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Brown adipose tissue (BAT) is a key thermogenic organ whose expression of uncou-
pling protein 1 (UCP1) and ability to maintain body temperature in response to acute
cold exposure require histone deacetylase 3 (HDAC3). HDAC3 exists in tight associa-
tion with nuclear receptor corepressors (NCoRs) NCoR1 and NCoR2 (also known as
silencing mediator of retinoid and thyroid receptors [SMRT]), but the functions of
NCoR1/2 in BAT have not been established. Here we report that as expected, genetic
loss of NCoR1/2 in BAT (NCoR1/2 BAT-dKO) leads to loss of HDAC3 activity. In
addition, HDAC3 is no longer bound at its physiological genomic sites in the absence
of NCoR1/2, leading to a shared deregulation of BAT lipid metabolism between
NCoR1/2 BAT-dKO and HDAC3 BAT-KO mice. Despite these commonalities, loss
of NCoR1/2 in BAT does not phenocopy the cold sensitivity observed in HDAC3
BAT-KO, nor does loss of either corepressor alone. Instead, BAT lacking NCoR1/2 is
inflamed, particularly with respect to the interleukin-17 axis that increases thermogenic
capacity by enhancing innervation. Integration of BAT RNA sequencing and chromatin
immunoprecipitation sequencing data revealed that NCoR1/2 directly regulate Mmp9,
which integrates extracellular matrix remodeling and inflammation. These findings
reveal pleiotropic functions of the NCoR/HDAC3 corepressor complex in BAT, such
that HDAC3-independent suppression of BAT inflammation counterbalances stimula-
tion of HDAC3 activity in the control of thermogenesis.

thermogenesis j corepressor j transcription j inflammation j brown adipose tissue

Obesity is an ongoing metabolic health crisis that lacks simple and effective therapeutics
(1, 2). One potential avenue for the treatment of obesity is the activation of calorie con-
sumption by brown adipose tissue (BAT) (3, 4). BAT is a major thermogenic organ in
mammals and known to be active in adult humans, especially in response to adrenergic
cold stimulus (5, 6). BAT uses fuels such as glucose and lipids to produce heat via
uncoupling protein 1 (UCP1), a mitochondrial membrane protein that releases the mito-
chondrial proton gradient independently of ATP production (7). UCP1-independent
thermogenic mechanisms are also possible, coming from sources such as creatine and cal-
cium metabolism (8). A less well-studied contribution to thermogenesis is inflammation
of BAT itself (9).
Inflammation of white adipose tissue is implicated in obesity and related metabolic

disease pathogenesis, with specific macrophage subpopulations and crown-like struc-
tures often associated with poor adipose health (10–12). For beige adipose, macro-
phages and inflammation are commonly linked to a reduction in thermogenic capacity
with obesity, although mechanisms of macrophage-adipose communication are debated
(13–16). More recently, γδT cells have been shown to positively affect BAT thermo-
genesis through cytokines interleukin-17A (IL-17A) and IL-17F (17, 18). However,
the transcriptional underpinnings of this novel thermogenic pathway have yet to be
uncovered.
Nuclear receptors regulate gene expression by recruitment of specific coactivator or

corepressor complexes to affect nearby histone posttranslational modifications (19).
These coregulators are targets of interest for a variety of diseases (20). One such core-
pressor complex is the nuclear receptor corepressor (NCoR)–histone deacetylase 3
(HDAC3) complex, of which HDAC3 is the enzymatic component (21). NCoR1 or
NCoR2 (also known as silencing mediator of retinoid and thyroid receptor [SMRT]) is
required to activate the deacetylase function of HDAC3 (22). Previous work has
described the requirement of HDAC3 for acute thermogenic capacity in BAT, in part
by deacetylating and activating peroxisome proliferator–activated receptor gamma coac-
tivator 1-alpha (PGC1-α), which is a coactivator for thermogenic estrogen-related
receptor alpha (23).

Significance

Brown adipose tissue (BAT) helps
mammals survive in the cold by
burning calories to produce heat
and is a target for combating
obesity. Heat production by BAT
requires HDAC3, a transcriptional
coregulator whose activity
requires interaction with nuclear
receptor corepressors (NCoRs).
Here we report that surprisingly,
BAT lacking NCoRs produces heat
normally despite loss of HDAC3
activity by activating an
inflammatory pathway that
stimulates BAT via the
sympathetic nervous system.
These findings highlight the
importance of understanding the
pleiotropic physiological functions
of transcriptional coregulator
complexes.
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Because the canonical deacetylase function of HDAC3
requires interaction with NCoR1/2, we hypothesized that
depletion of NCoR1/2 in BAT would phenocopy the cold
intolerance of mice lacking HDAC3 in BAT. Surprisingly, we
found that unlike HDAC3, NCoR1/2 were not required for
the acute thermogenic stimulation of BAT, even though
HDAC3 genomic binding and activity were dramatically atten-
uated. In-depth analysis of BAT genes specifically dysregulated
in the absence of NCoR1/2 but not HDAC3 revealed the
induction of inflammatory pathways, especially IL-17 signaling,
which promotes thermogenic innervation of the tissue. Thus,
NCoR1/2 regulate inflammation and thermogenesis through
mechanisms distinct from HDAC3 in BAT.

