Critical roles of transcriptional coactivator
MED1 in the formation and function
of mouse adipose tissues
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The MED1 subunit has been shown to mediate ligand-dependent binding of the Mediator coactivator complex to
multiple nuclear receptors, including the adipogenic PPARy, and to play an essential role in ectopic PPARy-induced
adipogenesis of mouse embryonic fibroblasts. However, the precise roles of MED1, and its various domains, at
various stages of adipogenesis and in adipose tissue have been unclear. Here, after establishing requirements for
MEDI, including specific domains, for differentiation of 3T3L1 cells and both primary white and brown preadipo-
cytes, we used multiple genetic approaches to assess requirements for MED1 in adipocyte formation, maintenance,
and function in mice. We show that MED1 is indeed essential for the differentiation and/or function of both brown
and white adipocytes, as its absence in these cells leads to, respectively, defective brown fat function and lipodys-
trophy. This work establishes MED1 as an essential transcriptional coactivator that ensures homeostatic functions
of adipocytes.
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Adipose tissues play critical roles in energy homeostasis.
The major role of white adipose tissue (WAT) is to store
energy in the form of lipids, whereas brown adipose tissue
(BAT) dissipates energy as heat and contributes to thermal
regulation upon environmental challenges. Understand-
ing the formation and function of these tissues is of
critical importance as they play a fundamental role in
metabolic diseases such as obesity and type II diabetes.
Brown adipocytes in the interscapular region originate
from Myf5-expressing dermomyotomes, a population of
cells that also gives rise to the skeletal muscle and dermis
(Seale et al. 2008; Sanchez-Gurmaches and Guertin 2014,
Wang et al. 2014). In contrast, the majority of white adipo-
cytes originate from Myf5-negative mesodermal cell
populations with different molecular characteristics de-
pending on the depot to which they contribute (e.g.,
Prx1* cells for subcutaneous adipocytes and WT1* for a
subpopulation of visceral adipocytes) (Chau et al. 2014;
Sanchez-Gurmaches et al. 2015). Notably, one common
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essential transcription factor for all adipocytes is the per-
oxisome proliferator-activated receptor y (PPARy), which
specifies the mesodermal precursors to the adipose fate
and activates genes responsible for the function of mature
adipocytes (e.g., Adiponectin, Fabp4, etc.).

PPARYy belongs to the nuclear receptor (NR) superfam-
ily and is considered the master regulator of adipogenesis
(Tontonoz and Spiegelman 2008). PPARy exists in two dis-
tinct isoforms, y1 and y2, with the latter showing an adi-
pocyte-specific expression pattern and a higher capacity
for inducing adipogenesis (Mueller et al. 2002). Ectopic ex-
pression of PPARy can convert nonadipogenic cells into
lipid droplet-containing adipocytes in culture (Tontonoz
et al. 1994b). PPARYy is essential for the formation and
function of all adipose tissues, as both systemic- and adi-
pocyte-specific loss of PPARy results in severe postnatal
lipoatrophy leading to metabolic disorders such as hepatic
steatosis and insulin resistance (Barak et al. 1999; Rosen
etal. 1999; Duan et al. 2007; Wang et al. 2013). Therefore,
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understanding the mechanisms underlying the expression
and function of PPARYy is of critical importance for under-
standing adipose tissue physiology and how its alterations
result in metabolic disorders.

DNA-binding transcription factors (TFs), including
PPARYy, act in conjunction with transcriptional cofactors
(coactivators and corepressors) to exert their functions
in transcription. Coactivators include those that work to
modify the chromatin structure through histone modifi-
cations and remodeling and those that function directly
through the general transcriptional machinery (e.g., Medi-
ator complex and TFIID) (Roeder 2005). While several
coactivators have been demonstrated to bind to and func-
tion with PPARy (Chen and Roeder 2011; Seale 2015;
Gulyaeva et al. 2019; Lee et al. 2019), one key issue that
remains to be addressed for many of them is whether
they actually play essential roles in adipocyte differentia-
tion and function. The transcriptional control of adipo-
genesis has been extensively studied using cell culture
models (Green and Meuth 1974; Rosen and MacDougald
2006) that led to the elucidation of numerous activators
(Cao et al. 1991; Tontonoz et al. 1994a; Kim and Spiegel-
man 1996), as well as their functions on specific genes
(Wu et al. 1996; Siersbak et al. 2011). However, increasing
evidence shows that many of these factors are dispensable
for adipogenesis in vivo (Shimano et al. 1997; Park and Ge
2017; Park et al. 2017), most likely due to the relatively ar-
tificial conditions used in culture and also to alternative
mechanisms that include the action of tissue- or depot-
selective factors (Rajakumari et al. 2013). Hence, it is cru-
cial to examine the roles of factors both in culture, where
molecular mechanisms are more easily elucidated, and in
vivo.

The Mediator, of special interest here, is a large 30-sub-
unit coactivator complex with a modular structure (com-
prised of head, middle, tail, and a dissociable kinase
module), and physically and functionally links DNA-
binding TFs to the general transcriptional machinery
(RNA polymerase II and the general initiation factors)
(Malik and Roeder 2010). MED1 was biochemically char-
acterized as the Mediator subunit responsible for the
strong ligand-dependent interaction between various nu-
clear receptors (including the adipogenic PPARy) and the
Mediator complex (Fondell et al. 1996; Zhu et al. 1997;
Yuan et al. 1998; Chen and Roeder 2011). The two LxxLL
motifs (NR boxes) present in MED1 are responsible for the
strong ligand-dependent interaction and therefore for its
strong transcriptional activation (Malik et al. 2004). Sup-
porting this finding, and while generally dispensable for
cell viability and general transcription (Ito et al. 2000),
MEDI1 was found to be functionally required for ectopic
PPARy-mediated conversion of mouse embryonic fibro-
blasts (MEFs) into adipocytes (Ge et al. 2002), as well as
forskolin- and ectopic PRDM16-mediated induction of
BAT-specific genes in these cells (lida et al. 2015).
MED1 was thus proposed to play key roles for the forma-
tion and function of both BAT and WAT. Surprisingly,
however, the NR boxes of MEDI appeared dispensable
for most NR functions in a physiological setting (includ-
ing adipogenesis) (Jiang et al. 2010) and also for the ectopic

730 GENES & DEVELOPMENT

PPARy-mediated adipogenic conversion of MEFs (Ge et al.
2008). Therefore, the requirement of MEDI1-mediated
transcriptional control for adipose tissue formation and
function in vivo, especially in relation to its presumed
function as a critical PPARy coactivator, has remained
unclear.

Regarding the molecular function of MEDI, recent re-
ports proposed a model in which MEDI1 contributes to
the formation of coactivator condensates in mouse em-
bryonic stem cells (mESCs) through its phase-separation
property within the disordered domain present in the C
terminus of MED1 (Boija et al. 2018; Sabari et al. 2018). Al-
though the relevance of this phenomenon has not been
fully examined for its role in gene regulation, the results
have raised the possibility of either an unanticipated
role of MED1 in general transcription or its unique func-
tion specific to mESCs, both of which appear to challenge
the previous finding that Medl knockout embryos
develop far beyond the preimplantation stages without
obvious defects (Ito et al. 2000).

In this study, we addressed the requirement of MED1
for (1) the derivation and maintenance of mouse ESCs
and (2) the formation and function of different mouse ad-
ipose tissues. Our data provide clear evidence that MED1
is not required for survival of ESCs or their proliferation.
However, MEDI fulfills essential roles during the termi-
nal phase of differentiation and hence for the function of
mature adipose tissues.

