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MED1 often serves as a surrogate of the general transcription coactivator complex Mediator for identifying active
enhancers. MED1 is required for phenotypic conversion of fibroblasts to adipocytes in vitro, but its role in adipose
development and expansion in vivo has not been reported. Here, we show that MED1 is not generally required for
transcription during adipogenesis in culture and thatMED1 is dispensable for adipose development inmice. Instead,
MED1 is required for postnatal adipose expansion and the induction of fatty acid and triglyceride synthesis genes
after pups switch diet from high-fat maternal milk to carbohydrate-based chow. During adipogenesis, MED1 is
dispensable for induction of lineage-determining transcription factors (TFs) PPARγ and C/EBPα but is required for
lipid accumulation in the late phase of differentiation. Mechanistically, MED1 controls the induction of lipogenesis
genes by facilitating lipogenic TF ChREBP- and SREBP1a-dependent recruitment of Mediator to active enhancers.
Together, our findings identify a cell- and gene-specific regulatory role ofMED1 as a lipogenesis coactivator required
for postnatal adipose expansion.
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Adipose tissue development starts before birth. After
birth, adipose tissues, especially white adipose tissue
(WAT), undergo marked expansion with tissue mass and
lipid contents increasing from newborn pups to adult
mice (Cristancho and Lazar 2011; Berry et al. 2013). Adi-
pose tissue development requires the master adipogenic
transcription factor (TF) PPARγ, which is induced in the
early phaseof adipogenesis, thedifferentiationof preadipo-
cytes towards adipocytes (Rosen et al. 2002). PPARγ coop-
erateswithC/EBPα on transcriptional enhancers to induce
the expressionof thousandsof adipocyte genes that also in-
cludemajor lipogenic TFsChREBP and SREBP1,which to-
getherpromotedenovo lipogenesis (DNL) in the latephase
of adipogenesis (Lefterova et al. 2008; Schmidt et al. 2011).
Liver and adipose tissues are the main sites for DNL in

mammals. Fatty acid synthesis is low in liver and adipose
tissue of mouse pups but increases dramatically after the
switch of diet from high-fat maternal milk to carbohy-
drate-rich standard laboratory chow (Pearce 1983). DNL
is a tightly regulated metabolic process that converts ex-

cess carbohydrates to fatty acids before the synthesis of tri-
glyceride for energy storage. Through glycolysis and the
tricarboxylic acid cycle, carbohydrates are converted to
citrate. Fatty acid synthesis enzymes, including ATP cit-
rate lyase (ACLY), acetyl-CoA carboxylase α/β (ACACA/
ACACB, also known as ACC1/ACC2), fatty acid synthase
(FASN), and stearoyl-CoA desaturase-1/2/3/4 (SCD1/2/3/
4), act sequentially to convert citrate to fatty acids (Strable
and Ntambi 2010; Song et al. 2018). Through the subse-
quent actions of triglyceride synthesis enzymes GPAM
(also known as GPAT1), 1-acylglycerol-3-phosphate
O-acyltransferase-1/2 (AGPAT1/2), LIPIN1, and DGAT1,
fatty acids are esterified with glycerol-3-phosphate and in-
corporated into triglyceride (Takeuchi and Reue 2009).
DNL enzyme expression is transcriptionally regulated

by major lipogenic TFs carbohydrate-responsive ele-
ment-binding protein (ChREBP, also known as MLXIPL)
and sterol regulatory element-binding protein 1 (SREBP1)
in adipose tissues. ChREBP is a major driver for adipocyte
DNL (Song et al. 2018). It is expressed as two isoforms
ChREBPα and ChREBPβ, which are encoded by the same
gene but transcribed from different promoters. ChREBPβ
transcription activity is ∼20-fold higher than that of
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ChREBPα (Herman et al. 2012). ChREBPα is constitutively
expressed but is sequestered in the cytosol and transcrip-
tionally inactive under low glucose conditions. ChREBPα
is activated by high glucose and, in turn, stimulates
ChREBPβ expression (Abdul-Wahed et al. 2017). Overex-
pression of the constitutively active form of ChREBP
(CA-ChREBP) in mouse WAT induces expression of DNL
enzymes such as ACLY, ACACA, FASN, and SCD1 (Nuo-
tio-Antar et al. 2015). ChIP-seq analysis in mouse WAT
showed genomic binding of ChREBP on Acaca, Acacb,
Fasn, and Chrebp genes, suggesting that ChREBP directly
regulates transcription of DNL enzymes as well as itself
(Poungvarin et al. 2015). SREBP1 also promotes DNL
gene expression in adipocytes. Overexpression of the
SREBP1a isoform in adipose tissue increases the expres-
sion of fatty acid synthesis genes, leading to increased lipid
accumulation in adipocytes (Horton et al. 2003).

