Supporting Information). The expression of inflam-
matory marker NF-xb in iWAT or interleukin 6 (II-6) in eWAT
was decreased in knockout mice (Figure S3d,e, Supporting Infor-
mation), indicating the ameliorated inflammatory reaction. Im-
proved insulin signaling as assessed by phosphorylated Akt level
was displayed in adipose tissues and livers, but not muscles of
knockout mice (Figure 3m,n).

The protection of Pwwp2b knockout mice from diet-induced
obesity was also observed in female mice (Figure S3f, Support-
ing Information). The female knockout mice had significantly
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Figure 2. Pwwp2b knockout mice demonstrate enhanced thermogenic activity in adipose tissues. a) PWWP2B level in BAT of Floxed and Ad-KO mice.
n =4, 12-week old male mice. b) UCP1 level in BAT of Floxed and Ad-KO mice. n = 3, 10-week old male mice. c) Quantification of UCP1 levels in (b).
n=3.*P < 0.05 by unpaired two-tailed Student’s t-test. The data shown are mean + SEM. d) 12-week-old mice are housing at 30 °C for 2 weeks. Gene
expression levels are detected by Western blot. n = 4. e) Mice are subjected to 4 °C for 7 h. Quantification of dorsal skin temperature measured by
an infrared camera. n = 4 per group. *P < 0.05 by unpaired two-tailed Student’s t-test. The data shown are mean + SEM. f) Representative pictures
showed dorsal skin temperature of mice in (e). g) Western blot detected UCP1 in fat tissues after CL316243 (0.5 pg g~ body weight) administration by
i.p. injection for 7 days (n = 4). h) Haematoxylin and eosin (H&E) staining of fat tissues in mice of (g). Scale bar: 50 ym. i) Representative pictures of
UCPT immunostaining of fat tissues in mice of (g). BAT scale bar = 50 pm, iWAT and eWAT scale bar = 200 pm. j) Ex vivo oxygen consumption assay
of BAT and iWAT measured by Clark oxygen electrode. Mice are injected CL316243 (0.5 pg g~ body weight) for 7 days (n = 4) or without any treatment
(n=6).**P <0.01, ***P < 0.001 by unpaired two-tailed Student’s t-test. The data shown are mean + SEM.

less fat mass and drastically smaller iWAT and gonadal WAT
(gWAT) depots after 18-week HFD feeding (Figure S3gh, Sup-
porting Information). Higher core temperature during cold chal-
lenge was detected in female knockout mice on an HFD feed-
ing (Figure 30). Collectively, the enhanced adipose thermogenic
gene expression and energy expenditure in Pwwp2b knockout
mice suggest that PWWP2B serves as a physiologically neg-
ative regulator on thermogenesis in both brown and beige
adipocytes.

Adv. Sci. 2021, 8, 2102060

2.4. PWWP2B Suppressing Thermogenic Program is
Adipocyte-Autonomous

To further explore if the suppressive effects of Pwwp2b on
thermogenic program are cell-autonomous, we knocked down
Pwwp2b expression by lentiviral small hairpin RNAs (shRNA)
transduction to immortalized brown preadipocytes. Western blot
analysis confirmed the efficiency of the two shRNAs against
Pwwp2b in mature brown adipocytes (Figure 4a). Decreased

2102060 (4 of 1 3) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Pwwp2b level did not disturb the adipogenesis process in brown
fat cells, as revealed by general adipogenic marker (Ppary, Fabp4,
and Cebpp) expression, adipocyte morphology, and oil red O
staining (Figure S4a-c, Supporting Information). The mRNA lev-
els of thermogenic gene Ucpl, Prdm16, Pgcla, and Cox8b were
considerably increased after Pwwp2b knockdown (Figure 4b).
Genes involved in lipolysis and p-oxidation expressed compara-

Adv. Sci. 2021, 8, 2102060

ble level with the scrambled control cells (Figure S4d, Supporting
Information). Reduced Pwwp2b expression also promoted brown
adipocytes to express higher Ucp1 level in response to forskolin
(FSK), an activator of adenylyl cyclase (Figure 4c). Elevated UCP1
protein level in knockdown cells was further confirmed in pri-
mary brown adipocytes isolated from Pwwp2b’/* mice (Fig-
ure 4d), where the deletion of Pwwp2b was achieved by infecting