Results

Canonical Repressive Role of HDAC3 in BAT Requires NCoR1/2.
To study tissue-specific functions of NCoR1 and NCoR2, floxed
alleles for both corepressors were crossed with mice transgenic for
Ucp1-Cre on a C57BL/6J background to knock out (KO)
NCoR1/2 in brown adipocytes (24, 25). These alleles allowed

efficient depletion of BAT NCoR1/2 protein in the single KOs
(sKOs) (SI Appendix, Fig. S1A). The levels of NCoR1/2 messen-
ger RNA (Fig. 1A) were markedly depleted in BAT from the
double KO mice (hereafter referred to as NCoR1/2 BAT-dKO
mice), with minimal effect on the expression of other key compo-
nents of the complex, such as HDAC3 and G protein pathway
suppressor 2 (GPS2) (Fig. 1A). Of note, whereas NCoR1 protein
was also diminished in NCoR1/2 BAT-dKO, levels of NCoR2
were similar to those in control mice (SI Appendix, Fig. S1B).
The floxed alleles were deleted as expected (SI Appendix, Fig.
S1C), and therefore, we suspect that the residual protein is in a
nonbrown adipocyte cell type specific to dKO. For example,
NCoR2 expression is highly enriched in macrophages (26), and
as shown below, dKO-BAT is characterized by increased immune
cells. Additionally, the enzyme activity of HDAC3 immunopreci-
pitated from NCoR1/2 BAT-dKO BAT lysates was reduced to
an extent indistinguishable from that of HDAC3 in BAT lacking
HDAC3 in brown adipocytes (Fig. 1B), with remaining activity
likely coming from nonadipocytes in the tissue.

We next performed HDAC3 chromatin immunoprecipita-
tion followed by sequencing (ChIP-seq) in BAT from control,
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Fig. 1. HDAC3 canonical function and genomic location require NCoR1/2. (A) Gene expression in BAT from NCoR1/2 control versus NCoR1/2 BAT-dKO litter-
mates housed at thermoneutrality, normalized to housekeeping transcript and control (n = 4, 4). (B) HDAC3 activity in BAT lysates, immunoprecipitated with
IgG or HDAC3 antibody (n = 4 per group). (C) Average HDAC3 ChIP-seq signal profiles for all HDAC3 peaks (6407) in control BAT. Shaded area: SEM. (D) Top
enriched known motifs, displaying one example per motif family, using Homer in control HDAC3 peak set. (E) Top enriched known motif using Homer in
HDAC3 peak set from NCoR1/2 BAT-dKO. (F) DEGs shared between NCoR1/2 BAT-dKO and HDAC3 BAT-KO (FC > 1.5 up or down; adjusted P < 0.05; n = 3–4
per group). (G) KEGG pathways enriched among genes induced in panel F highlighting shared regulation of lipid metabolism. ns, not significant.
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NCoR1/2 BAT-dKO, and HDAC3 BAT-KO animals. This
analysis led to the identification of 6,406 high-confidence
HDAC3 sites as defined by control signal at least fourfold
greater than in HDAC3 BAT-KO (SI Appendix, Fig. S1D);
85% of these peaks were lost in NCoR1/2 BAT-dKO (SI
Appendix, Fig. S1D), and HDAC3 binding was highly reduced
overall (Fig. 1C). Motif analysis of control peaks with lost
HDAC3 binding in the NCoR1/2 BAT-dKO
(Fig. 1D) showed high enrichment for transcription factors
known to be important for brown adipose lineage, including
EBF, C/EBP, and peroxisome proliferator–activated receptors
(PPARs) (27). Motif analysis of the HDAC3 peaks remaining
in NCoR1/2 BAT-dKO and new HDAC3 binding in NCoR1/2
BAT-dKO revealed enrichment for ETS factors, including
SpiB (Fig. 1E). These peaks were overall considerably weaker
than the HDAC3 peaks in control BAT (SI Appendix, Fig.
S1E) and likely emanated from HDAC3 that remained in non-
adipocytic cells, including immune cells in which ETS factors
play important roles (28, 29). HDAC3 peaks that were present
only in control BAT were near genes enriched for brown adi-
pose and related lineages (SI Appendix, Fig. S1F), whereas
HDAC3 peaks found in NCoR1/2 BAT-dKO were near genes
enriched for lung- and immune-related cell types (SI Appendix,
Fig. S1G). Additionally, 491 HDAC3 peaks in NCoR1/2
BAT-dKO tissue overlapped with those in macrophages (30),
with high enrichment for the ETS motif of immune cell factor
SpiB (SI Appendix, Fig. S1H), whereas only 71 peaks over-
lapped between HDAC3 in control BAT and macrophages (SI
Appendix, Fig. S1I). These data are consistent with a model in
which the residual and gained HDAC3 peaks in dKO tissue
primarily occurred in nonadipocyte cell types in which
NCoR1/2 were not deleted.
We next compared the transcriptomes of BAT lacking