In eukaryotes, all transcription is mediated by RNA po-
lymerase II (Pol II) for protein-coding genes. Transcription
by Pol II requires transcriptional coregulators including
chromatin remodelers, histone modifiers, and the Media-
tor coactivator complex (Malik and Roeder 2010). The
Mediator complex comprises approximately 30 subunits,
and it generally serves as a functional bridge between TFs
and basal transcriptional machinery including Pol II (Al-
len and Taatjes 2015). Mediator is enriched at transcrip-
tional promoters and enhancers. One of the Mediator
subunits, MED1 (also known as TRAP220, PBP), is often
used as a surrogate for the Mediator to identify active en-
hancers and superenhancers (Whyte et al. 2013). Whole-
body Med1 KO in mice leads to embryonic lethality
around E11.5 (Ito et al. 2000; Zhu et al. 2000).

We previously reported thatMed1 KOmouse embryon-
ic fibroblasts show defects in PPARγ- and C/EBPβ-stimu-
lated phenotypic conversion into adipocytes (Ge et al.
2002, 2008). However, it has remained unclear whether
MED1 is required for adipose tissue development and ex-
pansion in vivo. UsingAdipoq-Cre- orMyf5-Cre-mediated
deletion of Med1 in adipocytes or precursor cells in mice,
we show that MED1 is required for postnatal adipose ex-
pansion after switching diet from high-fat maternal milk
to carbohydrate-based standard chow and that MED1 is
largely dispensable for adipose tissue development. By
RNA-seq and ChIP-seq analyses, we found that MED1
does not control the expression of early adipogenesis
marker Pparg but directly controls the transcription of li-
pogenesis genes that encode fatty acid synthesis enzymes
ACLY, ACACA, SCD1, and FASN and triglyceride syn-
thesis enzymesGPAMandAGPAT2 in adipocytes.Mech-
anistically, MED1 facilitates Mediator binding on active
enhancers of ChREBP- and SREBP1a-regulated lipogene-
sis genes in adipocytes.

Results

Med1f/f;Adipoq-Cre mice show lipodystrophy and fail
to expand adipose tissue under high-fat diet

To investigate the functional role of MED1 in adipose tis-
sues, we used conditional knockout (KO) mice targeting

exons 8–10 of Med1 gene (Med1f/f, hereafter referred to
as f/f) (Supplemental Fig. S1A; Jia et al. 2004). Adipo-
cyte-specific Med1 KO (Med1f/f;Adipoq-Cre [A-KO])
mice were generated by crossing f/f mice with Adipoq-
Cre mice expressing Adiponectin promoter-driven Cre
(Eguchi et al. 2011). A-KO mice showed similar appear-
ance and total body weight compared with f/f mice but
had significantly reduced fat mass and increased lean
mass at 8 wk (Fig. 1A,B). Adipose tissues including brown
adipose tissue (BAT), inguinal WAT (iWAT), and epididy-
mal WAT (eWAT) decreased in A-KO mice, while liver
mass increased (Fig. 1C,D). Similar results were obtained
from female mice at 8 wk (Supplemental Fig. S1B–E). His-
tological analysis revealed reduced lipid droplets in adi-
pose tissues of A-KO mice (Fig. 1E). Deletion of Med1
was verified in adipose tissues (Fig. 1F). These results indi-
cate that deletion of Med1 in adipocytes leads to lipodys-
trophy in adult mice.

Blood glucose and insulin levels increased in the serum
of A-KO mice, while leptin levels decreased. Free fatty
acid, triglyceride, and cholesterol levels were similar be-
tween A-KO and f/f mice (Fig. 1G). A glucose tolerance
test (GTT) and insulin tolerance test (ITT) showed that
A-KO mice were insulin-resistant (Fig. 1H–I). Deletion
of Med1 in adipocytes did not affect food intake and total
activity but caused a significant increase in total energy
expenditure, which was likely due to the increased lean
mass (Supplemental Fig. S1F). However, in contrast to f/f
mice, A-KO mice failed to increase energy expenditure
and showed reduced lipolysis upon stimulation with
CL316,243, a β3 adrenergic receptor agonist (Fig. 1J,K).
A-KO mice maintained core body temperature when
housed at room temperature (∼22°C), but their body tem-
perature significantly dropped to ∼31°C after 3 h exposure
to an ambient temperature of 6°C (Fig. 1L). Expression of
thermogenesis genes Ucp1 and Elovl3 decreased in BAT
of A-KOmice at room temperature and failed to induce af-
ter 3-h cold exposure, indicating thermogenesis defects in
A-KO mice (Fig. 1M). These data indicate that adipocyte-
selective deletion of Med1 impairs glucose homeostasis
and cold-induced thermogenesis in mice.