2102060 (5 of 13) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED APV g

SCIENCE NEWS
www.advancedsciencenews.com www.advancedscience.com

Figure 3. Pwwp2b knockout mice gain less body weight on an HFD feeding. a) Body weight of Floxed and knockout mice fed on an HFD. The inset is a
representative picture of mice after 11-week HFD feeding. n = 10-11 each genotype, male mice. *P < 0.05, **P < 0.01 versus the control (0 week) by
unpaired two-tailed Student’s t-test. The data shown are mean + SEM. b) Body composition in mice of (a) measured by nuclear magnetic resonance.
n=10-11.*P < 0.05 by unpaired two-tailed Student’s t-test. The data shown are mean + SEM. c—f) Heat production (c), RER (d), oxygen consumption
(e), CO, generation (f) measured by metabolic cages for mice in (a). n = 10-11. *P < 0.05,**P < 0.01 by unpaired two-tailed Student’s t-test. The data
shown are mean + SEM. g) GTT in mice of (a) after 10-week HFD feeding. *P < 0.05 versus the control (0 min) by unpaired two-tailed Student’s t-test.
The data shown are mean + SEM. h) ITT in mice of (a) after 11-week HFD feeding. *P < 0.05 versus the control (0 min) by unpaired two-tailed Student’s
t-test. The data shown are mean + SEM. i) Representative images of H&E stained sections of adipose tissues from mice in (a). Scale bar: 20 ym for BAT,
50 pm for iIWAT and eWAT. j) H&E staining of livers in mice of (a). Scale bar: 20 ym. k) UCP1 protein levels in BAT of mice in (a). n = 3. |) Representative
pictures of BAT UCP1 immunostaining of mice in (a). Scale bar: 50 ym. m) Western blot detected phosphorylated Akt in mice on an HFD for 10 weeks.
Mice are sacrificed 15 min after insulin injection. n = 4. n) Quantification of the ratio of p-Akt to total Akt2 in (m). n = 4. *P < 0.05, **P < 0.01 by
unpaired two-tailed Student’s t-test. The data shown are mean + SEM. o) Female mice fed on an HFD for 18 weeks are subjected to cold exposure
(4 °C). Shown are the core temperatures measured by a rectal probe. n = 5 each group. *P < 0.05, **P < 0.01 versus the control (cold 0 h) by unpaired
two-tailed Student’s t-test. The data shown are mean+SEM.
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Figure 4. PWWP2B suppresses thermogenic program in a cell-autonomous manner. a) Lentiviral shRNAs are transduced to immortalized brown
preadipocytes and induced differentiation in vitro. PWWP2B level is analyzed by western blot in mature brown adipocytes (day 6). n = 3. b) Real-time
QPCR analyzed gene expression in cells of (a). n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 versus the scrambled control by unpaired two-tailed Student’s
t-test. The data shown are mean + SEM. c) Cells generated as in (a) are treated by 10 yM FSK for 6 h before the gene expression analysis. n = 3. *P < 0.05,
**P < 0.01 versus the scrambled control by unpaired two-tailed Student’s t-test. The data shown are mean + SEM. d) Primary SVF cells are isolated from
BAT of Puwp2box/flox mice. Lentivirus expressing Cre infected SVFs to delete Pwwp2b. Cells are differentiated to mature adipocytes following western
blot analysis. n = 3. e) Primary SVF cells isolated from iWAT of C57BL/6 mice are differentiated into beige cells. Lentiviral shRNA infected beige cells
on differentiation days 2 and 4, and gene expression analysis is performed on day 6. n = 3. *P < 0.05 by unpaired two-tailed Student’s t-test. The data
shown are mean =+ SEM. f) Primary SVF cells isolated from iWAT of Floxed and knockout mice are differentiated into beige cells. Western blot assay for
PWWP2B and UCP1 proteins. n = 3. g,h) Adenovirus carrying Pwwp2b infected immortalized brown adipocytes on differentiation day 3. Gene expression
analysis is performed on day 6 with or without 10pM FSK treatment for 12 h as indicated. h) n = 3. *P < 0.05, ***P < 0.001 by unpaired two-tailed
Student’s t-test. The data shown are mean + SEM. i,j) OCR is measured by Clark oxygen electrode in mature adipocytes (day 6) that are knocked down
((i), n = 3) or overexpressed Pwwp2b ((j,n) = 3). Knockdown or overexpressing lentivirus infected brown preadipocytes following standard induction to
mature adipocytes. **P < 0.01 versus the control by unpaired two-tailed Student’s t-test. The data shown are mean + SEM.
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Crelentivirus to preadipocytes. A similar molecular signature was
also observed in primary beige adipocytes when the expression of
Pwwp2b was curbed by a shRNA (Figure 4e) or in beige cells iso-
lated from Pwwp2b knockout and Floxed mice (Figure 4f).