HDAC3 (23) with those of BAT lacking NCoR1/2 from ani-
mals housed at thermoneutrality for 2 wk to remove thermo-
genic inputs. Using cutoffs of P < 0.05 and fold change (FC)
> 1.5, 778 unique transcripts were found to be coregulated by
HDAC3 and NCoR1/2 (Fig. 1F). The up-regulated transcripts
were enriched for PPARγ–related lipid-handling pathways (Fig.
1G), consistent with the role of the NCoR1/2-HDAC3 com-
plex as a coregulator of PPARγ in adipose tissue as well as the
enrichment of the PPARγ binding motif at sites bound by
NCoR1/2 and HDAC3 (31, 32). These findings were validated
by RT-qPCR for transcripts encoding key lipid metabolism
genes (SI Appendix, Fig. S1J). The shared down-regulated tran-
scripts were not significantly enriched for specific pathways.
Together, these data show that NCoR1/2 are required for phys-
iological genomic location and deacetylase function of HDAC3
in BAT, which together regulate lipid metabolism.

Corepressor KO Models Do Not Phenocopy the Cold
Intolerance Observed in HDAC3 BAT-KO. Given that NCoR1/2
are required for BAT HDAC3 function at the genome, we next
sought to determine if their loss would result in impairment of
heat production, as the loss of HDAC3 does in BAT. In agree-
ment with previous studies (23), loss of HDAC3 resulted in
marked impairment of norepinephrine-induced thermogenesis,
as measured by oxygen consumption in a continuous laboratory
animal monitoring system (CLAMS) (Fig. 2A). Surprisingly,
however, NCoR1/2 BAT-dKO animals displayed no discern-
able change in thermogenic oxygen consumption compared
with control mice (Fig. 2B). These animals also did not display
any basal changes in metabolic parameters over 72 h of moni-
toring (SI Appendix, Fig. S2). We also tested individual loss of

NCoR1 or NCoR2 in BAT to determine whether one but not
the other was responsible for the HDAC3 thermogenic pheno-
type. NCoR1 BAT-sKO mice actually displayed improved
thermogenic output (Fig. 2C), potentially related to its partner-
ship with circadian nuclear receptor REV-ERBα, which is a
negative regulator of BAT thermogenesis (33). However, simul-
taneous loss of NCoR1 and HDAC3 phenocopied HDAC3
BAT, indicating that the role of HDAC3 was dominant over
that of NCoR1 (Fig. 2D). Deletion of NCoR2 in BAT had no
appreciable effect on thermogenesis (Fig. 2E), and the impaired
thermogenesis of HDAC3 KO-BAT was retained when
NCoR2 was also depleted (Fig. 2F). Thus, thermogenesis was
impaired by loss of HDAC3 in BAT, and this was not phe-
nocopied by the loss of NCoR1/2, alone or together.

Loss of BAT NCoR1/2 Induces Thermogenic Inflammation. The
finding that NCoR1/2 depletion in BAT led to a reduction in
HDAC3 enzyme activity and genomic functions but did not
phenocopy the physiological effects of HDAC3 loss suggested
that additional functions of NCoR1/2 might somehow compen-
sate for or balance the effects of HDAC3 inactivation on thermo-
genesis. To address this, we focused on the more than 2,000
genes that were differentially expressed in NCoR1/2 dKO-BAT
but not HDAC3 KO-BAT (SI Appendix, Fig. S3A). A total of
1,145 transcripts were up-regulated, matching the canonical
repressive function of NCoR1/2, and gene ontology (GO) analy-
sis revealed that this set of genes was highly enriched for
immune-related pathways (Fig. 3A). Genes related to IL-17 sig-
naling were uniquely enriched in BAT lacking NCoR1/2 (Fig.
3B), which was of particular interest because IL-17 signaling via
γδT cells has been shown to promote thermogenesis (17, 18) and
thus had the potential to offset the thermogenic defect associated
with loss of BAT HDAC3.