Results

MED1 is dispensable for the derivation and maintenance
of embryonic stem cells

We have previously reported that Medl-null embryos
develop relatively normally until embryonic days 10-11
(E10-E11) (Ito et al. 2000), which is beyond the preimplan-
tation stage at which embryonic stem cells are derived.
This allowed us to test whether embryonic stem cells
can be derived from Med1-null blastocysts and whether
MEDL1 is required for the derivation and maintenance of
ESCs (Fig. 1A,B). To this end, we recovered blastocysts
from Med1*/~ heterozygous mice crosses and cultured
them in vitro. Surprisingly, Med1-KO ES cells showed
no obvious defects in morphology, growth rate, or expres-
sion of pluripotency-related transcription factors com-
pared with control ESCs (derived from littermate
blastocysts), at least when cultured in the presence of
LIF and 2i (Fig. IC-F). To confirm that this dispensability
is limited to MED1, but not the Mediator, we also targeted
Med14, encoding a central backbone subunit of the Medi-
ator that physically tethers the head, middle, and tail
modules (Cevher et al. 2014; Tsai et al. 2014), and generat-
ed conditional knockout ESCs. Subsequent to the gene
targeting, a CreERT2-expressing construct was trans-
duced to generate inducible Med14 knockout clones. We
confirmed that MED14 is indeed essential for the mainte-
nance of ESCs, as its conditional deletion resulted in com-
plete loss of ESCs within 2 d of culture (Fig. 1G-I). These
data strongly indicate that MED1, but not the Mediator as
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Figure 1. MEDI is dispensable for the derivation and maintenance of mouse ESCs. (A) Design of Med1 conventional knockout allele. In
the conventional knockout allele, Exon 9-10 is replaced by a LacZ-PGKNeo-pA cassette. (B) Derivation frequency of ESC lines from each
Med1 genotype. Twenty-four blastocysts (from three Med1*™ crosses) were individually plated in culture. (C) Morphology of established
ESC lines in culture. Scale bars, 100 ym. (D) Immunoblot of ESC lysates showing the absence of MED1 only in the Med1 ™/~ ESC clones. Two
male lines for each genotype were used. (E) Cell growth curve of ESC lines in culture. Cells were counted and passaged every 2 d, and the
numbers were recorded for 10 d. (F) Gene expression analysis by qRT-PCR for transcription factors involved in the pluripotency gene reg-
ulatory network (mean = SD, n = 3 each, t-test all not significant). (G) Gene targeting strategy of the Med14 floxed allele. (dloxP) Distal loxP,
(RHA) right homology arm. Short arrows indicate primers designed to detect correct homologous recombination by genomic PCR. (H) Val-
idation of homologous recombination by genomic PCR flanking right homology arm and distal loxP site. (I} Morphology of Med14”¥ ESC
lines carrying the CAGIPCreERT? transgene treated either with vehicle (EtOH) or 4OHT for 48 h. All the CAGIPCreERT2:Med14"¥ ESC
clones, but not the parental ESCs, treated with 4OHT died within 48 h. Scale bars, 100 pm.
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such, is dispensable for maintenance of ESCs in culture.
This supports our previous view that the requirement of
MEDL1 is context-dependent and is likely to function in
an activator-specific manner rather than as an essential
general component of the transcription machinery.

Comprehensive analysis of the subunit composition
of MED1-deficient Mediator complex

We previously demonstrated that the basal function of the
Mediator complex remains active in the absence of MED1
and does not lead to the loss of other tested subunits as in-
dividually examined by immunoblotting (Malik et al.
2004). In order to confirm more rigorously that loss of
MEDI1 does not dislodge any subunits from the complex,
we examined the subunit composition of the Mediator
complex in the absence or presence of MED1 by mass
spectrometry. In order to obtain MEDI-deficient Media-
tor, we first generated HEK293 cells solely expressing an
endogenously N-terminal FLAG-tagged Mediator core
subunit MED10 (Supplemental Fig. SIA-D) and then
knocked out MED1 in this cell line (Supplemental Fig.
S1E-G)using CRISPR/Cas9 (Ran et al. 2013). We also gen-
erated HEK293 cell lines in which the endogenous MED1
subunit is FLAG-V5 epitope-tagged (either at the N or the
C terminus) (Supplemental Fig. STH-K). Immunoprecipi-
tation of the Mediator complex through MEDI1 assures
the presence of MED1 within the complex, thus bypassing
the concern that MED1 might exist in a subpopulation of
the Mediator complex (Zhang et al. 2005). Mediator com-
plexes were purified from nuclear extracts prepared from
the engineered cell lines, and their subunit compositions
were analyzed by mass spectrometry. We confirmed that,
except for the expected loss of MEDI in MEDI1-deficient
Mediator, the subunit composition and stoichiometry
were essentially unchanged between MEDI-containing
and MED1-deficient Mediator complexes (Supplemental
Fig. S1L). Although we cannot rule out a conformational
change of the Mediator complex in the absence of
MED], this data allows us to attribute the phenotypes re-
sulting from MED1-deletion to the absence of MEDI it-
self, rather than the dislodgement of other subunits
from the complex.

MED1 is required for adipogenesis in cultured cells

Since MEDI1 seems not to be required for general tran-
scription in cell culture systems, we next asked whether
this subunit is required for specific processes and re-exam-
ined the MEDI1 requirement for adipogenesis in cell
culture. Our previous work used nonadipogenic immor-
talized mouse embryonic fibroblasts derived from Med1-
null embryos and ectopically expressed PPARy2 to force
differentiation (Ge et al. 2002, 2008). In order to examine
the MEDI requirement in an adipogenic context, we first
chose to use adipogenic 3T3-L1 fibroblasts due to their
well-characterized molecular features (Siersbzk et al.
2011, 2014). In this classical system, adipogenesis relies
on the induction and activation of transcription factors
such as C/EBPB, C/EBP§, and glucocorticoid receptor
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(GR) by the use of artificial hormonal cocktails (super-
physiological dose of steroid, insulin, and the nonphysio-
logical agent IBMX) added to cell culture medium to
initiate the expression of C/EBPa and PPARy (Farmer
2006). These factors ultimately determine the adipogenic
fate within the first 2 d of differentiation (Supplemental
Fig. S2A). While C/EBPa and PPARYy induce genes respon-
sible for adipocyte function, they also show a positive
cross regulation that creates a feed-forward loop and rein-
forces a stable adipocyte phenotype (Wu et al. 1999; Rosen
et al. 2002). This system, although nonphysiological, has
been classically used as a reproducible method to achieve
an adipocyte-like state in culture that enables more ame-
nable mechanistic studies of adipogenesis. Addition of
rosiglitazone (Rosi), a potent synthetic full agonist specif-
ic for PPARYy, can efficiently enhance the differentiation
process and, conversely, can be used to confirm the pres-
ence and functionality of PPARy.

Medi-deficient 3T3-L1 clones were generated via
CRISPR/Cas9 (Fig. 2A; Supplemental Fig. S2B), and their
ability to undergo adipogenesis was assessed on day 6 by
Qil Red O staining of lipids and neutral triglycerides (Pro-
escher 1927). We found that none of the Med1-deficient
clones were able to accumulate lipid droplets, even in
the presence of Rosi (Fig. 2B). Reintroduction of intact
MEDI1 rescued this adipogenesis defect in two indepen-
dent clones even in the absence of Rosi, strongly confirm-
ing that this defect is MEDI1-dependent rather than a
clonal defect (Fig. 2C). Interestingly, in this context (no
Rosi), the MEDI(LX) and C-terminal-deleted MEDI
(1-530) mutants (Fig. 2C, top panel) were inefficient in in-
ducing lipid droplet accumulation in the Med1-deficient
3T3-L1 cells by day 14 (Fig. 2C, bottom panel). In contrast,
in the presence of Rosi, both WT and MEDI(LXmut)
forms of MEDI fully rescued the adipogenesis defect,
whereas the MED1(1-530) form was still unable to do so
(Supplemental Fig. S2C). Given that Rosi serves to acti-
vate PPARy, the dependence of the responsiveness to
Rosi on full length MEDI1 suggested that the early phase
induction of PPARy in 3T3-L1 cells relies, at least in
part, on MEDI sequences beyond those present in the
N-terminal (1-530) fragment. In this regard, a transcrip-
tomic analysis in Med1-deficient 3T3-L1 cells at day O
and day 2 of differentiation revealed defects in the induc-
tion of key transcription factors PPARy and C/EBPq,
whereas C/EBPB and C/EBPS were induced at comparable
levels (Fig. 2D). Quantitative RT-PCR analysis confirmed
this finding and, as expected, clones expressing MEDI or
MED1(LXmut) showed higher levels of PPARYy (especially
PPARY2) compared with clones expressing MED1(1-530)
or lacking MEDI1 entirely (Supplemental Fig. S2D). These
data suggested that 3T3-L1 cells require MEDI to acquire
an adipogenic (PPARy-induced) fate, and that the N-termi-
nal region of MED1 alone is insufficient for this process.