To complement the loss-of-function model of Pwwp2b, we ex-
amined whether increased Pwwp2b expression might repress the
thermogenic gene program by infecting adenoviral Pwwp2b to
mature brown adipocytes (Figure 4g) or transducing lentiviral
Pwwp2b to brown preadipocytes (Figure S4e, Supporting Infor-
mation). Either strategy could effectively reduce the expression of
thermogenic genes (Figure 4h; Figure S4f, Supporting Informa-
tion). Notably, both knockdown and overexpression of Pwwp2b
were functionally relevant, as OCR was significantly changed in
these cells (Figure 4i,j).

PWWP2B is highly expressed in BAT and induced by ther-
mogenic stimuli, but unexpectedly demonstrates the ability to
dampen the activation of thermogenic program. The seemingly
paradox observations urge us to find more evidence to support
the results. We, therefore, assessed the time course of the induc-
tion of UCP1 and PWWP2B in adipose tissues. The increase of
UCP1 protein in BAT and iWAT appeared as early as 1 day after
ClI316243 administration, whereas PWWDP2B expression started
to elevate after 2-day treatment (Figure S5a-d, Supporting Infor-
mation). The retarded response of PWWP2B induction to f3-
adrenergic agonist coincided with its role as a molecular brake to
adipocyte thermogenesis, representing a protective mechanism
to avoid hyperactive thermogenesis and maintain energy home-
ostasis properly.

2.5. PWWP2B Stabilizes HDAC1 in a NuRD Subcomplex

We then wish to elucidate the mechanism by which Pwwp2b de-
ficiency activates thermogenic program in adipocytes. Subcel-
lular localization of a protein largely determines its molecular
pathways related to the functions. Immunofluorescence stain-
ing revealed the PWWP2B protein absolutely existed in brown
adipocyte nuclei. Deletion of the PWWP domain on the C-
terminal (PWWP2B 1-450aa) had no effect on its nucleus local-
ization (Figure 5a). Next, chromatin immunoprecipitation (ChIP)
was performed in immortalized brown adipocytes to examine
if PWWP2B could bind to thermogenic gene promoters. As il-
lustrated by Figure 5b, PWWP2B was present on the promoter
region of Ucpl, Pgcla, and Cox8b, but not on Prdm16 tran-
scriptional star site (TSS), implying PWWP2B might affect gene
transcription, histone modification, or chromatin architecture by
binding to gene promoters.

PWWP2B was previously identified as one of the compo-
nents in a variant NuRD protein complex in mouse embryonic
stem cells (mESCs).[2728] Our liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) confirmed HDAC
s HDAC1 and HDAC2 co-existing in the PWWP2B protein im-
munoprecipitant isolated from mature brown adipocytes (Ta-
ble S1, Supporting Information). Furthermore, another four el-
ements, including retinoblastoma-binding protein 4 (RBBP4),
RBBP7, metastasis-associated 1 family member 2 (MTA2)
and MTA3, of the NuRD complex were also detected. Co-
immunoprecipitation (IP) assay validated the association be-
tween exogenously expressed PWWP2B and HDAC1/2/3 in
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HEK293T cells, but no interaction could be detected between
PWWP2B and members of class II HDACs, HDAC5/6/7 (Fig-
ure 5c¢). Overexpressed PWWP2B at physiological level (see Fig-
ure S4e, Supporting Information) also interacted with endoge-
nous HDACI in brown adipocytes (Figure 5d). The interaction
between PWWP2B and MTA1/2/3 or RBBP4/7 was confirmed
by overexpressing tagged plasmids in HEK293T cells (Figure Sé6a,
Supporting Information).