We next isolated the stromal vascular fraction (SVF) of
BAT, which excludes adipocytes and is enriched for immune
cells, among other cell types (34). This analysis confirmed that
NCoR1/2 were not depleted in nonadipocytic cells of BAT in
the KO models (Fig. 3C). Moreover, as predicted from the
bulk transcriptomics of BAT, γδT-cell genes, such as Ccl2 and
Il17f, were up-regulated in these nonadipocytic cells, as were
other γδT cell–related genes, including Cd4 and Il17a, whose
regulation did not reach significance in bulk transcriptome
(Fig. 3C). Consistent with this, an increase in immune cells in
NCoR/1/2 BAT-dKO was observed by immunohistochemistry
(IHC) for CD45, a panhematopoietic marker, and CD68, a
monocyte lineage marker (Fig. 3D). By contrast, these inflam-
matory markers were essentially unchanged in HDAC3 BAT-
sKO mice (SI Appendix, Fig. S3B).

IL-17 signaling has been reported to enhance thermogenesis
by increasing the sympathetic innervation of BAT, which acti-
vates the tissue (17, 35, 36). Immunofluorescence (IF) staining
for neuronal markers tyrosine hydroxylase (TH) and Tubulin
Beta 3 Class III (Tubb3) revealed a robust increase in the
NCoR1/2 BAT-dKO (Fig. 3 E and F), but not in HDAC3 sKO
BAT (SI Appendix, Fig. S3 C and D). Together these data dem-
onstrate that the unique consequence of NCoR1/2 loss in BAT
to induce the IL-17 inflammatory axis with an associated increase
in thermogenic innervation, which is known to increase thermo-
genic output.

NCoR1/2 Directly Repress Mmp9, a Key Immune Signaling
Factor. Because the increases in immune cells and IL-17 gene
expression were likely indirect effects of the specific depletion
of NCoR1/2 in brown adipocytes, we next sought to determine
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the direct transcriptional targets of NCoR1/2 that led to this
phenotypic outcome. A total of 525 genes that were transcrip-
tionally up-regulated in NCoR1/2 BAT-dKO, but not NCoR
sKO or HDAC3 KO, transcriptomes had a nearby binding
peak for NCoR1 in BAT (23) (Fig. 4A). These peaks were
enriched for NFIL3, NF1, and SpiB binding motifs (SI
Appendix, Fig. S4A) and did not overlap with control HDAC3
peaks (SI Appendix, Fig. S4B). Analysis of these putative direct
NCoR target genes showed that cellular components involved
in the extracellular matrix (ECM) were highly enriched (Fig.
4B), as was tumor necrosis factor signaling (Fig. 4C). By
contrast, induction of numerous ECM genes in NCoR1/2
BAT-dKO was not observed in BAT-KO of HDAC3 or
NCoR1 or NCoR2 alone (Fig. 4C). ECM remodeling, particu-
larly via matrix metalloproteases (Mmps), is known to cause
immune cell infiltration into solid tissues and tumors (37).
Indeed, Mmp9 was markedly induced in NCoR1/2 dKO BAT
(highlighted in Fig. 4 D and E). Mmp9 showed a notable and
specific internal NCoR1 binding peak, with little HDAC3 pre-
sent at the same site (Fig. 4F). We also confirmed Mmp9
up-regulation in NCoR1/2 BAT-dKO and not in HDAC3
BAT-KO by RT-qPCR in a separate cohort, alongside confir-
mation of other key transcripts (SI Appendix, Fig. S4C). Thus,
the direct effect of NCoR1/2 deletion in brown adipocytes
leading to proinflammatory signals was a putative cause of

secondary immune infiltration and IL-17 activation in BAT
lacking NCoR1/2.

To further confirm the effect of NCoR1/2 deletion on
Mmp9, primary preadipocytes were harvested from BAT of
Rosa26-CreER NCoR1/2 floxed animals and control floxed ani-
mals. This system displayed good KO efficiency and confirmed
direct up-regulation of Mmp9 in brown adipocytes with loss of
NCoR1/2 (Fig. 4G). Importantly, loss of NCoR1/2 did not
alter adipocytic differentiation, as reflected by gene expression
(SI Appendix, Fig. S4D), or lipid accumulation (SI Appendix,
Fig. S4E). Together, these data suggest that loss of NCoR1/2
in adipocytes directly induced Mmp9 and potentially other
proinflammatory signals that in NCoR1/2 BAT-dKO mice
promoted the accumulation and activation of Th17 cells and
resulted in increased thermogenic inflammation.