Given these observations, we then asked whether
forced expression of PPARYy, which bypasses the initial in-
duction phase, could rescue this adipogenesis defect in
Med1-deficient 3T3-L1 cells. To this end, PPARy2 was
retrovirally expressed in Med1-deficient 3T3-L1 cells ex-
pressing different forms of MED1 in the absence of Rosi
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Figure 2. MEDI is required for adipocyte differentiation in culture. (A) Immunoblot of lysates prepared from established 3T3-L1 clones,
showing loss of MEDL1. B-Actin was used as a loading control. Parental 3T3-L1 cells were used as control. (B) Plate image of Oil Red O
staining after 6 d of differentiation of parental and Med1-KO 3T3-L1 cells. None of the KO clones showed successful differentiation.
(C) Lentiviral transduction of empty (eGFP only) vector or different forms of MED1 with the eGFP-P2A-construct. Note that only the
full length restores efficient differentiation in the absence of Rosi. (D) Analysis of cDNA microarray data obtained from parental (WT)
and pooled Med1-KO clones at day 0 and day 2 of differentiation. Ratio of expression levels at day 2 over day 0 is plotted for each condition.
Classical adipogenic transcription factors are plotted in red dots. Note that Pparg and Cebpa are uninduced in KO conditions. (E) Ectopic
PPARy2 (introduced by retrovirus) rescue of Med1-KO 3T3-L1 clones with different forms of MED1. Note that efficient lipid accumulation
does not occur in the absence of MEDI. (F) Immunoblot of preadipocyte lysates. Efficient depletion of MED1 is seen only in 4OHT-treated
(+) and not in vehicle-treated (—) cultures. Coomassie staining of corresponding membrane is shown as a loading control. (G) Oil Red O
staining of differentiated brown and white preadipocytes pretreated with vehicle or 4OHT. (H) Oil Red O staining of differentiated brown
and white preadipocytes pretreated with 4OHT and then transduced with lentivirus expressing empty (eGFP) or eGFP-P2A-MEDI1
constructs.
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(Fig. 2E). Consistent with our previous results with Med1-
null MEFs (Ge et al. 2008), ectopic expression of PPARy2
failed to efficiently induce lipid droplet accumulation in
the absence of MED1 but, in contrast, fully restored adipo-
genesis when coexpressed with WT MEDI1, MEDI1
(LXmut), or MED1(1-530). These results indicate that,
apart from promoting adipogenesis per se, abnormally
high levels of ectopic PPARy can also bypass otherwise
normal requirements for C-terminal domains of MEDI,
including the NR boxes that mediate strong MEDI1 inter-
actions with PPARy upon ligand binding. In relation to
NR box functions, we note that, whereas the MEDI
(LXmut) is inefficient relative to MED1 WT in facilitating
adipogenesis in the absence of ectopic PPARy (Fig. 2C), it
nonetheless (like MED1 WT) promotes a considerable lev-
el of PPARy2 induction in the early phase of differentia-
tion under these conditions (Supplemental Fig. S2D).
This observation, plus the above-described ability of ec-
topic PPARy2 to efficiently promote adipogenesis in the
absence of intact MED1 NR boxes (Fig. 2E), suggests
that under classical conditions (no ectopic PPARy expres-
sion), the NR boxes likely participate in the maintenance
of endogenous PPARy expression levels after the PPARy-
induction phase of 3T3-L1 differentiation.

Overall, these data suggest that MEDI is normally re-
quired to achieve efficient adipocyte differentiation in
3T3-L1 cells, in vitro, both before and after acquisition
of the adipogenic fate (PPARy and C/EBPa expressed
state). These results further show that manipulation of
PPARYy (expression levels or activity) can bypass some of
the normal MED1 domain requirements in this in vitro
model of adipogenesis.

To further examine the requirement of MEDI in a more
physiological model of adipogenesis, we established im-
mortalized brown and white preadipocyte cell lines from
interscapular (isc) BAT or inguinal (ing) WAT, respective-
ly, of newborn mice carrying a homozygous Med1-floxed
allele and a Rosa-CreER allele (Med1'f; R26CTeER/*
mice). These cell lines retain features of their in vivo
counterparts and have been reported to show differentia-
tion cocktail responses similar to that observed for 3T3-
L1 cells, although the effects of depot-selective factors
are not fully understood (Morganstein et al. 2008; Sier-
sbak et al. 2012; Lai et al. 2017). Efficient depletion of
MEDI after continuous exposure to 4-hydroxyl tamoxifen
(4OHT) was confirmed (Fig. 2F), and adipogenic capability
was assessed in the presence and absence of Rosi. In con-
trast to 3T3-L1 cells that completely fail to accumulate
lipid droplets in the absence of MEDI1 and Rosi, the
MED1-deficient brown preadipocyte cell lines showed
modest accumulation of lipid droplets in the absence of
Rosi, although to a drastically lower degree than the con-
trol cells (Fig. 2G), thereby confirming the requirement of
MEDI1 for the optimal differentiation of these cells. On
the other hand, the MEDI1-deficient white preadipocyte
cell lines completely failed to accumulate lipid droplets
in the absence of Rosi. Surprisingly, the observed defects
in both cell lines were completely rescued by the addition
of Rosi (Fig. 2G). Lentiviral transduction of MED1, but not
the control lentiviral empty vectors, into 4OHT-treated
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cells allowed recovery of lipid droplet accumulation, dem-
onstrating that the phenotypes observed were indeed
MED1-dependent and were not caused by the adverse ef-
fects of 4OHT (Fig. 2H). These data suggested (1) that
the degree of the MED1 requirement for the lipid accumu-
lation phenotype differs between different types of preadi-
pocytes; (2) that PPARy is expressed in the absence of
MEDL1 in cell lines derived from adipose tissues, as indi-
cated by their responsiveness to Rosi; and (3) that hyperac-
tivation of PPARy by the potent, synthetic full agonist
Rosi can bypass the normal MED] requirement in these
cell lines. Indeed, like these preadipocytes, even 3T3-L1
cells overexpressing ectopic PPARy2 in the absence of
MED1 showed efficient lipid droplet accumulation
when Rosi was added during differentiation (Supplemen-
tal Fig. S2E).

In summary, whereas the manipulation of PPARy-lev-
els (via overexpression) or PPARy-activity (via Rosi-medi-
ated hyperactivation) can promote MEDI-independent
adipogenesis, our cell-based analyses (1) have established
a MED1 requirement for adipogenesis in both 3T3-L1 cells
and brown/white preadipocytes under classical, in vitro,
and adipogenic conditions (summarized in Supplemental
Fig. S2F) and (2) provided clues about requirements for spe-
cific MED1 domains. These results have prompted further
tests of the MEDI requirement for adipose tissue forma-
tion and function in vivo, as well as tests of its physiolog-
ical relevance for whole body metabolism.

MED1 is not critical for the formation of BAT,
but is required for BAT function in newborn mice

In order to examine the MEDI1 requirement for the forma-
tion and function of adipose tissues, we first focused on
BAT. Brown adipogenesis occurs in the interscapular re-
gion of the embryo, originating from dermomyotomes ex-
pressing Myf5 at E10.5 (Wang et al. 2014). These cells
adopt an adipogenic fate (PPARy+) by E12.5 and subse-
quently acquire brown adipocyte features around E17.5
(Mayeuf-Louchart et al. 2019). We used the Myf5¢™
knock-in mouse (Tallquist et al. 2000) and a Med1-floxed
allele (Med1”) to delete Med1 in the Myf5* lineage to as-
sess the formation and function of BAT in the absence of
MEDI. The Myf5°* conditional Med1 knockout (Myf5-
CreMed1f/f) mjce were born at the expected Mendelian ratio
but demonstrated severe growth retardation after birth
(Supplemental Fig. S3A,B) and died perinatally around
weaning age (Supplemental Fig. S3C). We speculate that
the lethality phenotype was caused by defects either in
skeletal muscles or in a minor region of the brain (Gensch
et al. 2008), as brown fat deficiency itself does not lead to
lethality in mice (Yoneshiro et al. 2019).

We therefore focused our analysis on the perinatal stag-
es (E17.5 and P1) when Myf5"Med1” animals were
grossly indistinguishable from littermate controls (Fig.
3A). In these mice, the BAT was macroscopically visible,
and histological examination confirmed the presence of
BAT in the interscapular region (Fig. 3A,B), but with a re-
duction in mass compared with control littermates (Fig.
3C). Immunohistochemical analysis of Myf5°*Med1"’
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Figure 3. Brown adipose tissue is formed in

Myf5°Med1”” mice. (A) Macroscopic ex-
109 ’T amination of BAT of Myf5°*“Med1”” and
0.8 ! Myf5°"Med1” mice at perinatal (E17.5
and P1) stages. (Left panel) White arrows in-
0.6 i dicate the Myf5°"Med1” mice. BAT is pre-
o sent at the upper back of the Myf5¢"Med1"”/
mice. (B) H&E staining of thoracic transver-
0.2+ sal cryosection of E17.5 Myf5°*Med1"”™
and Myf5°*“Med1”’ mice. Arrowheads indi-

cate the location of BAT. (C) Percentage of

W Myf5ceMed1™

BAT weight over body weight of Myf5°™
B Myr5oeMed1”

Med1” (n=4) and Myf5"*Med1"” (n=5)
mice at Pl (mean+SD, unpaired t-test,
P < 0.005). (D) Immunohistochemistry of