Since HDAC1 is the most abundant protein that can be
pulled down by PWWP2B (Figure 5c), we then focused on
the interaction between PWWP2B and HDACI. To assess the
region of PWWP2B mediating PWWP2B-HDAC1 interaction,
we co-transfected plasmids bearing Hdacl and full length or
truncated Pwwp2b to HEK293T cells. A strong interaction was
observed with a fragment containing 1-600 (full length), 1-450
or 151-600 amino acids of PWWP2B, and a weaker interaction
was shown between PWWP2B 1-150 amino acids and HDAC1
(Figure S6b, Supporting Information). Interestingly, we noticed
that the expression of HDAC1 protein was dramatically elevated
with the presence of full-length or truncated PWWP2B, except
for PWWP2B 1-150 fragments (Figure S6b, Supporting Infor-
mation, see cell lysates). Further Western blot analysis confirmed
the presence of PWWP2B heightened HDACI (Figure 5e) and
HDAC2 protein levels (Figure S6c, Supporting Information),
but did not increase HDACS5 or RBBP4/7 protein levels. Neither
had any effect on HDAC1 mRNA expression (Figure S6d-f,
Supporting Information). PWWP2A also showed the capability
to increase HDAC1 protein level when co-expressed in HEK293T
cells (Figure S6g, Supporting Information). However, RBBP4
and RBBP7, the acknowledged partners of HDAC1, did not en-
hance the expression of HDAC1 protein (Figure S6h, Supporting
Information). More importantly, overexpression of PWWP2B
in mature brown adipocytes also increased HDAC1 protein
level (Figure 5f). Conversely, depletion of Pwwp2b in primary
beige adipocytes slightly but significantly lowered the HDAC1
protein expression (Figure 5g). The fact that increased HDAC1
protein but not mRNA level by overexpressing PWWP2B led
us to predict that the presence of PWWP2B might increase the
HDAC1 protein stability. Cycloheximide (CHX) chase analysis
and HDAC1 ubiquitination assay showed that PWWP2B
stabilized HDAC1 by decreasing its ubiquitination level
(Figure 5h,i).

The deubiquitinating enzyme, BRCA1/BRCA2-containing
complex subunit 3 (BRCC3), was present in PWWP2B im-
munoprecipitant complex (Table S1, Supporting Information)
and involved in deubiquitinating HDAC1 and PWWP2B (Fig-
ure S7a,b, Supporting Information). BRCC3 interacts and stabi-
lizes HDAC1 or PWWP2B individually (Figure S7c,d, Support-
ing Information), and the presence of PWWP2B could further
augment the BRCC3 interacting with and stabilizing HDAC1
protein (Figure S7c,d, Supporting Information, see the last lane
in each Figure). In addition, overexpressed Brcc3 increased the
protein, but not mRNA, levels of PWWP2B and HDAC1 in
brown adipocytes (Figure S7e-g, Supporting Information). A cor-
responding reduction in the protein levels of PWWP2B and
HDAC1 was also observed in brown adipocytes with Brce3 knock-
down (Figure S7h-j, Supporting Information). All these data in-
dicate BRCC3 plays a part in stabilizing the PWWP2B-HDAC1
complex.
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Figure 5. PWWP2B stabilizes HDACT. a) Immunofluorescence staining shows PWWP2B localizes to mature brown adipocyte nucleus (scale bar:
10pm). Lentiviral HA-Pwwp2b is transduced into brown preadipocytes. Staining is performed on differentiation day 6. b) Representative data of ChIP
assay reveal PWWP2B binding on gene promoters. The ChIP assay is performed 3 times. n = 3. *P < 0.05 versus data from the vector cells with HA
antibody by unpaired two-tailed Student’s t-test. The data shown are mean + SEM. c) IP is performed when co-expressing Pwwp2b and Hdacs plasmids
in HEK293T cells, followed by Western blot. d) Brown preadipocytes are infected with HA-Pwwp2b lentivirus, induced differentiation, followed by IP using
control 1gG or HA antibody. e,f) Presence of PWWP2B increases HDACT protein level in e) HEK293T and f) brown adipocytes. The samples used in
Figure 5f are the same as in Figure 4g. g) SVF cells isolated from Floxed and knockout mice iWAT are differentiated into beige adipocytes. Western blot
showed HDACT and PWWP2B levels. Right panel is quantification of HDAC1 and PWWP2B protein levels. n = 3. *P < 0.05, ***P < 0.001 by unpaired
two-tailed Student’s t-test. The data shown are mean + SEM. h) CHX chase assay revealed HDACT’s half-life with and without the presence of PWWP2B
in HEK293T cells. i) PWWP2B decreases the ubiquitination of HDAC1 in HEK293T cells. Plasmids are transfected as indicated. 36 h after transfection
cells are treated with MG132 for another12 h following IP.