Discussion

Nonshivering thermogenesis is a physiological response to cold
that is mediated in part by BAT, with many regulatory mecha-
nisms and inputs to maintain temperature homeostasis and
adaptability (5, 38). Here we describe a role for NCoR1/2 in
BAT in repressing prothermogenic inflammation via IL-17.
This balances the well-established role of NCoR1/2 as obligate
activators of the activity of HDAC3 (22, 39), which functions
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Fig. 2. NCoR1/2 loss does not phenocopy dominant cold intolerance of HDAC3 loss. (A–F) Norepinephrine (NE)-induced oxygen consumption following
anesthetization at thermoneutrality, after 2 wk of thermoneutral acclimation, for (A) NCoR1/2 control versus BAT-dKO (n = 6, 6), (B) HDAC3 control versus
BAT-sKO (n = 5, 5), (C) NCoR1 control versus BAT-sKO (n = 11, 11), (D) NCoR1/HDAC3 control versus BAT-dKO (n = 5, 5), (E) NCoR2 control versus BAT-sKO
(n = 5, 5), and (F) NCoR2/HDAC3 control versus BAT-dKO (n = 6, 6). ns, not significant.
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in BAT as a pilot light required for activation of the coactivator
PGC1-α and UCP1 (23) (Fig. 5).
HDAC3, NCoR1, and NCoR2 share the canonical function

of repression of sets to genes to which NCoR1/2 get recruited
by nuclear receptors and other sequence-specific transcription
factors (39). The present findings that NCoR1/2 are required
for HDAC3 activity and genomic localization are consistent
with these principles, particularly at sites bound by BAT lineage
factors, including PPARs, near genes involved in lipid metabo-
lism (29, 31, 40). However, additional levels of complexity
have emerged, including functions of HDAC3 that do not
require its enzyme activity (41) as well as mechanisms by which
HDAC3 may function as a transcriptional coactivator on spe-
cific genes (23, 30).
In macrophages, NCoR1/2 are known inflammatory regula-

tors, and there are sets of genes to which HDAC3 is recruited
without NCoR1/2 (30, 42). Here we describe functions of
NCoR1/2 in brown adipocytes that are distinct from the func-
tions of HDAC3 in these cells. This is perhaps not surprising,
because NCoR1/2 are the largest components of a multiprotein
repressor complex that also includes TBL1/TBL1R and GPS2

in stoichiometric proportions (37, 43–45). NCoR1/2 bind
independently to TBL1/1R (43, 46), and the phenotypes of
mice with tissue-specific loss of these components differ in
severity and mechanism (47–51), consistent with each compo-
nent nucleated by NCoR1/2 having separable and sometimes
opposing functions. Loss of NCoR1/2 would be expected to
result in phenotypes that combine the effects of loss of all of
the components and potentially additional NCoR1/2-specific
outcomes. Our finding that loss of NCoR1/2, but not
HDAC3, in brown adipocytes leads to inflammation of BAT
defines one such NCoR1/2-specific function.

The inflammatory response in NCoR1/2 BAT-dKO involves
an increase in IL-17 signaling associated with γδT cells. This
pathway has recently been shown to increase thermogenesis
(17, 18), which could balance the reduction in thermogenesis
resulting from loss of HDAC3 (Fig. 5). Different studies have
implicated either IL-17A or IL-17F, and indeed, we observed
an increase in both γδT-cell cytokines in NCoR1/2-depleted
BAT (17, 18). One mechanism by which IL-17 signaling
enhances thermogenesis is by increased innervation of BAT
(17), which we observed in NCoR1/2 BAT-KO.

Fig. 3. IL-17 inflammatory axis mediates NCoR1/2 BAT-dKO phenotype. (A) GO terms enriched among DEGs induced only in NCoR1/2 BAT-dKO, highlighting
inflammatory regulation. (B) Heat map of selected inflammatory transcripts related to IL-17 (n = 3 per group). (C) Gene expression in stromal vascular frac-
tion isolated from BAT of NCoR1/2 control or NCoR1/2 BAT-dKO (n = 6, 5). (D) Representative images of hematoxylin and eosin (H&E), IHC for CD45, and IHC
for CD68 at 20× magnification of BAT from NCoR1/2 control and NCoR1/2 BAT-dKO (scale bar, 200 μM). (E) Representative images at 40× magnification of IF
for TH and Tubb3 in BAT from NCoR1/2 control and NCoR1/2 BAT-dKO (scale bar, 40 μM). (F) Quantification of fluorescent signal in six images per group
from two biological replicates stained in parallel, normalized to control.
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In this model, NCoR1/2 were deleted in brown adipocytes
but not in other cellular components of BAT. As such, the
increase in IL-17 signaling was likely an indirect effect of
changes in the brown adipocyte. Transcriptomic analysis of the
tissue as well as in primary brown adipocytes lacking NCoR1/2
implicated up-regulation of Mmps, which are known to lead to
inflammation in cancer (52, 53) as well as in white adipose tis-
sue (54–58). Mmp9, which is increased in obese patients with
insulin resistance and sensitive to pioglitazone treatment (59),
was markedly induced in BAT lacking NCoR1/2 but not
HDAC3. Other factors were also likely to have contributed to
the immune infiltration observed in NCoR1/2 BAT-dKO
mice. In addition, the exact mechanism by which NCoR1/2
represses Mmp and other ECM-related genes, and how this sig-
nals to resident inflammatory cells remains to be determined.