Myf m Med 1™

| Myf5°° Med 1™ H Myf5°° Med 1" |

PPARYy DAPI Merge

MyHC

embryos showed efficient loss of MED1 in BAT and skel-
etal muscle by E17.5 (Fig. 3D), whereas markers of adipo-
cytes (PPARy) and skeletal muscles (MyHC) were
expressed at levels comparable with that of their litter-
mate controls, indicating the successful formation of em-
bryonic adipocytes and skeletal muscle in the absence of
MED1 (Fig. 3E). These data suggest that cells of the
Myf5" dermomyotome can undergo fate determination
into the (PPARy+) adipocyte lineage in the absence of
MEDI1 but require MEDI1 for optimal growth of the BAT.
However, whether this is due to an intrinsic phenotype
of MEDI1-deficient BAT, or due to extrinsic effects
through MED1 deficient nonadipose cells, is unknown.
To molecularly characterize the BAT of Myf5“**Med 1"
embryos, we carried out a microarray-based gene expres-
sion analysis of BAT dissected from E17.5 male embryos
(Myf5°**Med 1" vs. Myf5°*Med1”"). This analysis re-
vealed a general decrease in pan-adipocyte gene expres-
sion. The most dramatically down-regulated genes in
the Myf5°°Med1”" BAT were those, such as Ucpl,
Dio2, and Cox8b, known to be involved in the thermogen-
ic activity of brown adipocytes (Fig. 4A). Gene ontology
analysis of the down-regulated genes (greater than two-

MEDI in E17.5 BAT regions. Absence of
MEDI in Myf5*Med?” mice is shown.
Scale bars, 100 ym. (E) Immunohistochemis-
try of PPARy (BAT marker) and MyHC (skel-
etal muscle) in E17.5 embryos. Scale bars,
100 ym.

Myf Cre Med 1"

fold) showed a strong enrichment of biological processes
related to adipocyte function (such as lipid metabolism,
PPAR-signaling) and brown fat functions (mitochondria
functions, fatty acid oxidation, and thermogenesis) (Fig.
4B). RT-qPCR confirmed the depletion of Med1, as well
as a decrease of various pan-adipocyte genes (i.e., Ppary,
C/ebpa, Adipoq, Plinl, Fabp4, etc.) (Fig. 4C) and a severe
down-regulation of brown adipose-specific regulators
and brown adipose functional genes (Fig. 4D). These data
suggested that the BAT of Myf5°"*Med1” mice is im-
paired in functions that are common to white and brown
adipocytes (lipid accumulation) as well as those unique
to BAT (energy expenditure and thermogenesis). Indeed,
BAT of postnatal Myf5°"Med1”/ mice exhibited cells
with less lipid droplet accumulation in newborn pups
(Fig. 4E); and this phenotype became more pronounced
during postnatal development (Supplemental Fig. S4). Al-
though we could not rule out a systemic effect due to the
growth retardation of the Myf5°**Med1”/ mice, we as-
sume that this is a cell-intrinsic effect as brown preadipo-
cyte cell lines lacking MED1 also presented a decreased
lipid droplet accumulation phenotype upon differentia-
tion (Fig. 2G).
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Pan-adipose-related genes and Med1 (for confirmation) are presented. (D) QRT-PCR validation of BAT-related genes. In C and D, 36B4
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P5 BAT from Myf5*Med1"”* and Myf5“**Med1”” mice. Scale bars, 100 ym. (F, left) Representative image taken by thermography camera
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are Myf5Med1” mice. (Right) Measurements of body surface temperature are summarized (mean + SD; unpaired t-test). (*] P <0.05.

It is believed that there is a high demand for BAT-medi- causes a drastic heat loss in the absence of fully grown
ated thermogenesis in newborn mice, especially when the hair and an unfavorable surface-to-volume ratio (Vinter
pups are separated individually from the mother, which et al. 1982; Cannon and Nedergaard 2004). Therefore,
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we examined the thermogenic capacity of BAT in
Myf5°*Med1” mice by challenging the newborn pups
to generate heat following separation from the mother
and the nest. We found that, when isolated from their
mother, the Myf5*Med1”/ mice showed lower body sur-
face temperature compared with their littermate controls
(Fig. 4F). This strongly suggests that Myf5°**Med1”” BAT
has a defect in heat production that leads to whole-body
hypothermia. Collectively, these data suggest a critical
role for MED1 in the functional maturation of brown adi-
pocytes during perinatal stages.

MED1 is required for BAT functions in adult mice

While the Myf5°™ model clearly indicates a functional
defect in BAT in the absence of MEDI, the postnatal
growth defect and lethality prevented us from precisely
addressing the function of MED1-deficient BAT during
adulthood. Therefore, we generated Ucpl©*Med1”" and
Adipog©*Med1"” mice that lack MED1 either in differen-
tiated brown (and potentially beige) adipocytes or in all ad-
ipocytes (both white and brown adipocytes), respectively.
These mice were viable and fertile and allowed us to ex-
amine the role of MED1 in adult BAT.

Ucp1©**Med 1™ mice did not show a significant differ-
ence in body weight, although there appeared to be a ten-
dency toward an increase in body weight compared with
control littermates in young female adults (Supplemental
Fig. S5A). Histological examination of the Ucp1“"*Med1"f
BAT showed less lipid droplet accumulation compared
with WT animals (Fig. 5A), a feature that was also ob-
served in postnatal BAT of Myf5°**Med1"”' mice (Supple-
mental Fig. S4). While the Ucp1©“Med1’” animals
showed a decrease in BAT weight, we observed an inverse
increase in WAT weight (both subcutaneous and visceral
WAT) and liver (Supplemental Fig. S5B), suggestive of a
decrease in whole-body energy expenditure or an ectopic
mobilization of lipids to non-BAT organs. Gene expres-
sion analysis of BAT under basal conditions showed a sig-
nificant decrease in pan-adipocyte genes (Fig. 5B) and a
severe down-regulation of BAT functional genes (Ucpl
and Dio2) specifically in the Ucp1©®Med1”f mice (Fig.
5C). In order to examine the thermogenic capacity of the
BAT in Ucp1**Med1"”' adult mice, we challenged the an-
imals with acute cold stress (22°C-4°C) in which BAT
thermogenesis plays critical roles in maintaining the
core body temperature. The Ucpl©“Med1”f mice were
cold-intolerant, as their core body temperature, as well
as their local interscapular temperature, dropped rapidly
after acute cold challenge in 4°C (Fig. 5D,E).

Consistent with the BAT phenotypes in Myf5°"Med1"*
mice and Ucp1°**Med1” mice, histological examination
of postnatal BAT of Adipog®Med1” showed decreased
lipid accumulation with animal growth (Supplemental
Fig. S5C). In all the conditional knockout models, abnor-
mally large-sized lipid-containing areas appeared in patch-
es within the BAT. This phenomenon has also been
observed in other models of adipocyte cell death as well
as in lipodystrophy (Pajvani et al. 2005; Cautivo et al.
2016; Wang et al. 2018), and we consider that it is likely

MEDL1 role in adipose tissue formation and function

to be a consequence of coalescence of lipid droplets from
spontaneously dying brown adipocytes. Adipocyte death
is known to trigger an immune response, and immunohis-
tochemical analysis of F4/80 antigen indeed suggested a
dramatic increase in infiltration of macrophages (Supple-
mental Fig. S5D). We also performed microarray-based
gene expression analysis of BAT isolated from Adipog©™
Med1” and control littermates (Supplemental Fig. S5E).
Supporting the histology data, gene ontology analysis of
the up-regulated genes in Adipog©*“Med1”" BAT showed
enrichment of genes related to the inflammatory response.
On the other hand, and consistent with the Ucp1©™
Med1"” mice, Adipog©*Med1”’ BAT showed down-regu-
lation of pan-adipocyte genes as well as those involved
in BAT functions (mitochondrial biogenesis, fatty acid
oxidation, and thermogenesis). Finally, upon acute cold
challenge, Adipog*Med1” mice demonstrated cold in-
tolerance at lower BAT temperature compared with con-
trol littermates (Fig. 5F,G). Overall, these data suggest
that MEDI is essential for BAT to maintain its function
both at perinatal stages and in adults, with its absence lead-
ing to whole-body metabolic and thermogenic defects.

The role of MED1 in the formation of white adipose tissue

During the course of our analysis of the Myf5°"*Med1""
mice, we also observed that the amount of subcutaneous
WAT in the upper back was significantly reduced in new-
born pups (Supplemental Fig. S6A). As 40%-50% of isc/
anterior subcutaneous (asc) WAT originates from Myf5+
cells (Sanchez-Gurmaches et al. 2012; Wang et al. 2014),
there is a possibility of a strong MED1 requirement for ei-
ther the formation or the expansion of a subpopulation of
adipocytes in isc/asc WAT. However, as Myf5° mice dis-
played growth defects after birth, we were unable to rule
out potential systemic effects contributing to this pheno-
type. Moreover, as there are currently no ideal Cre driver
mouse strains that specifically label the origin of the
white preadipocytes while not affecting the other lineag-
es, we were also unable to precisely determine the role
of MEDI for formation of the 50%-60% of isc/asc white
adipose tissue that is not of Myf5+ cell origin.