Under a high-fat diet (HFD), A-KO mice gained signifi-
cantly less body weight and fat mass compared with f/f
mice, but more lean mass (Fig. 2A–C; Supplemental Fig.
S2A,B).Med1 KO had little effect on food intake and ener-
gy expenditure calculated by energy balance technique
(Fig. 2D–E). After 8 wk of HFD, A-KO mice exhibited
severe lipodystrophy phenotypes including dramatically
reduced iWAT and eWAT mass, fatty liver, insulin resis-
tance, hyperlipidemia, and reduced serum leptin levels
(Fig. 2F–L; Supplemental Fig. S2C–E). These data indicate
that mice with adipocyte-selective deletion of Med1 fail
to expand adipose tissue under a HFD.

MED1 is dispensable for embryonic development of BAT

To find out whether MED1 is required for adipose tissue
development, we used Myf5-Cre mice to delete Med1 in
precursor cells of BAT and skeletal muscle (Tallquist
et al. 2000). Med1f/f;Myf5-Cre (M-KO) embryos were
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Figure 1. Deletion of Med1 in adipocytes leads to lipodystrophy. (A–F ) All data were from 8-wk male mice fed with a regular diet. (A)
Representative morphology of adult mice. (B) Body composition measured by MRI (n =8 per group). (C ) Representative pictures of
BAT, iWAT, eWAT, and liver. iWAT from A-KO mice failed to float in PBS. (D) Average tissue weights are presented as percentage of
body weight (n=6 per group). (E) H&E staining shows reduced lipid droplet in A-KO adipose tissues. Scale bar, 100 µm. (F ) qRT-PCR anal-
ysis ofMed1mRNA levels (n= 5 per group). (G) Levels of serummetabolites (n =8 per group). (H) Glucose tolerance test (GTT) (left panel)
and plasma insulin levels (right panel) (n=8 per group). (I ) Insulin tolerance test (ITT). Absolute blood glucose levels are shown. (J) Total
energy expenditure (EE) after saline or CL316,243 (CL) administration. (K ) Lipolysis analysis. Serum levels of free fatty acid or glycerol
were measured after saline or CL administration. (L,M ) Cold tolerance test. (L) Body temperatures (n= 6 per group). (M ) qRT-PCR of
Ucp1 and Elovl3 in BAT (n= 4 per group). All quantitative data for mice are presented as means ± SEM. Statistical comparison between
groups was performed using Student’s t-test. (∗) P <0.05, (∗∗) P <0.01.
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obtained at the expected ratio without showing morpho-
logical differences compared with f/f embryos (Fig. 3A,
B). M-KO embryos did not show observable differences
in BATmass compared with f/f embryos (Fig. 3C,D). In ad-
dition, Myf5-Cre-mediated deletion of Med1 had little ef-
fect on the expression of adipogenesis markers Pparg,
Cebpa, and Fabp4 but significantly reduced brown adipo-
cyte marker Ucp1 expression (Fig. 3E). Decreased Ucp1
expression in Med1 KO BAT is consistent with previous

observations that MED1 is required for Ucp1 expression
in brown adipocytes in culture (Harms et al. 2015; Iida
et al. 2015). Although M-KO mice had largely intact
BAT and muscle before birth, they became runts and
showed severe growth retardation and reduced survival
rates around 3–4wk after birth, possibly due tomuscle de-
velopment defects (Fig. 3A; Supplemental Fig. S3). These
data suggest that MED1 is largely dispensable for embry-
onic development of BAT.
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Figure 2. Micewith adipocyte-selective deletion ofMed1 fail to expand adipose tissue under high-fat diet. Male f/f and A-KOmice (n =8
per group) were fed with a high-fat diet (HFD) from the eighth week of age. Data for female mice are shown in Supplemental Figure S2.
(A–C ) Total body weight (A), fat mass (B), and lean mass (C ) were measured by MRI during HFD feeding. (D,E) Food intake (D) and total
energy expenditure (E). (F ) Representativemorphology of HFD-fed mice. (G) Representative pictures of the interscapular area (upper area)
and abdominal area (lower panel) after 8 wk of HFD feeding. (H) Representative pictures of each fat depot and liver. (I ) H&E staining
of each fat depot and liver. Scale bar, 100 µm. (J) Levels of serummetabolites. (K ) GTT (left panel) and plasma insulin levels (right panel).
(L) ITT. Absolute blood glucose levels are shown. Statistical comparison between groups was performed using Student’s t-test. (∗) P <0.05,
(∗∗) P<0.01.
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MED1 is required for postnatal adipose expansion
and lipogenesis gene expression