Materials and Methods

Animal Husbandry. All animal studies were performed under protocols
approved by the University of Pennsylvania Perelman School of Medicine Institu-
tional Animal Care and Use Committee. Mice were group housed in a tempera-
ture- and humidity-controlled, specific pathogen–free animal facility at 22 °C
under a 12:12-h light–dark cycle with free access to standard chow (LabDiet
5010 postweaning; breeding on LabDiet 5021) and water. Mice were moved to
an incubator set to 30 °C 2 wk (14 d) prior to tissue collection or phenotyping
unless otherwise noted, with all tissue collection done at ZT10.

NCoR1loxP/loxP mice (strain 033452; The Jackson Laboratory) (24), NCoR2
(SMRT)loxP/loxP (60), and HDAC3loxP/loxP (strain 024119; The Jackson Laboratory)
(61) mice were bred to heterozygous Ucp1-Cre–expressing mice (strain 024670;
The Jackson Laboratory) and maintained on a C57BL/6J background. All BAT-
dKO animals were generated by crossing sKO animals in house. All experiments
were carried out on 11- to 14-wk-old male littermates generated from Ucp1-Cre
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Fig. 4. Brown adipocyte NCoR1/2 together directly regulate Mmp9. (A) Schematic of workflow for determining putative direct targets of BAT NCoR1/2.
(B) Cellular component enrichment for 525 NCoR1/2 BAT target genes found in panel A. (C) Heat map of extracellular matrix genes regulated by NCoR1/2 in
BAT; Mmp9 highlighted. (D) KEGG enrichment for 525 NCoR1/2 BAT target genes found in panel A. (E) Heat map of tumor necrosis factor (TNF) signaling
pathway genes regulated by NCoR1/2 in BAT; Mmp9 highlighted. (F) Genome browser tracks for NCoR1 and HDAC3 ChIP-seq in BAT at Mmp9 gene locus,
with input control shown. (G) Gene expression in primary brown adipocytes, either NCoR1/2 control or NCoR1/2 dKO (n = 6, 5).
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heterozygous males mated to floxed allele homozygous females, weaned into
shared housing.

Isolation and Quantification of RNA (RT-qPCR). RNA was isolated from
snap-frozen BAT as previously described (23) using TRIzol-chloroform extraction
followed by RNeasy Mini spin columns (Qiagen) and on-column DNase digestion
(Qiagen). RNA from cell culture was isolated using the RNeasy Mini Kit protocol
(Qiagen). Between 1 and 2 μg total RNA was reverse transcribed to complemen-
tary DNA using a HighCapacity cDNA Reverse Transcription Kit (Applied Biosys-
tems). RT-qPCR was performed using standard curve-based normalization and
Power SYBR Green PCR Master Mix on the Quant Studio 6 Flex Real-Time PCR
System (Applied Biosystems), with all transcripts further normalized to 18s quan-
tity and average expression in the control group. Biological replicates are shown
in bar graphs. The primer table (SI Appendix, Table S1) provides for specific
primer sequences.

HDAC3 Activity. HDAC3 activity was assayed using the HDAC3 Activity Assay
Kit (EPI004; Sigma-Aldrich). Protein lysates were quantified by BCA and normal-
ized to 2 μg total starting material. Material was then incubated overnight with
HDAC3 antibody (85057S; Cell Signaling Technology) or rabbit immunoglobulin
G (IgG) (2729S; Cell Signaling Technology) and immunoprecipitated with pro-
tein A DynaBeads (10002D; Invitrogen). Assay incubations were performed on
bead with final sample removed from beads for measurement and normaliza-
tion according to kit instructions.

ChIP. ChIP was performed as previously described, with minor modifications
(23). Total protein for each sonicated sample was quantified by bicinchoninic
acid (BCA) and normalized to 1.5 μg protein for each ChIP prior to incubation
with antibody overnight; 5% input was saved prior to antibody incubation and
used as input control. Antibodies used were HDAC3 (GTX109679; Genetex) and
rabbit IgG (2729S; Cell Signaling Technology) and immunoprecipitated with
bovine serum albumin (BSA)–blocked protein A agarose beads (15918014; Invi-
trogen). ChIP DNA was isolated using phenol/chloroform extraction and treated
with RNase A prior to sequencing library preparation.