MED1 is required for the maintenance of adipose tissues
in adult mice

Finally, in order to address a MED1 requirement for WAT
function, we took advantage of Adipog©™ mice to delete
Med1 in committed preadipocytes (Hong et al. 2015).
Macroscopic examination of Adipog©**Med1” mice re-
vealed a drastic loss of white adipose tissues around
3-4 wk of age (at the time of weaning) and a near complete
absence of WAT by 6 wk of age (Fig. 6A; Supplemental Fig.
S6B-E). This post-weaning lipodystrophy phenotype
persisted throughout the lifetime of the knockout
mice (Fig. 6B). In contrast, and consistent with previous
BAT-specific MED1 deletion models (Fig. 5A), BAT was
macroscopically visible with a relatively minor change
compared with that of WAT (Fig. 6A-C). The Adipog®®
Med1”" mice further showed a slight increase in adult
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Figure 5. MEDI is required for BAT function (thermogenesis) in adult mice. (4, top panel) Representative macroscopic images of BAT
isolated from Ucp1"*Med?”" and Ucp1°*Med 1" mice. (Bottom panel) H&E staining of paraffin sections of BAT are shown. Scale bars,
100 pm. (B,C) qRT-PCR analysis of Med1 as well as pan-adipose gene (B) and BAT-related gene transcripts (C) in BAT isolated from Med 1"/
(n=4), Ucp1°*Med?"” (n=4), and Ucp1°"*Med1” (n = 6) mice. Note that the majority of genes do not show a difference between Med1”/
and Ucp1°*Med1”” mice. 36B4 mouse mRNA is used as an internal control (mean, +SD; unpaired -test) (*) P < 0.05. (D) Core body tem-
perature changes in control and Ucp1©Med1’” mice upon acute cold challenge (room temperature to 4°C). Both Med1” and Ucp1€™
Med1" are used as controls. Data from both males and females are combined and presented together. (E, left) Thermography image of
BAT region of control and Ucp1“**Med 1™ mice before and after 4 h of cold challenge. (Right) Measurement of BAT temperature of control
and Ucp1©*Med 1" mice by wireless probe during the cold exposure. (F) Core body temperature changes of Med1” and Adipog©*Med1"f
mice upon acute cold challenge (room temperature to 4°C). In D-F, mean, +SD; unpaired t-test. (*) P<0.05. (G) Thermographic images of
BAT regions of Med1”' and Adipoq©*Med 1"/ mice before and after 4 h of cold challenge.

body weight, similar to observations with other lipody- porting these macroscopic changes, WAT weight was
strophic mouse models (Supplemental Fig. S6E; Moitra severely reduced while the BAT weight showed a relative-
et al. 1998), which correlates with the observed progres- ly mild (but significant) decrease in Adipog©**Med1"”’
sion of WAT loss (Fig. 6A; Supplemental Fig. S6B-E). Sup- mice. However, these mice also presented a significant
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Figure 6. MEDLI is required for WAT function and maintenance. (A) Representative macroscopic images of upper back regions (isc/asc-
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2- to 3-mo-old mice is presented. Severe decrease in WAT weight and a mild decrease in BAT weight is observed, while the liver shows a
significant increase in weight. mean + SD; unpaired t-test, (*) P <0.05, (**) P <0.005, (***) P <0.0005. (E) H&E staining of WAT tissues from
10-wk-old Med1” and Adipoq©**Med1” male mice. Scale bars, 100 ym. (F) Whole-mount fluorescence confocal images of ingWAT and
epiWAT from Adipog©*Med1”™ and Adipog©*Med 1"’ male mice harboring a Rosa-mTmG@G allele. Magnified images of areas surrounded

by dotted squares are shown in the top left corners. White arrowheads indicate examples of clustered mGFP-labeled non-lipid-containing
cells. Scale bars, 100 pm.

GENES & DEVELOPMENT 739



Ito et al.

increase in liver weight, a phenomenon that might partial-
ly explain the increase in whole-body weight and that also
indicates systemic metabolic abnormalities (Fig. 6D).

Histological examination revealed that the WAT in the
Adipog©*Med1”" mice consisted of non-lipid-containing
cells along with large abnormally shaped lipid droplet-con-
taining areas scattered within the tissue (Fig. 6E). Similar to
the case of BAT, we consider that this is also a consequence
of the coalescence of lipid droplets that result from sponta-
neous death of adipocytes. In order to assess the Adipog©™
Med7”"WAT in more detail, we generated Adipog©*Med 1"
mice harboring a Rosa26-mTmG reporter allele. In this
mouse, the Adipog+ lineage was labeled with a mem-
brane-targeted green fluorescent protein (mGFP) while
cells of the nonadipose lineage remained labeled with
membrane-targeted tdTomato. Macroscopic examination
confirmed the specific labeling of adipose tissue by mGFP
and loss of mTomato in the same area (Supplemental Fig.
S6G). Whole-mount imaging of WAT from these mice
showed that the thick space between the large lipid-con-
taining area consisted of clustered mGFP-expressing cells
intercalated by mTomato-expressing nonadipose cells
(Fig. 6F; Supplemental Fig. S6H). These data suggest that
non-lipid-containing areas consisted of cells of the adipose
lineage (MED1-depleted) as well as cells of the nonadipo-
cyte lineage. As observed for the BAT tissues, we observed
an increase in monocytes/macrophages (CD11b+ cells)
(Supplemental Fig. S6I) as well as progression of fibrosis
(Masson’s Trichrome staining) (Supplemental Fig. S6J)
within the WAT of Adipog®*Med?”” mice. These results
confirm that MEDI is essential for the maintenance and
proper function of the adult WAT.

As lipodystrophy is linked to metabolic disorders such
as hepatic steatosis and insulin resistance in other organs,
we also assessed the metabolic status of Adipog©**Med 1"
animals. Consistent with a significant increase in weight
(Fig. 6D), Adipog©*Med1"” livers were macroscopically
larger and displayed a pale color (Supplemental Fig. S7A).
Histological examination revealed ectopic fat deposition
specifically in the livers of Adipog©**Med1™ mice, con-
firming the development of hepatic steatosis (Supplemen-
tal Fig. S7A). Next, we also examined the pancreas of the
Adipog®*Med?” mice. We observed a dramatic increase
in the size of pancreatic islets (Supplemental Fig. S7B)
that is indicative of p-cell compensation, a hallmark of in-
sulin resistance. Indeed, these mice showed higher levels
of circulating glucose, insulin, and triglycerides in the non-
fasting state, indicating that the animals had defects in
handling glucose as a consequence of lipid storage defects
(Supplemental Fig. S7C-E). Finally, we tested the ability of
the Adipog©*Med1”’ mice to regulate glucose metabo-
lism and also to respond to insulin by performing glucose
and insulin tolerance tests. The Adipog©*Med1”f mice
were glucose-intolerant (Supplemental Fig. S7F). Further-
more, compared with wild-type mice, Adipog©**Med1"”*
mice appeared to be unresponsive to insulin injections,
suggesting that they were insulin-resistant (Supplemental
Fig. S7G). These results suggest that MEDI1 plays critical
roles in the homeostatic functions of adipose tissues in
adults—such that its absence leads to severe lipodystrophy
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associated with hepatic steatosis and systemic glucose in-
tolerance and insulin resistance.

Discussion

While it has been assumed from cell-based adipogenesis
assays that MED], a potent nuclear receptor coactivator,
plays key roles in adipogenesis (Ge et al. 2002, 2008;
Harms et al. 2015; Iida et al. 2015; LeBlanc et al. 2016),
this has never been formally validated in vivo; and the
contribution of relevant domains in MED1 are poorly un-
derstood. Here, we show (1) that, in the absence of ectopic
PPARy overexpression and/or hyperactivation by the syn-
thetic agonist rosiglitazone, MEDI is required for adipo-
genesis in all the conventional in vitro cell culture
models tested and shows variable mutant phenotypes
and domain requirements at different stages of differenti-
ation and between different assays; (2) that, in vivo, MED1
is not necessarily required for the formation of BAT, as
might have been anticipated, but clearly is essential for
the establishment and maintenance of BAT functions,
such that its absence leads to lipid storage and thermogen-
esis defects; and (3) that, in vivo, MEDI is essential for the
maintenance of adipocytes in WAT, as its loss in white ad-
ipocytes leads to severe lipodystrophy associated with sys-
temic metabolic abnormalities postweaning. These in
vivo findings are summarized in Figure 7. We also confirm
that MED1 is not universally required for gene regulation,
with MED1 depletion resulting in no obvious phenotypic
abnormalities during ESC derivation and maintenance,
whereas the Mediator complex itself (based on core sub-
unit MED14 depletion) is indispensable for ESC mainte-
nance. These results firmly establish the physiological
importance of MED1, specifically as a unique and essen-
tial component of the adipocyte gene expression program.