2.6. PWWP2B Regulates Histone Acetylation Level on the Ucp1

PWWP2B-elicited inhibitory effect on Ucpl and Cox8b expres-
Promoter

sion (Figure 6a,b). Accordingly, knockdown of Pwwp2b decreased
HDACI binding on Ucp1 distal and Pgcla TSS regions, imply-
ing the abundance of HDAC1 on thermogenic gene promot-
ers at least partly depends on the presence of PWWP2B (Fig-
ure 6¢). Consequently, the levels of acetylated H3K27 and H4
on Ucpl promoter were increased in Pwwp2b knockdown cells

Histone deacetylation is a well-defined repressive regulatory
mechanism for gene transcription, which could be responsi-
ble for the suppressive role of PWWP2B in thermogenesis. In
fact, the chemical inhibitor of HDAC1, MS275,71 did abolish
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Figure 6. HDACT is required for PWWP2B inhibition on thermogenic gene expression. a,b) MS275 abolished PWWP2B suppression effect on a) Ucp1
and b) Cox8b expression. MS275 (2uM) treated the cells for 12 h on day 6. n = 3. *P < 0.05 by unpaired two-tailed Student’s t-test. The data shown are
mean + SEM. c) Representative data to show knockdown of Pwwp2b reduces HDAC1 association on gene promoters. The ChIP assay is performed in
brown adipocytes 3 times. n = 3. *P < 0.05 versus data from scrambled cells with Hdac1 antibody by unpaired two-tailed Student’s t-test. The data shown
are mean + SEM. d,e) Representative data to show knockdown of Pwwp2b reduces acetylated d) H3K27 and e) H4 levels on UcpT promoter. The ChIP
assay is performed in brown adipocytes 3 times. n = 3. *P < 0.05, ***P < 0.001 versus data from scrambled cells with d) acetyl-H3K27 or e) acetyl-H4
antibody by unpaired two-tailed Student’s t-test. The data shown are mean + SEM. f) Acetylated H4 level in iWAT of mice administrated Cl316243 for
7 days. n = 4. Unpaired two-tailed Student’s t-test. The data shown are mean + SEM. g) Pwwp2b is knocked out in primary brown preadipocytes by
lentiviral Cre infection. Lentivirus expressing Hdac1 transduced cells on differentiation day 2 and day 4. Indicated proteins are detected by Western blot.
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Figure 7. A model of how PWWP2B regulates adipocyte thermogenesis.
PWWP2B associates and stabilizes HDAC1/2 in the NuRD subcomplex to
promote deacetylation on the thermogenic gene promoters. It thus acts as
amolecular brake to restrain hyperactive thermogenesis. In the absence of
Pwwp2b, less HDAC1/2 sticks to promoters delicately activating the ther-
mogenic program in adipocytes.

(Figure 6d,e). In vivo, the increased UCP1 expression in iWAT
of knockout mice after chronic Cl316243 treatment (see Fig-
ure 2g) was accompanied by the tended elevation of H4 acety-
lation level at Ucpl enhancer region (p = 0.071) (Figure 6f).
On the other hand, the inhibition effect of HDAC1 on UCP1
expression counted on the presence of PWWP2B. When Cre
lentivirus depleted Pwwp2b in primary brown adipocytes, the
HDAC1-elicited inhibition on UCP1 expression was greatly abol-
ished (Figure 6g). Taken together, we conclude that the functional
roles of PWWP2B and HDACI in thermogenic adipocytes are in-
terrelated and interdependent.