ChIP-seq Preparation and Analysis. The NEBNext Ultra II DNA Library Prep
Kit for Illumina (E7645S; New England BioLabs) with AMPure XP Beads
(A63881; Beckman Coulter, Inc.) was used to amplify and size select ChIP DNA.
The Agilent High Sensitivity DNA Kit (5007-4626) and KAPA Library Quantifica-
tion Kit (KR0405) were used to quantify libraries and fragment sizes prior to
sequencing. n = 3 was sequenced for NCoR1/2 control and NCoR1/2 BAT-dKO
groups, n = 2 for HDAC3 BAT-KO, and n = 1 each for input and IgG. The
sequencing was performed at the Next-Generation Sequencing Core at the Uni-
versity of Pennsylvania on a NextSeq platform (Illumina) at 100SR for a total of
30 million reads per sample.

FASTQ files were aligned to the GRCm38 (mm10) reference genome using
the bowtie2 v2.4.2 aligner with the following parameters: -N 1. Duplicate reads
were removed with samtools rmdup. Tag directories were then made with

Homer v4.11.1. HDAC3 peaks in control and NCoR1/2 dKO were called using
Homer from pooled replicates, using HDAC3 KO as background. findPeaks was
used with default parameters, which sets the cutoff to fourfold minimum enrich-
ment over the background. Homer’s mergePeaks was used to intersect the
two peak sets and determine control-only, NCoR1/2-only, and shared peaks.
Motif enrichment analysis in various peak sets was performed with Homer’s
findMotifsGenome.pl with the following parameters: -size 200 -S 10 -len
8,10,12,14,16. Enrichment score for a motif was calculated as the fraction of tar-
get peaks having the motif divided by the fraction of background regions con-
taining the motif. Genes nearest to the peaks were found with Homer’s
annotatePeaks.pl.

RNA-Seq Preparation and Analysis. We analyzed an n of 4 for each group:
NCoR2 control, NCoR2 BAT-sKO, NCoR1/2 control, and NCoR1/2 BAT-dKO. Iso-
lated RNA from these groups was sequenced at Novogene using an Illumina
Platform PE150, with ∼30 million reads per sample. For NCoR1 control (n = 4)
and NCoR1 BAT-sKO (n = 3), libraries were prepared using the TruSeq Stranded
Total RNA Kit (Illumina) and sequenced at the Next-Generation Sequencing Core
at the University of Pennsylvania on the NextSeq 500 platform (Illumina) at
75SR for a total of 20 to 40 million reads per sample.

RNA-seq output, including published HDAC3 BAT-KO data (23), was analyzed
in tandem using the DIYTranscriptomics course pipeline (62). Briefly, this pipe-
line uses Kallisto to align and quantify reads, EnemblDB to annotate data, edgeR
to normalize read counts, and Limma to determine differentially expressed
genes (DEGs). Cutoffs used for these analyses were a CPM of 1 in a minimum of
4 of 31 total samples to identify a transcript as expressed and a log2FC > j0.58j
and adjusted P value <0.05 for all DEGs per mouse line. GO analysis for RNA-
seq was performed using Enrichr (63), with the top ranked KEGG or GO path-
ways selected by Enrichr combined score. All heat maps are presented as log2FC
for KO over control per mouse line and were generated in GraphPad PRISM
9.3.1 using output files from the above pipeline.

Western Blot. Whole-tissue BAT lysates were prepared as previously described
and quantified by Direct Detect (Millipore) (23). For blotting NCoR1/2, 50 μg
protein lysate was loaded per lane, with each lane representing a separate bio-
logical replicate. Ladder used was a prestained high-range multicolor protein lad-
der (26625; Thermo Fisher Scientific). Wet transfer to PVDF was done overnight,
and primary antibodies were applied in 5% BSA overnight, all at 4 °C. Primary
antibodies used were anti-SMRTe (06-891; Millipore; 1:1,000), anti-NCoR1
(5948S; Cell Signaling Technology; 1:1,000), and anti-Vinculin (V9264; Sigma;
1:5,000), with appropriate HRP-linked secondary antibodies (Cell Signaling Tech-
nology; 1:10,000) applied at room temperature for 1 h. Blots were revealed
using either film or a Bio-Rad ChemiDoc.