MED1 requirements in cell culture models
of adipogenesis

Using the conventional 3T3-L1 cell differentiation assay,
we first demonstrated that MEDI is required at multiple
steps of the adipogenic differentiation program. Further
analyses revealed that C-terminal sequences beyond the
conserved N terminus are required for optimal induction
of the adipogenic transcription factors PPARy and C/EBPa
during the initial phase of differentiation, while the nucle-
ar receptor-interacting NR boxes appear to play a role in
the post-PPARy induction phase. Given such a role for
the NR boxes, attenuated activity of later stage-acting nu-
clear receptors such as PPARy or LXRa (Seo et al. 2004),
both of which function to control endogenous PPARy lev-
els, is one possible mechanism underlying the NR box
mutant phenotype in 3T3-L1. The results from 3T3-L1
cells were surprising as our previous work had shown
(1) that the N-terminal MED1 fragment (1-530) lacking
the NR boxes is necessary and sufficient for ectopic
(overexpressed) PPARy2-mediated adipogenesis of MEFs
(220) (Ge et al. 2008), as confirmed here for 3T3-L1 cells
expressing ectopic PPARy2, and (2) that the NR-boxes of
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MEDI1 appeared to be dispensable for the formation of
adipose tissue in vivo (Jiang et al. 2010). However, given
the now-established essentiality of MEDI1 for adipocyte
gene expression in vivo (discussed below) and that cell-
based assays do not necessarily recapitulate full aspects
of normal adipogenesis (in vivo), future mouse genetic
approaches must assess possible functions of MEDI
C-terminal sequences and, especially, whether the classi-
cal model of robust PPARy function through strong li-
gand- and MEDI1 NR box-dependent MED1/Mediator
interactions plays a role in any aspect of adipocyte
function in vivo (for example, under variable metabolic
conditions).

Toward more physiological, albeit still artificial, cell-
based assays with Med1-deficient brown and white preadi-
pocyte cell lines that are widely believed to retain sub-
stantial in vivo features, we demonstrated that MED1 is
critical for efficient lipid droplet accumulation, although
brown preadipocytes showed a milder phenotype with
MEDI1 loss than did white preadipocytes. However, these
defects were rescued by the PPARy-specific ligand Rosi,
indicating that both of these cell types express levels of
PPARy at early phases of differentiation that are sufficient
for Rosi-mediated adipogenesis even in the absence of
MED1, which is consistent with the BAT developmental
phenotypes observed in vivo (Fig. 3E). The difference be-
tween 3T3-L1 cells and brown or white preadipocytes in
Rosi responsiveness (i.e., PPARy expression) in the ab-
sence of MED1 likely reflects the presence of depot- or tis-
sue-specific factors that allow MED]1-independent PPARy
expression. The identity and mechanism of action of these
factors require further study.

MEDL1 role in adipose tissue formation and function

Figure 7. Model and summary of the phe-
notypes. Summary of the BAT and WAT
phenotypes of different MedI conditional
knockout models used in this study. The
top panel describes the effect of the loss of
MEDI in BAT. The bottom panel describes
the effect of the loss of MED1 in WAT.
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Finally, we showed that efficient adipogenesis could be
achieved in Med1-KO 3T3-L1 cells by Rosi addition, as
long as PPARY2 was ectopically overexpressed. This is con-
sistent with previous reports of MEDI-independent
PPARy2 activation by Rosi in MEFs (Ge et al. 2008;
Grontved et al. 2010), although differentiation (lipid droplet
accumulation) was not observed under these conditions in
the previous studies. These results indicate differences in
adipogenic competence between cell types used (Med1-
KO 3T3-L1 vs. immortalized Med1-KO MEFs). The precise
mechanisms of MEDI-independent, Rosi-dependent
PPARy activation remain an interesting topic for further ex-
ploration, especially since PPARy agonists that include the
thiazolidinedione-class of drugs (such as Rosi) have been
used as insulin-sensitizing drugs (Soccio et al. 2014).

Notably, these analyses have shown that MEDI is in-
deed required for efficient adipogenesis under convention-
al differentiation conditions in all the cellular models
tested. However, the variable requirements for MEDI1
(and its domains) among different cell types (MEFs, 3T3-
L1, and brown and white preadipocytes), differentiation
stages (early vs. late), and culture conditions (with or
without Rosi) further highlight the importance of our
complementary in vivo genetic analysis for a better under-
standing of the role of MED1 in adipogenesis.

Essential roles of MED1 in adipose tissue formation
and function in vivo

Using the Myf5™ driver, we showed that MEDI is not
necessarily required for the formation of a significant
amount of BAT but is required for normal BAT mass and
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for functional maturation of BAT at perinatal stages. Be-
sides the defective BAT phenotype, Myf5*Med1” mice
presented postnatal growth retardation and lethality.
Since defects in BAT do not usually lead to lethality, the
most likely explanation of this phenotype is defects in
non-BAT tissues such as the skeletal muscle or a minor re-
gion of the brain that also originate from Myf5-expressing
cells. The cause of this lethality will be addressed else-
where. Deletion of Med1 in differentiated brown adipo-
cytes through Ucpl ™ or Adipog©™ drivers also resulted
in defective BAT, indicating that MEDI] is also essential
for the maintenance of gene expression programs in brown
adipocytes in adult mice. The use of Adipog©™ also al-
lowed us to address the role of MED1 in WAT. We showed
that loss of MED1 in WAT leads to a striking loss of WAT
around weaning, indicating a critical role of MEDI1 for the
maintenance of white adipocytes. It is known that genetic
regulation of DNA binding factors (especially C/EBPs and
PPARYy] is essential for the adipocyte gene expression pro-
gram, with either loss-of-function or dominant-negative
alleles leading to lipodystrophy (Tanaka et al. 1997; Moi-
tra et al. 1998; Linhart et al. 2001; Wang et al. 2013). One
could speculate that ablation of coactivators required for
the function of these activators would also phenocopy
these models. However, heretofore, besides those cofac-
tors (e.g., CBP/p300) that are universally required across
various cell types (Lee et al. 2013; Namwanje et al.
2019), there has been only one very recent report of a
mouse model with a specific coactivator mutation
(MED19) that presents lipodystrophy (Dean et al. 2020)
(discussed below). Although the MEDI1-null phenotypes
were comparatively less severe than that for the PPARy
deficiency model (Wang et al. 2013), the post-weaning lip-
odystrophy in mice with adipocyte-specific loss of MED1
(Adipog©*Med1”f model) strongly implicates MEDI as
an essential coactivator for one or more adipogenic tran-
scriptional activators in vivo.

Although PPARy is a prime candidate for the essential
coactivation function of MEDI, in view of the strong
MEDI selectivity for nuclear receptors, the previous bio-
chemical demonstrations of physical/functional PPARy-
MEDI1 interactions (discussed below), and the MEDI re-
quirement for PPARy-mediated adipogenesis in preadipo-
cytes and 3T3L1 cells (in the absence of ectopic PPARy or
Rosi), it remains unknown whether MEDI is directly re-
quired for the coactivation of PPARy in vivo or, if so,
whether through an unknown natural ligand that facili-
tates a direct PPARy-MEDI interaction or through the ac-
tion of an intermediary factor. In this regard, our studies
indicate potential MED1 N-terminal domain-dependent/
NR box-independent functions based on the 3T3L1 adipo-
genesis studies (with ectopic PPARy). However, since a di-
rect interaction between the N-terminal domain of MED1
and PPARy has never been demonstrated, the results lead
to the prediction of a MEDI (N terminus) interacting fac-
tor(s) that either (1) binds DNA to act cooperatively with
PPARy, or (2) acts as a bridge between PPARy and
MEDI. Indeed, there are DNA binding activators (e.g.,
C/EBPB) and cofactors (e.g., CCAR1) that fulfill these cri-
teria and also appear to be important during adipogenesis
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in culture (Li et al. 2008; Mizuta et al. 2014; Ou et al.
2014). In addition to such MED1-interacting factors that
may be involved in the lipodystrophy phenotype, the
PRDM16 and PGC-1la coactivators that are involved in
thermogenic gene regulation in brown adipocytes are
known to bind to and function through MED1 (Wallberg
et al. 2003; Chen et al. 2009; Harms et al. 2015; Iida
et al. 2015). The severe down-regulation of brown fat-spe-
cific thermogenic genes in MED1-deficient BAT is consis-
tent with these reports and further wvalidates the
conclusions in a more physiological setting.