3. Discussion

In this manuscript, we identified a BAT-enriched protein
PWWP2B curbed adipose thermogenesis by promoting NuRD-
mediated deacetylation on gene promoters (Figure 7). Given
the effect of PWWP2B specifically regulating thermogenic gene
program, we speculate designated transcriptional factors may
be involved in recruitment of PWWP2B to particular chro-
matin regions. Transcriptional factor ZFP516 that was also de-
tected in the PWWP2B protein complex (Table S1, Support-
ing Information) was previously reported to activate Ucpl pro-
moter and promote browning of iWAT by interacting with
PRDM16 and LSD1.[23% Qur preliminary inspection demon-
strated that endogenous PWWP2B interacted with overexpressed
HA-ZFP516 in brown adipocytes (Figure S8a, Supporting In-
formation). ZFP516 recruits LSD1 to the promoter regions of
BAT-enriched genes, where it demethylates methylated H3K9
and activates transcription.[**) PWWP2B competed against LSD1
to interact with ZFP516 (Figure S8b, Supporting Information).
Whereas, PRDM16 facilitated the interaction between PWWP2B
and ZFP516 (Figure S8c, Supporting Information), although
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PRDM16 itself did not interact with PWWP2B (Figure S8d, Sup-
porting Information). ZFP516 knockdown almost completely ab-
rogated PWWP2B binding to thermogenic gene promoters (Fig-
ure S8e,f, Supporting Information). Moreover, the existence of
PWWP2B promoted ZFP516 interaction with HDAC1 (Figure
S8g, Supporting Information), likely due to PWWP2B stabilizes
HDAC1 and acts as a scaffold for the assembly of NuRD complex
into the ZFP516 transcription apparatus.

One confusing question is the disparity between the expres-
sion pattern of Pwwp2b and its roles in adipocytes. Pwwp2b
is a BAT-enriched gene and induced by cold exposure and g-
adrenergic signaling pathway. However, our in vitro and in vivo
data show that PWWP2B functions as a negative regulator for
thermogenesis through directing and stabilizing HDAC1 on
gene promoters. Adaptive thermogenesis-induced system en-
ergy expenditure is deleterious in cancer-associated cachexia,
burn injury, and kidney failure.3133! It is not surprising that
intrinsic constraint mechanisms on thermogenesis are devel-
oped to avoid caloric waste. PWWP2B is not the only one that
acts as a brake on the road of non-shivering thermogenesis. The
cAMP-CREB axis induced the RNA-binding protein QKI tran-
scription, but QKI impedes adipose thermogenesis by decreas-
ing Ucp1 and Pgcla mRNA stability, cytoplasm localization, and
translation efficiency.?*l The expression level of potassium two
pore domain channel subfamily K member 3 (Kcnk3) is much
higher in brown and beige than in white adipocytes. It is tran-
scriptionally activated by PRDM16 and cold stimuli in adipose
tissues. KCNK3-mediated outward potassium current antago-
nizes norepinephrine-induced calcium influx to restrain cAMP
production.3°! All these “brake” systems are crucial to preserve
energy and avoid wasting.

The full length of PWWP2B protein is 600 amino acids, with
a PWWP domain at the C-terminal (498-583aa). The PWWP
domain contains five anti-parallel g-strands (#1-45), with the
Pro-Trp-Trp-Pro motif locating in the 2-strand.[3*) The PWWP
domain interacts with DNA,[*”] and reads methylated H3K36
and methylated H4K20.33-31 PWWP2B, as well as PWWP2A,
have been previously reported to be in the deacetylase core of
the NuRD complex.[?28] PWWP2A-MTA complex is enriched
at actively transcribed gene bodies,”?!] and recognizes and
binds both H2A.Z and H3K36 trimethylation.[?* In contrast,
PWWP2B is enriched on active promoters and enhancers in
mESCs.81 PWWP2A and PWWP2B may have redundant and
specific functions. Our mass spectrometry results did not iden-
tify PWWP2A in PWWP2B immunoprecipitants isolated from
mature adipocytes. The PWW2A function in adipocytes and its
binding selectivity to distinct chromatin moieties remains to be
further explored.

HDAC1 and HDAC?2 are incorporated into multiple transcrip-
tional regulatory complexes, including NuRD, SIN3-HDAC com-
plex, mitotic deacetylase complex (MiDAC), REST corepressor
(CoREST) complex, mesoderm induction early response tran-
scriptional regulator (MIER) complex, and RERE-HDAC com-
plexes, and each has discrete biological functions.**] HDAC in-
hibitors show promise for the treatment of many diseases, but
the limitation is the undesirable side effects due to the diverse
functions of HDACs. Designing inhibitors that could target indi-
vidual HDAC complex or perturbing protein-protein interactions
in complexes is a potential strategy to overcome the side effects.
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BAT-enriched PWWP2B stabilizes HDAC1 and HDAC2 in a
NuRD subcomplex and suppresses thermogenesis in adipocytes.
The insight of functional roles of the PWWP2B-HDAC1 complex
in adaptive thermogenesis may contribute to the novel therapeu-
tics for obesity and the related diseases.