Since the requirement for MED1 to maintain adiposity
was observed only after birth, we focused on postnatal ad-
ipose expansion in mice, which is stimulated by changes
from breastfeeding to carbohydrate-rich diet (Fig. 4A;
Pearce 1983). We sought to profile cell type-specific tran-
scriptomes in adiponectin-positive (Adipoq+) adipocytes
during postnatal adipose expansion (Fig. 4B,C). For this
purpose, we first crossedTRAP (Translating RibosomeAf-
finity Purification) mice (Zhou et al. 2013) with Adipoq-
Cre mice to label ribosomes in Adipoq+ adipocytes. GFP-
tagged ribosomes were isolated from interscapular BAT
and iWAT of newborn and adult mice for RNA-seq analy-
ses (Fig. 4D).Using a fivefold cutoff for differential gene ex-
pression, we identified genes that are induced (1.6%, 214/
13,285) or reduced (1.8%, 240/13,285) in Adipoq+ brown
adipocytes from postnatal day 0.5 (P0.5) to 12 wk (Fig.
4E). Induced genes were functionally associated with lipo-
genesis but not adipogenesis (Fig. 4F). Lipogenesis genes
including Acly, Acaca, Fasn, and Scd1, which encode
four key fatty acid synthesis enzymes, were markedly in-
duced in brown adipocytes from newborn to adult mice
(Fig. 4G). Similarly, we identified induced (4.0%, 552/
13,799) or reduced (5.4%, 745/13,799) genes in Adipoq+

white adipocytes from P2.5 to 12 wk (Fig. 4H). Four key li-
pogenesis enzyme genes, Acly, Acaca, Fasn, and Scd1,
were induced over fivefold in white adipocytes from
P2.5 to 12wk (Fig. 4G–I). Western blot analyses confirmed

that protein levels of SCD1 and FASN were highly in-
duced during postnatal expansion of BAT and iWAT but
not those of adipogenesis markers and master regulators
PPARγ and C/EBPα (Fig. 4J). These results indicate that
postnatal adipose expansion is associated withmarked in-
duction of lipogenesis enzymes in adipocytes from new-
born to adult mice.
To investigate the role ofMED1 in postnatal adipose ex-

pansion, we isolated fat depots from f/f and A-KO mice at
breastfeeding stage (P10) and carbohydrate-rich diet feed-
ing stages (4wk and 8wk).Wedid not observe any discern-
ible differences in total body weight and interscapular
WAT between f/f and A-KO mice at P10 (Fig. 5A; Supple-
mental Fig. S4). However, A-KO mice exhibited nearly
complete loss of interscapular WAT as well as reduced
BAT and iWATmass at 4 wk and 8 wk (Fig. 5B,C; Supple-
mental Fig. S4). These results suggest that MED1 is re-
quired for adipose expansion during carbohydrate-rich
diet feeding stages but not during breastfeeding. RNA-
seq analysis showed that Adipoq-Cre-mediated deletion
of Med1 did not affect the expression of adipogenesis
marker Pparg but impaired the induction of lipogenesis
genes including fatty acid synthesis enzyme genes Acly,
Acaca, Acacb, Fasn, and Scd1, triglyceride synthesis en-
zyme genesGpam andAgpat2, and lipid uptake genes Fat-
ty acid transport 1 (Fatp1) and Fatp2 from P10 to 4 wk and
8 wk in both BAT and iWAT (Fig. 5D–F). Together, these
data indicate that MED1 is required for postnatal adipose
expansion and lipogenesis gene expression when mice
switch from breastfeeding to a carbohydrate-rich diet.
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Figure 3. MED1 is dispensable for embry-
onic development of BAT. (A–E) Med1f/f;
Myf5-Cre (M-KO) mice show largely intact
BAT before birth. Med1f/f (f/f) mice were
crossed with Myf5-Cre to generate M-KO
mice. (A) Genotypes of mice at E18.5 and
3–4wk. The expected ratio of the four geno-
types is 1:1:1:1. Numbers of M-KO mice at
3–4 wk were reduced as indicated by an as-
terisk. Data from 3- to 4-wk M-KO mice
are shown in Supplemental Figure S3. (B)
RepresentativemorphologyofE18.5embry-
os. (C ) H&E staining of E18.5 embryos. Sag-
ittal sections of the cervical/thoracic area
are shown. Scale bar, 80 µm. (D) H&E stain-
ing of BAT at E18.5. (E) qRT-PCR of Med1,
Pparg, Cebpa, Fabp4, Ucp1, and Scd1 ex-
pression in BAT of E18.5 embryos (n=5
per group). Statistical comparison between
groups was performed using Student’s t-
test. (∗∗) P <0.01.
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Figure 4. Marked induction of lipogenesis enzymes in adipocytes during postnatal adipose expansion. (A–C ) Increased adipose tissue size
and lipid accumulation fromnewborn to adultmice. (A) Schematics of postnatal development stages from newborn to adultmice. (B) Rep-
resentative pictures of BAT and iWAT of mice at postnatal day 0.5 (P0.5), P2.5, and 8 wk. Adipose tissues from two mice are shown.
(C ) H&E staining of BAT and iWAT. Scale bar, 80 µm. (D–J) Lipogenesis enzyme expression is highly induced during postnatal expansion
of BAT and iWAT. (D) Schematics of experimental design. TRAPmice were crossed with Adipoq-Cre to delete the STOP signal and gen-
erate mice expressing GFP-fused L10a, an integral component of the 60S ribosomal subunit, in Adipoq+ adipocytes. GFP-L10a-tagged ri-
bosomes were immunoprecipitated with GFP antibody, and mRNA was purified for RNA-seq. (E,H) RNA-seq analysis of Adipoq+