Future work on the identification of genes whose ex-
pression is directly under the control of MED1 should
give us a more detailed understanding of the mechanisms
underlying these phenotypes. In particular, a kinetic ap-
proach that allows the measurement of immediate tran-
scriptional changes upon rapid (degron-based) removal of
MEDI1 should be ideal to identify genes directly regulated
by MEDI1. Of note, ChIP-seq studies of MED1 during adi-
pogenesis in culture and in adult brown adipose tissues
have been reported previously (Harms et al. 2015; Lai
et al. 2017; Siersbak et al. 2017). These studies led to
the identification of clusters of enhancers whose target
genes are known to dictate the identity of preadipocytes
and adipocytes. However, as the mechanisms underlying
MED1-dependent gene regulation may be operative at var-
ious steps of transcriptional activation (including, for
example, Mediator recruitment or function at transcrip-
tion initiation or post-initiation steps), these data sets
need to be analyzed together with additional transcrip-
tomic and biochemical data for the proper establishment
of causal relationships to function and underlying
mechanisms.

Another issue that deserves mention, especially in light
of the variable requirements for MED], relates to poten-
tial redundancy (for biological robustness) between
MEDI1 and other coactivators. Thus, since all of the fac-
tors/cofactors that contribute to various aspects of adipo-
genesis are still unknown, it could well be that the loss of
another implicated (co)factor would elicit an essential
function for MED1 during a given developmental/func-
tional phase where it is not normally essential based on
single knockout analysis. Moreover, as mentioned earlier,
MEDI1 requirements/functions not evident in normal
adipocyte development/function, or in the vitro assays,
could well be relevant in other (e.g., pathological)
situations.

Transcriptional regulation via the MED1/Mediator

The classical model of transcriptional regulation through
the Mediator involves Mediator recruitment through in-
teractions of DNA-binding activators with specific sub-
units of the Mediator (mainly in the tail module)
followed by effector functions involving interactions of
core subunits (head and middle modules) with the general
transcriptional machinery at the promoters (Cevher et al.
2014; Jeronimo and Robert 2017). MED]1, despite being an-
notated to the middle module, locates close to the tail
module (Khattabi et al. 2019) and has been found to



interact only with a select few transcriptional regulators,
most notably nuclear receptors that include PPARYy, to fa-
cilitate Mediator recruitment and function (Chen and
Roeder 2011). In this regard, rigorous biochemical analy-
ses have established a role for direct PPARy-MED1/Medi-
ator interactions (involving the PPARy ligand-binding
[activation] domain and MED1 NR boxes) in optimal
PPARy-dependent transcription (Ge et al. 2002, 2008).
At the same time, and although we have demonstrated
that MEDI loss does not lead to dissociation of additional
subunits from the core Mediator, reports of conformational
changes in Mediator upon activator binding (Taatjes et al.
2004; Meyer et al. 2010; Tsai et al. 2014) raise the possibil-
ity that MEDI1 loss may lead to Mediator conformation
changes that prevent optimal interactions with specific ac-
tivators. Whether a common mechanism (including a po-
tential conformational change of the middle module)
underlies the phenotypic similarities between our adipo-
cyte-specific MED1 knockout mice and the recently re-
ported adipocyte-specific MED19 knockout mice (Dean
et al. 2020) remains an interesting topic to be explored.

Last, recent studies of gene regulation have shed light
on potentially related “coactivator condensates” (Hnisz
et al. 2017; Sabari et al. 2018) and further suggested that
observed MED1 condensates in ESCs may be of functional
significance through inclusion of the activation domains
of various transcription factors (Boija et al. 2018). While
MED1-containing condensates may occur within cells,
we demonstrated that MEDI itself (and hence its phase
separation property) is dispensable for ESCs. A recent
screen to identify essential Mediator subunits in several
mammalian cell lines also suggested that this is the case
(Khattabi et al. 2019). Consequently, the role of the phase
separation properties of MED1 in gene regulation is un-
clear and requires further functional studies to identify
relevant cellular contexts in which it might play a role.
One such possibility is in the early phase of 3T3-L1 adipo-
genesis, which requires the large MED1 C-terminal region
that contains (among other sequences) the large disor-
dered region that is responsible for the condensate proper-
ties of MEDI.

Materials and methods

Mice

All animal experiments were performed following the guidelines
and protocols approved by the Institutional Animal Care at The
Rockefeller University. Mice were group-housed with enrich-
ment in a temperature- and humidity-controlled, specific patho-
gen-free animal facility at 22°C under a 12:12-h light:dark cycle
with free access to standard chow and water. The Med1 conven-
tional knockout (LacZ) mouse was generated in house (Ito et al.
2000). Med 1" mice were kindly provided by Dr. Janardan Reddy
(Jia et al. 2004) (Northwestern University). The conditional
knockout mice were backcrossed at least three times to
C57BL6 mice (Charles River 475) upon arrival and used for breed-
ing. Med1” mice were then crossed to Myf5-Cre (Jackson Labora-
tory 007893), Adipog-Cre (Jackson Laboratory 010803), Ucp1-Cre
(Jackson Laboratory 024670), or Rosa26-CreERT2 (Jackson Labo-
ratory 008463) mice. Adipog®Med1?”/ mice were crossed to
Rosa26-mTmG mice (Jackson Laboratory 007676).

MEDL1 role in adipose tissue formation and function

Cell culture

Embryonic stem cells were cultured in ESC medium (Glasgow
minimum essential medium [SIGMA G6148], 10% ESC grade
FBS [Thermo Fisher 10439024], 1x nonessential amino acid
[Thermo Fisher 11140-050], 1x sodium pyruvate [Thermo Fisher
11360-070], 1x penicillin-streptomycin-glutamine [PSG| [Thermo
Fisher 10378016/, B-mercaptoethanol [Gibco 21985-023], 1000 U/
mL leukemina inhibitory factor [ESGRO, ESG1107], 0.4 uM
PD0329501 [BioVision 1990-1], 3 pM CHIR99021 [BioVision
1677-5]). The Cy2.4 ESC used for Med14 gene targeting was kindly
provided by Dr. Chingwen Yang (The Rockefeller University).
HEK293 (ATCC CRL-1573) and derived cell lines, 293gp cell
line (a gift from Dr. Nikunj Somia, University of Minnesota)
(Somia et al. 2000), and 3T3-L1-derived clones (ATCC CL-173)
were cultured in DMEM (Thermo Fisher 11995040) supplement-
ed with 10% FBS and 1x PSG. 293gpg cells (a gift from Dr. Richard
Mulligan, Harvard Medical School) (Ory et al. 1996) were main-
tained in the above-mentioned DMEM-based media supplement-
ed with 2 pg/mL puromycin (Sigma P7255), 0.3 mg/mL G418
(Takara Bio 631308), and 1 png/mL tetracycline (Sigma T7660) un-
til the induction of virus production. Brown and white preadipo-
cyte cell lines were cultured in the presence of DMEM/F12
medium (Thermo Fisher 11330-032) supplemented with10%
FBS and 100 U/mL pen-strep-glutamine. Generation of Med1-
null ESCs, Med14 conditional knockout ESCs, Med1-KO 3T3-
L1, immortalized brown and white preadipocyte lines, and endog-
enous Mediator subunit-tagged HEK293 cell lines and the modifi-
cation of these cell lines via various transgenesis approaches are
described in Supplemental Material.

RNA isolation, cDNA preparation, and real-time gPCR analysis

Total RNA was prepared using TRIzol reagent (Thermo Fisher
15596018) as described in Gerber et al. (2020). Tissues were
minced and homogenized in TRIzol, and after centrifugation of
the homogenate, the supernatant was used for RNA extraction.
Cultured cells were harvested directly in TRizol after removal
of the culture medium. RNA was reverse-transcribed using a Su-
perScript II first strand synthesis kit (Invitrogen). Real-time PCR
was performed on an Applied Biosystems 7300 real-time PCR sys-
tem using QuantiTect SYBR Green mix. Changes in mRNA ex-
pression were calculated using the DD Ct method and are
presented as fold change relative to expression of the GAPDH
mRNA for studies of ESCs, 36B4 mRNA for 3T3-L1 and adipose
tissues. Primer pairs used for the experiments are listed in Supple-
mental Table S1.

Protein extraction and immunoblotting

Cell lysates were prepared by suspending cells in RIPA buffer (25
mM Tris-HCl at pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS). Extracts were separated using 4%-20%
gradient SDS-PAGE gels (Bio-Rad), and immunoblotting was per-
formed according to standard protocols. Antibodies used were
MED1 (Bethyl Laboratories A300-793A) and B-Actin (Santa
Cruz Biotechnology sc-47778).