4. Experimental Methods

Animal Studies: ~ All animal studies were performed in accordance with
an Institutional Animal Care and Use Committee-approved protocol of
Fudan University. Mice were housed in 12 h light and 12 h dark cycle at
23 °C with free access to water and a standard rodent chow diet unless
otherwise specified. Pwwp2b1*flox mice were obtained from Beijing Bio-
cytogen Company on C57BL/6 background. To generate adipocyte-specific
Puwwp2b knockout mice, Pwwp2b1%/fx mice were crossed to mice express-
ing Cre recombinase under the control of the adiponectin promoter (Jack-
son Laboratory, 02 8020). For HFD-feeding, mice were fed starting at about
6 weeks of age with 60% calories as fat (Research Diets D12492) for the
indicated time periods. Glucose tolerance test (GTT) and insulin tolerance
test (ITT) were performed in mice after an HFD. Mice fasted for 16 h (GTT)
or 5 h (ITT) following intraperitoneal injection with glucose (2g per kg body
mass) orinsulin (0.75U per kg body mass), respectively. Core body temper-
ature was measured using the rectal electronic thermometer (ALT-ETO3,
Shanghai Alcott Biotech CO.LTD). Mice skin temperature was discerned
by infrared camera (Flir One, Flir Systems). Body composition of mice
was determined after HFD with nuclear magnetic resonance (Minispec
LF50, Bruker). For acute cold exposure, mice caged with food withdrawn
were placed in a 4 °C environment for indicated time. For thermoneutrality
housing, mice were raised at 30 °C for 2 weeks. In each experiment, only
the same gender and similar age littermate mice were used as control.

Indirect Calorimetry:  Pwwp2b knockout or control mice fed an HFD for
11 weeks (male) or 18 weeks (female) were placed in the Comprehensive
Lab Animal Monitoring System (Columbus Instruments) and allowed to
acclimate. Mice were monitored for 24 h for oxygen consumption, carbon
dioxide production, and heat generation. Data were shown as the average
over 12-h dark and light cycle.

Oxygen Consumption: Freshly isolated BAT or iWAT depots (about
40 mg) were minced in 1 mL phosphate-buffered saline supplemented
with 25 mM glucose, 1 mM pyruvate, and 2% BSA. Cultured adipocytes
were trypsinized and collected by centrifugation. Cell pellets were resus-
pended in the buffer above. Oxygen consumption was measured with a
Clark electrode (Oxygrapht system, Hansatech) and data were normal-
ized to total tissue weight or total protein contents.

Adipocyte Culture Studies: Immortalized BAT preadipocytes were gen-
erated and induced differentiation as described previously.[*¢] Differenti-
ated adipocytes were treated with FSK (10 pM) in some experiments as
indicated. Primary brown fat cell culture was set up by isolating brown
preadipocytes from Pwwp2bfo/flox neonatal mice. For differentiation, when
SVF cells grew to 70% confluence, cells were incubated in differentiation
medium [10% fetal bovine serum DMEM containing 20 nM insulin and
1 nM triiodo-L-thyronine (T3)] for 2 days (day -2 to day 0). Then cells
were exposed to induction medium (DMEM supplemented with 10% fetal
bovine serum, 850 nM insulin, T nM T3, 500 uM isobutylmethylxanthine,
0.5 yM dexamethasone, and 125 pM indomethacin) for 48 h (day 0 to
day 2). The medium was changed to differentiation medium on day 2 and
day 4. Mature adipocytes were collected on day 6 for further analysis. To
knockout Pwwp2b in primary brown fat cells, lentivirus expressing Cre re-
combinase infected SVF cells.

To culture beige adipocytes, SVFs were obtained from iWAT of 15-day-
old WT and Pwwp2b knockout mice. Confluent SVF cells were induced to
adipocyte by incubated in induction medium as described above for 48 h
(day O to day 2). Then cells were maintained in DMEM medium containing
10% FBS, 850 nM insulin, TnM T3 from Day 2 until day 6. FSK was added
to medium for the last 12 h during culture.

Gene Expression Analysis, Co-IP, and Mass Spectrometry: The messen-
ger RNA expression level was analyzed by quantitative RT-PCR. Western
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blot was used to explore the protein levels. The primer sequences and an-
tibodies used in this study were listed in Table S2 and Table S3, Supporting
Information.