adipocytes isolated from BAT (E) or iWAT (H) of TRAP;Adipoq-Cremice at P0.5, P2.5, and 12 wk. The cutoff for induced or reduced genes
from P0.5 or P2.5 to 12 wk is fivefold. (F,I ) Gene ontology (GO) analysis of gene groups defined in Eand H. (G) Expression levels of repre-
sentative genes are shown in RPKM values of RNA-seq data from BAT and iWAT of TRAP;Adipoq-Cre mice. Gpam and Fatp1 are also
known as Gpat1 and Slc27a1, respectively. (J) Western blot analysis of FASN, SCD1, C/EBPα, and PPARγ using whole-cell lysates
from BAT (left panel) or iWAT (right panel). β-Actin was used as loading control.
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Figure 5. MED1 is required for postnatal adipose expansion and lipogenesis gene expression. (A–C ) MED1 is required for postnatal ad-
ipose expansion during carbohydrate-rich diet feeding stages. Total body weight (A), average tissue weight (B), and percentage of body
weight (C ) are presented (n =8 per group at P10 and 4 wk; n =6 at 8 wk). Statistical comparison between groups was performed using Stu-
dent’s t-test. (∗∗) P<0.01. (D–F ) MED1 is required for lipogenesis gene expression during carbohydrate-rich diet feeding stages. BAT and
iWAT were collected from f/f and A-KOmice at P10, 4 wk, and 8 wk. Total RNA isolated from three to five mice per genotype was com-
bined in equal amounts for RNA-seq. (D) Numbers of down-regulated genes in adipose tissues of A-KO mice. The cutoff for differential
expression is 2.5-fold. (E) GO analysis of down-regulated genes defined inD in both BATand iWATofA-KOmice are shown. (F ) Expression
levels of representative genes are shown in RPKM values.
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Figure 6. MED1 is required for lipogenesis but not early adipogenesis in culture. ImmortalizedMed1f/f;Cre-ER brown preadipocyteswere
treated with 4OHT to deleteMed1, followed by adipogenesis assay, RNA-seq, or nascent RNA-seq. (A–C ) MED1 is required for lipid ac-
cumulation and lipogenesis gene expression in culture. (A, left panel) Oil Red O staining at day 7 (D7) of adipogenesis is shown. (Right
panel) Lipid accumulation was quantified by extracting Oil Red O using isopropanol and reading absorbance at 510 nm. n =3 biological
replicates. Data are presented as means ± SD. Statistical comparison between groups was performed using Student’s t-test. (∗) P< 0.05).
(B) RNA-seq analysis at D7 of adipogenesis. The cutoff for differential expression is 2.5-fold. (C ) GO analysis of gene groups defined in
B. (D–F) MED1 is required for transcription of lipogenesis genes. (D) Expression levels of representative genes are shown in RPKM values.
(E) Nascent RNA-seq analysis at D7 of adipogenesis. The cutoff for differential expression is twofold. (F ) GO analysis of gene groups de-
fined in E. (G,H) DecreasedChrebpβ expression inMed1KObrown adipocytes. (G) Profiles of nascent RNA-seq data aroundChrebp locus.
(H) qRT-PCRofChrebpα andChrebpβ expression atD7 of adipogenesis. All qPCRdata in cells are presented asmeans± SD. Two technical
replicates from a single experiment were used.
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MED1 is required for lipogenesis but not early
adipogenesis in culture