Biochemical purification and mass spectrometric analysis of MED1-
deficient Mediator complex

Parental (unmodified), Flag-MED10#5, and two clones of Flag-
MEDI10#5/MEDI-KO (#2 and #5) HEK293 cell lines were expand-
edinup to 10 15-cm culture dishes. Cells were transferred to large
flasks and adapted to large scale (4-liter) suspension culture using
DMEPO4 medium (prepared at the Memorial Sloan Kettering
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Cancer Center) supplemented with 5% newborn calf serum
(Gemini Bio). Nuclear extracts were prepared as described
(Dignam et al. 1983) with slight modifications. Briefly, harvested
cells were swollen in a hypotonic buffer (10 mM HEPES, 1.5 mM
MgCl,, 10 mM KCl), and nuclei were released by 10 strokes of
dounce homogenization. Pelleted nuclei were suspended in a
low-salt buffer (20 mM HEPES, 25% glycerol, 1.5 mM MgCl,,
0.2 mM EDTA, 20 mM KCl), and a high-salt buffer (20 mM
HEPES, 25% glycerol, 1.5 mM MgCl,, 0.2 mM EDTA, 1.2 M
KCl) was then added in a dropwise manner to reach 420 mM
KCI. Nuclear extracts were separated from nuclear pellets by cen-
trifugation, dialyzed against buffer C (20 mM HEPES at pH 7.9 at
4°C, 20% glycerol, 0.2 mM EDTA) containing 100 mM KClI and
loaded onto a P11 phospho-cellulose (Whatman 753807) column
(Bio-Rad 737-2522). After washing, bound components were elut-
ed in a stepwise manner with buffer C containing 100 mM, 300
mM, and 850 mM KCI. The 850 mM KCl fractions were collected
and dialyzed against 300 mM KCl. Dialyzed extracts were incu-
bated with an anti-FLAG M2 affinity gel (Sigma A-2220) over-
night in the presence of 0.1% NP40. The gel was then washed
five times with buffer C containing 300 mM KCl and 0.1%
NP40, and bound proteins were eluted with buffer C containing
166 ng/mL 3xFLAG peptide (Sigma F4799). Eluted proteins
were processed at the Proteomics Core Laboratory at The Rocke-
feller University.

Mass spectrometry was performed at the Proteomics Laborato-
ry at The Rockefeller University, as previously described (Zhu
et al. 2019). Briefly, following immunoprecipitation, proteins
were cleaned up by ice-cold acetone precipitation. Samples
were reduced in solution containing 8 M urea, 0.1 M ammonium
bicarbonate (ABC), and 10 mM dithiothreitol. After ultrasound
sonication for 1 h, samples were then alkylated by adding iodoa-
cetamide and incubated in the dark for 45 min. Samples were di-
gested with Endoproteinase LysC (Wako Chemicals) and trypsin
(Promega) and analyzed by reversed phase nano LC-MS/MS using
Fusion Lumos (ThermoFisher). Data were quantified and
searched against a Uniprot human database (March 2016) using
ProteomeDiscoverer v. 1.4.0.288 (Thermo Scientific) combined
with Mascot v. 2.5.1 (Matrix Science).

Peptides from the parental (untagged) sample were used as a
negative control to confirm the specific enrichment of the Medi-
ator complex in tagged cell line-derived samples. Individual prep-
arations of FlagV5-MEDI1 or MEDI1-FlagV5 Mediator and
individual preparations of MEDI-deficient Mediator from KO
clones #2 and # 5 were compared. Peptide abundance was deter-
mined using the three most abundant peptides detected and cal-
culated as area signals. Samples were normalized to the
abundance of MED14 (core Mediator subunit). Data were ana-
lyzed and visualized using R Studio (ver.1.0.153). Mass spectrom-
etry analysis (normalized to MED14) is listed in Supplemental
Table S2.

Histology and immunohistochemistry

Tissues and embryos were fixed in 4% paraformaldehyde over-
night. Buffer solution was exchanged to 10% sucrose solution
for 12 h followed by 12 h incubation in 30% sucrose solution.
For preparation of cryosections, fixed tissues or embryos were em-
bedded in Tissue-Tek O.C.T. compound (Sakura) and kept frozen
at —80°C. A Leica cryostat was used to prepare 16- pm-thick cry-
osections that were subsequently used for immunofluorescence
analysis, H&E staining (Abcam ab245880), or Oil Red O staining.
Antibodies used for immunofluorescence analysis were anti-
MEDI1 (M-255, Santa Cruz Biotechnology sc-8998), anti-PPARy
(81B8, Cell Signaling Technology 2443), and anti-myosin heavy
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chain (DSFB MF-20). 4/,6-diamidino-2-phenylindole (DAPI)
(Roche 10236276001) was use to stain the nuclei. Paraffin sec-
tions were prepared at the Laboratory of Comparative Pathologies
(LCP) of the Memorial Sloan Kettering Cancer Center. H&E stain-
ing, Masson’s Trichrome staining, and immunohistochemical
staining (F4/80 and CD11b) on paraffin sections were also per-
formed at the LCP.

Microscopy imaging

Images of cultured cells and cells used for immunocytochemistry
were collected using an Eclipse Ti-S microscope (Nikon). Differ-
entiated adipocytes stained with Oil Red O were scanned in
24-well format using an EPSON scanner, and magnified images
were taken using an adaptor mounted on an iPhone6S (LabCam).
Images of specimens were collected by a BZ-X700 (Keyence) mi-
croscope or Nikon ECLIPSE E400 microscope. Dissections of em-
bryos and postnatal mice were performed under stereomicroscope
(Nikon SMZ 745T) attached to a camera (Nikon DS-Fi2). Dissec-
tions of mice carrying the Rosa26-mTmG allele were performed
under a SteREO Discovery.V12 fluorescent microscope (Zeiss)
to confirm correct labeling of the adipose tissues with GFP. Dis-
sected adipose tissues were placed on slides with chambers filled
with PBS and then mounted with coverslips. Whole-mount fluo-
rescent images were taken using the Caliber ID scanning confocal
microscope at the Bio-imaging Resource Center at The Rockefel-
ler University. Obtained images were analyzed using IMARIS
software.

Microarray analysis

RNA quality was assessed using an Agilent Bioanalyzer. Microar-
ray analysis was performed at the Genomics Resource Center at
The Rockefeller University using the Affymetrix GeneChip
mouse Transcriptiome 2.0 array (Thermo Fisher 902162) accord-
ing to the manufacturer’s instructions. The data expressed as CEL
files were normalized by the robust multiarray average method
with transcriptome analysis console (TAC) 4.0.1 (Thermo Fisher)
and have been deposited in the Gene Expression Omnibus data-
base as GSE158083.

GO analysis was performed using the Metascape website (Zhou
et al. 2019), with genes with signals >2.0 in any of the conditions
included as the background (total expressed) gene lists. Data visu-
alization was performed using R Studio (ver.1.0.153).

Thermogenesis assays in newborn mice

For thermogenesis assays of Myf5"*Med 1" mice, iBAT temper-
atures of newborn pups (between P4-8) were measured with a
thermography camera (FLIR systems). An average of three ther-
mal images per litter were taken at 10 min after pup isolation
from the mother. Images were taken by placing the newborn
pups into six-well plates at the time of recording.

Cold tolerance test

Animals housed at room temperature were transferred to 4°C in
cages without food and free access to water for a maximum of
5 h. Measurements of core and iBAT temperatures were obtained
using, respectively, an anal probe (Braintree Scientific) and a wire-
less implantable temperature probe (Bio Medic Data Systems
IPTT-300) in tandem with a portable reader. iscBAT temperatures
was also measured using a thermography camera (FLIR systems).
Individual mice were removed from the cold if their core body
temperatures dropped >10°C from the baseline.
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Serum chemistry tests

Whole blood from mice was collected via retro-orbital puncture,
incubated for 30 min at room temperature, and subjected to cen-
trifugation at 1200g for 5 min. Glucose, insulin, and triglycerides
were measured at the Laboratory of Comparative Pathology at the
Memorial Sloan Kettering Cancer Center.

Glucose tolerance and insulin tolerance tests

Animals (3—4 mo old) were fasted for 6 h and then received intra-
peritoneal glucose (2 g/kg). Insulin tolerance tests were also done
on 3- to 4-mo-old) animals. Animals were fasted for 6 h and then
received intraperitoneal humulin R insulin (0.5 U/kg; NovolinR).
Note that, in a preliminary test using 8-wk-old mice, only the
control group showed a severe hypoglycemic response and died
when 1 U/kg insulin was injected. Based on this preliminary ex-
periment, we decided to reduce the dosage and also to use older
mice. Blood glucose levels were measured at 0, 20, 40, 60, 90,
120, and 150 min following treatment using Novamax plus a glu-
cose meter and glucose strips.

Quantification and statistical analysis

Unpaired two-tailed t-test was used to analyze differences be-
tween two groups. P-values < 0.05 were considered statistically
significant. The analysis was performed using GraphPad Prism8
(GraphPad software)
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