Metabolic Phenotyping and Norepinephrine Response. All metabolic phe-
notyping data were collected using CLAMS (Columbus Instruments) metabolic
cages housed within environment-controlled incubators. Norepinephrine response
was measured as previously described (23). Briefly, oxygen consumption was

Fig. 5. Integrated model of NCoR1/2 function in BAT. The functions of NCoR1/2 in BAT balance one another to result in a neutral thermogenic state. On
one side is the HDAC3-independent prothermogenic inflammatory regulation described in this study, with loss of NCoR1/2 in BAT, which is offset by the loss
of thermogenic capacity via HDAC3-mediated PGC1-α deacetylation previously described (23). HDAC3 structure from crystal structure of interaction with
NCoR2 (66). NR, nuclear receptor. Created with BioRender.
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measured prior to and for 2 h following subcutaneous injection of 1 mg kg�1

L-(�)-Norepinephrine (+)-bitartrate salt monohydrate (A9512; Sigma) dissolved in
sterile 0.9% NaCl above BAT in anesthetized animals.

Histology. Freshly isolated tissue was fixed overnight in 4% paraformaldehyde
at 4 °C and dehydrated prior to embedding in paraffin and sectioning at a thick-
ness of 7 μm. Slides were prepared with two replicates each for control and KO
on a single slide for even processing. Hematoxylin and eosin stain was applied
by the Institute for Diabetes, Obesity, and Metabolism Histology Core using a
standard protocol.

IHC. IHC for CD45 (208022; Abcam) and CD68 (283654; Abcam) was per-
formed using a standard IHC protocol. Dilutions used were 1:800 for CD45 and
1:400 for CD68. High pH antigen retrieval solution (00-4956-58; Invitrogen)
was applied prior to CD68 staining. Simple Stain Mouse MAX PO (NIC-414142F;
Cosmo Bio) was used as a secondary stain and revealed with DAB. Slides were
then counterstained with Carazzi hematoxylin before mounting in Cytoseal XYL
(8312-4; Thermo Fisher Scientific). Slides were imaged on a ThermoFisher EVOS
FL Auto 2 at 20× magnification, choosing representative areas from
4× imaging.

Immunofluorescence. Immunofluorescence for Tubb3 (52623; Abcam) and
TH (AB1542; EMD Millipore) was performed as previously described (17).
Dilutions used were 1:200 for TH and 1:800 for Tubb3, with 1:500 used for sec-
ondary antibodies. Sections were mounted with DAPI Fluoromount (0100-20;
SouthernBiotech) and imaged using a Zeiss Observer 7 at 40× magnification.
Fluorescent signal in each image layer was quantified using Fiji automatic signal
measurement prior to any adjustment of image brightness or contrast and
normalized to the average of the control signal (64). The final resolution of the
40× images was 1,920 × 1,210 with a pixel width of 0.1465 microns.

BAT Fractionation. For SVF isolation, BAT was harvested from adult mice and
incubated in a gentleMACS Dissociator (130-096-427; Miltenyi Biotech) with
2.4 U/mL Dispase II and 1.5 U/mL type I collagenase for 40 min at 37 °C. Lysate
was then filtered over a 200-μM filter before a gentle spin for 3 min at 50 g.
The adipocyte layer was carefully removed from the top of the lysate before a sec-
ond spin for 5 min at 500 g to pellet SVF. Pelleted SVF was then resuspended in
TRIzol for RNA isolation and quantification.

Primary Brown Adipocyte Culture. Primary brown preadipocytes were
isolated and differentiated in culture as previously described from BAT of 1- to
5-d-old pups (23). Genotype of pups was either Rosa26-CreER positive or nega-
tive and all NCoR1/2 floxed. Isolated cells were initially pooled by genotype and

tamoxifen applied to all wells from days 0 to 2 of differentiation. Replicates were
differentiated individually in 12-well plates prior to isolation of RNA as described
in Isolation and Quantification of RNA (RT-qPCR). Oil Red O staining was per-
formed as previously described (65) to confirm differentiation in separate six-
well plates and imaged at 20× on a ThermoFisher EVOS FL Auto 2 microscope.

Statistical Analysis. Statistical analyses were performed using R (version 4.1)
for sequencing data (as described in the sequencing analyses sections) and
GraphPad Prism (version 9.3) for all other data types. All data with error bars are
presented as mean ± SEM with replicates shown as individual points. Statistical
analyses used were unpaired two-tailed t tests for direct comparisons between
two groups, two-way ANOVAs with repeated measures for analysis of two groups
over time, or one-way ANOVA with Tukey corrected multiple comparisons for
analysis of a single variable between multiple groups. P values throughout
are reported as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001,
with adjusted P values used where appropriate.

Data Availability. RNA-seq and ChIP-seq data have been deposited in
Gene Expression Omnibus (accession number GSE199808 (67)).
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