Tounderstand howMED1 regulates lipogenesis, we estab-
lished inducibleMed1 KO (Med1f/f;Cre-ER) brown preadi-
pocytes. Cells were treated with 4-hydroxytamoxifen
(4OHT) to delete Med1, followed by the induction of adi-
pogenesis. Consistent with the A-KO mouse phenotype,
Med1 KO adipocytes showed a >50% decrease in lipid
content at day 7 (D7) of adipogenesis (Fig. 6A). RNA-seq
analysis confirmed deletion of exons 8–10 of the Med1
gene (Supplemental Fig. S5A). MED1 is a subunit of gene-
ral transcription coactivator complexMediator. However,
only about 1% of expressed genes were down-regulated in
Med1 KO adipocytes at D7 (Fig. 6B). GO analysis showed
that down-regulated genes were strongly functionally as-
sociated with fatty acid biosynthesis (Fig. 6C). Consistent
with data obtained from mouse adipose tissues, deletion
ofMed1 led to decreases in expression of lipogenesis genes
Acly, Acaca, Acacb, Fasn, Scd1, Gpam, and Agpat2 but
not adipogenesis marker Pparg in immortalized and pri-
mary adipocytes differentiated in culture (Fig. 6D; Supple-
mental Figs. S5B, S6).
To better assess the role of MED1 in regulating lipogen-

esis gene transcription, we performed nascent RNA-seq
analysis. Using a twofold cutoff, we found that only
∼2% of expressed genes were down-regulated transcrip-
tionally inMed1KO adipocytes atD7 (Fig. 6E). Consistent
with steady-state RNA-seq data, nascent RNA-seq analy-
sis indicated that deletion of Med1 reduces transcription
levels of lipogenesis genes Acly, Acaca, Acacb, Fasn,
Scd1, and Gpam but not adipogenesis markers Pparg
and Cebpa (Fig. 6D–F). Interestingly, while Med1 KO did
not affect the transcription of lipogenic TFs LXRα,
LXRβ, and SREBP1, it specifically reduced transcription
of the Chrebpβ isoform, which encodes a key lipogenic
TF in adipocytes (Fig. 6G,H; Herman et al. 2012; Vijayaku-
mar et al. 2017), suggesting that ChREBP may play a role
in MED1-dependent lipogenesis. Together, these results
suggest thatMED1 is required for lipogenesis but not early
adipogenesis in culture.

MED1 is required for Pol II binding on lipogenesis genes
in adipocytes

To investigatewhetherMED1affects chromatin accessibil-
ity and enhancer activation, we performed ATAC-seq (as-
say for transposase accessible chromatin with high-
throughput sequencing) andChIP-seq analyses of active en-
hancer mark H3K27ac, and RNA polymerase II (Pol II) at
D7 of adipogenesis. On Med1+ promoters or enhancers in
adipocytes, deletion of Med1 did not affect chromatin ac-
cessibility or H3K27ac levels (Fig. 7A,B). However, Med1
KO led to decreased binding of serine 5 phosphorylated
(S5P) initiating Pol II, while having limited effects on serine
2 phosphorylated (S2P) elongating Pol II (Fig. 7A,B; Komar-
nitsky et al. 2000). GO analysis revealed that genes associ-
ated with MED1-dependent S5P-Pol II were strongly
functionally associated with lipid metabolism including
fatty acid biosynthesis (Fig. 7C). Consistent with nascent

RNA-seq data, deletion of Med1 clearly reduced both
S5P-Pol II and S2P-Pol II binding on Scd1, Fasn, Agpat2,
Acaca, and Gpam loci but not the Pparg locus (Fig. 7D,E;
Supplemental Fig. S7). These data indicate that, while
MED1 is dispensable for chromatin opening and enhancer
activation, it is required for Pol II binding on lipogenesis
genes in adipocytes.