For IP assay, HEK293T cell extracts with ectopic expressing tagged plas-
mids were incubated with anti-HA beads (Smart lifesciences, SA068001)
or anti-Flag beads (Smart lifesciences, SA042001). Immunoprecipitates
were probed with indicated antibodies. To examine the interaction be-
tween HDAC1 or ZFP516 with PWWP2B in brown fat cells, lentiviral
HA-PWWP2B or HA-ZFP516 was transduced to immortalized brown
preadipocytes. HA antibody was used to precipitate the HA-PWWP2B or
HA-ZFP516 protein complex from differentiated mature adipocytes fol-
lowed by western blot. The HA-PWW2B protein complex was subjected to
LC-MS/MS analysis (Shanghai Applied Protein Technology Co. Ltd). For
the ubiquitination assay, HEK293T cells were treated with 5 yM MG132
for 12 h before harvesting the cells.

Chromatin IP Assays (ChIP): Briefly, brown adipocytes overexpressing
HA-Pwwp2b or knocking down Pwwp2b by lentiviral transduction were
fixed in 1% formaldehyde for 5 min at room temperature. Fresh iWAT
depots from Pwwp2b knockout or WT mice were fixed and ground with
dounce homogenizer. Fragmentation of the DNA was achieved by ultra-
sonic processor (Cole Parmer). The sheared chromatin was then immuno-
precipitated with antibodies against HA (Santa Cruz sc-805X), HDACT
(Proteintech, 10197-1-AP), acetylated H3K27 (Abcam, ab4729), acetylated
H4 (Santa Cruz sc-34263), or rabbit IgG (Sigma). One percent of the chro-
matin samples were saved as input control. DNA samples from the ChIP
were purified with PCR purification kits (Qiagen) and applied to quantifi-
cation by real-time PCR. ChIP signal was normalized with input signal.

Plasmids and Viruses: ~ All the gene open reading frames were amplified
by RT-PCR and verified by sequencing. Human Hdac plasmids were kindly
provided by Dr. Qunying Lei, Fudan University. Construction and package
of knockdown (Addgene, pSP-108 vector), overexpressing lentivirus (Ad-
dgene, 17 398), and adenovirus (Addgene, 16 404) was followed the stan-
dard protocol. Lentiviral Cre construct was from addgene (#30 205).

Virus Transduction and Plasmids Transfection: Lentivirus bearing a
shRNA or target genes infected preadipocytes with the supplement of 4 pg
mL~" polybrene. Preadipocytes were then selected and grown in culture
media with 3 ug mL™! puromycin. Following the standard induction pro-
tocol, preadipocytes differentiated to mature adipocytes. Adenovirus in-
fected differentiated adipocytes on day 2 and day 4. The gene expression
analysis was usually performed on differentiation day 6. Plasmid trans-
fection to HEK293T cell was carried out following instruction of Lipofec-
tamine 2000 (Thermo Fisher). Western blot or IP assay was performed 48
h after transfection.

Immunofluorescence  Staining:  For immunofluorescence staining,
brown preadipocytes expressing HA-Pwwp2b were grown on cover slips
and induced differentiation in a 24-well plate. Paraformaldehyde-fixed
cells were incubated with HA antibody (Santa Cruz sc-805X, 1:100) at 4 °C
overnight. Subsequently, Alexa Flour 568-conjugated secondary antibody
(ThermoFisher A-11004) and DAPI were applied to cells for 60 min.
Images were acquired and processed with Confocal Laser Scanning
Microscopy (Leica) at the same setting for all the pictures.

CHX Chase Assay: To determine protein stability of HDAC1 with or
without PWWP2B, HEK293T cells expressing HA-Hdac1 and Flag-Pwwp2b
or vector plasmids were treated by CHX (50 pM) (Meilunbio MB2208)
for indicated time. Cell lysates were separated by SDS-PAGE and HDAC1
protein level was detected by HA antibody (Sigma, F7425).

Statistical Analysis:  All experiments were performed in at least tripli-
cate and the sample size (n) as shown in the relevant figure legends. Re-
sults were expressed as mean =+ standard error of mean (SEM). The sta-
tistical difference between two groups was analyzed using unpaired two-
tailed Student’s t-test. GraphPad Prism 7.0 software was used for all sta-
tistical analysis. The statistical significance was defined as P < 0.05, and
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