MED1 facilitates Mediator binding on ChREBP+

SREBP1a+ lipogenic enhancers in adipocytes

Wehypothesized thatMED1 regulates Pol II binding on li-
pogenesis genes by facilitating Mediator binding on lipo-
genic enhancers. To test this hypothesis, we first
identified lipogenic enhancers that are bound by ChREBP
or SREBP1a.Med1f/f;Cre-ER brown preadipocyteswere in-
fected with retroviruses expressing the triple T7 tagged
constitutive active form of ChREBP (T7-CA-ChREBP) or
the nuclear form of SREBP1a (T7-nSREBP1a) (Supplemen-
tal Fig. S8A). Cells were treated with 4OHT to delete
Med1, followed by the induction of adipogenesis. We
found that both ectopic ChREBP and SREBP1a failed to
rescue the reduced lipogenesis in Med1 KO adipocytes
(Fig. 8A,B). Next, we performed ChIP-seq using antibodies
againstT7 andMED12,which is a representativeMediator
subunit (Kagey et al. 2010), at D7 of adipogenesis. Motif
analysis of the T7-CA-ChREBP and T7-nSREBP1a binding
regions identified the ChREBP and SREBP motifs as top
motifs, respectively (Supplemental Fig. S8B).We identified
active enhancers that are bound by ChREBP (2627) or
SREBP1a (2183) (Supplemental Fig. S9A,E). The majority
of these enhancers were bound by both ChREBP and
SREBP1a (ChREBP+ SREBP1a+, 1732). A subset of these
lipogenic enhancers (ChREBP+, 934/2627; SREBP1a+,
915/2183; and ChREBP+ SREBP1a+, 819/1732) showed re-
duced MED12 binding in Med1 KO adipocytes (Fig. 8C;
Supplemental Figs. S8C, S9B,C,F,G, ). Notably, lipid me-
tabolism was a top GO term associated with genes that
showed MED1-dependent MED12 binding (Fig. 8D; Sup-
plemental Fig. S9D,H). Moreover, ChREBP- and
SREBP1a-associated genes that show MED1-dependent
MED12 binding exhibited reduced expression in Med1
KO cells (Fig. 8E), indicating that MED1 facilitates
MED12 binding onChREBP+ SREBP1a+ lipogenic enhanc-
ers to regulate lipogenesis gene expression in adipocytes.
Interestingly, ChREBP and SREBP1a directly bind to tri-
glyceride synthesis genes Agpat2 and Gpam in addition
to fatty acid synthesis enzyme genes Scd1, Fasn, Acaca,
and Acly (Fig. 8F; Supplemental Fig. S10). Deletion of
Med1 clearly reducedMED12 binding to lipogenesis genes
Scd1, Fasn, Acaca, Acly, Agpat2, and Gpam loci but not
the Pparg locus in adipocytes. Together with previous
data, these results suggest thatMED1 is a lipogenesis coac-
tivator required for Mediator binding on ChREBP+

SREBP1a+ lipogenic enhancers in adipocytes (Fig. 8G).

Discussion

By crossing Med1f/f with Adipoq-Cre or Myf5-Cre mice,
we selectively deleted Med1 in adipocytes or precursor
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Figure 7. MED1 is required for Pol II binding on lipogenesis genes in adipocytes. Adipogenesis was done as in Figure 6. Cells were col-
lected at D7 of adipogenesis for ATAC-seq and ChIP-seq of H3K27ac, S5P-Pol II, and S2P-Pol II. (A,B)Med1 KO does not affect chromatin
accessibility or enhancer activation but reduces S5P-Pol II binding on MED1+ promoters and enhancers in adipocytes. Heat maps (A) and
average profiles (B) were aligned around the center of MED1 binding sites on MED1+ promoters (4117) and enhancers (8377). Published
MED1 ChIP-seq data were used (GSE74189) (Lai et al. 2017). (C ) GO analysis of genes associated with MED1-dependent S5P-Pol II.
(D,E) MED1 is required for Pol II binding on lipogenesis genes. Profiles of ATAC-seq, H3K27ac enrichment, S5P-Pol II, S2P-Pol II binding,
and nascent RNA-seq data around Pparg, Scd1, Fasn, and Agpat2 gene loci are shown. Profiles around additional lipogenesis genes are
shown in Supplemental Figure S7.
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Figure 8. MED1 facilitates Mediator binding on ChREBP+ SREBP1a+ lipogenic enhancers in adipocytes. (A,B) Ectopic CA-ChREBP or
nSREBP1a fails to rescue reduced lipogenesis in Med1 KO. (A) Oil Red O staining at D7 of adipogenesis. (B) qRT-PCR of Scd1, Fasn,
and Pparg expression. Two biological replicates were used. (C,D) MED1 is required forMED12 binding on a subset of ChREBP+ SREBP1a+

active enhancers. (C ) Average profiles around the center of T7-CA-ChREBP+ active enhancers. (D) GO analysis of genes that are associated
with either MED1-dependent or MED1-independent MED12 binding on ChREBP+ SREBP1a+ active enhancers. (E) MED1 facilitates
MED12 binding to promote ChREBP- and SREBP1a-associated gene expression. Fold changes of RPKM values between control (Mock)
and Med1 KO (4OHT) cells are shown in box plots. Statistical significance levels are indicated (Wilcoxon signed rank test, two-sided).
(F ) MED1 is required for MED12 binding on lipogenesis genes. Profiles of T7-CA-ChREBP, T7-nSREBP1a, and MED12 binding on
Scd1, Fasn, and Agpat2 gene loci are shown. (G) Proposed model.
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cells in vivo. We found, surprisingly, that MED1 is re-
quired for postnatal adipose expansion but is largely
dispensable for the development of adipose tissues. Con-
sistently, MED1 is required for lipid accumulation but
not early differentiation during adipogenesis in culture.
Transcriptome analysis in mice and in culture indicates
that only 2%–3% of expressed genes are down-regulated
byMed1KO in adipocytes. Down-regulated genes include
key lipogenesis enzymes such as SCD1, FASN, and
AGPAT2, but not early adipogenesis markers such as
PPARγ. Nascent RNA-seq in adipocytes reveals that
Med1 KO specifically reduces transcription of the
ChREBPβ isoform but not other lipogenic TFs. We further
demonstrate that MED1 regulates Pol II binding on lipo-
genesis genes by promotingMediator binding onChREBP+

SREBP1a+ lipogenic enhancers in adipocytes. Together,
our findings suggest that theMED1 subunit of theMedia-
tor coactivator complex regulatespostnatal adipose expan-
sion by promoting lipogenesis gene expression.

By crossing Med1f/f with Myf5-Cre mice, we observed
that Med1 KO had little effect on the size of embryonic
BAT and the expression of adipogenesis markers such as
PPARγ and C/EBPα. A-KO mice showed similar BAT
and iWAT tissue masses and adipogenesis marker expres-
sion as the control mice at P10. In culture, deletion of
Med1 in preadipocytes does not affect PPARγ or C/EBPα
expression during differentiation of white and brown adi-
pocytes. Together, these results indicate that MED1 is
largely dispensable for the general development of adipose
tissues. The requirement of MED1 for Ucp1 induction in
BAT and iWAT is consistent with previous findings in cell
culture that PRDM16 physically binds to and recruits
MED1 to active enhancers of BAT-selective genes and
that both PRDM16 and MED1 are required for Ucp1 in-
duction in brown adipocytes (Harms et al. 2015; Iida
et al. 2015). We also show that MED1 is largely dispensa-
ble for embryonic development of muscle. However, M-
KO mice show severe growth retardation and mortality
around weaning age, suggesting that MED1 may play a
role in muscle development and function after birth.
These observations suggest that MED1 plays functional
roles in late stages of adipogenesis and myogenesis rather
than early stages of cell differentiation and tissue
development.

Using adipocyte-specific transcriptome analysis, we
show that postnatal adipose expansion is associated
with marked induction of fatty acid synthesis enzymes
(Fig. 4D–J). Transcriptome analyses at P10, 4 wk, and
8 wk also reveal marked induction of fatty acid synthesis
enzymes aswell as lipogenic TFChrebp in BATand iWAT
when mice switch from maternal milk to a carbohydrate-
based diet (Fig. 5F). These results explain previous obser-
vations that lipogenic enzyme activity and fatty acid
synthesis in adipose tissues increase markedly after
mice switch from breastfeeding to a carbohydrate-based
diet (Pearce 1983). A-KO mice exhibit increasing lipodys-
trophy after weaning but not during the breastfeeding
stage. A-KO mice also show severely impaired induction
of fatty acid synthesis genes in BAT and iWAT when
switching from high-fat maternal milk to a carbohy-

drate-based diet. These data suggest that MED1 is re-
quired for carbohydrate-rich diet-induced postnatal
adipose expansion and that lipodystrophy in A-KO mice
is at least in part due to impaired induction of fatty acid
synthesis genes. Consistently, Med1 KO reduces lipid ac-
cumulation and impairs the induction of fatty acid syn-
thesis genes in adipocytes in culture.

We also observed impaired induction of Agpat2, Perili-
pin 1 (Plin1), Fatp1, and Fatp2 in adipose tissues of
A-KO mice (Fig. 5F), which likely contributes to the
observed lipodystrophy phenotype. AGPAT2 is a critical
enzyme for triglyceride synthesis and is highly expressed
in adipose tissues. Mutations of AGPAT2 lead to congen-
ital generalized lipodystrophy in humans (Agarwal et al.
2002). Whole-body Agpat2 KO mice show a severe lipo-
dystrophy phenotype similar to A-KO mice (Cortes et al.
2009). PLIN1 is an adipocyte-specific lipid-droplet coat
protein that regulates fat storage and breakdown. Whole-
body Plin1 KO mice show reduced adipose tissue mass
(Martinez-Botas et al. 2000). Mutations of PLIN1 are asso-
ciated with familial partial lipodystrophy in humans
(Gandotra et al. 2011). A-KO mice show impaired induc-
tion of Agpat2 and Plin1 in BAT and iWAT from P10 to
4 wk (Fig. 5F).Med1 KO reducesAgpat2 expression in pri-
mary white and brown adipocytes in culture (Supplemen-
tal Fig. S6G). These results suggest that the impaired
induction of Agpat2 and/or Plin1 likely contributes to
the lipodystrophy in A-KO mice. Whole-body Fatp1 KO
mice show reduced eWATmass due to a significant reduc-
tion in adipocyte sizes (Wu et al. 2006).We cannot exclude
the possibility that decreased expression of Fatp1/2 con-
tributes to lipodystrophy in A-KO mice.

InMed1KO adipocytes, only 1%–2%of the∼16,000 ex-
pressed genes are down-regulated, indicating that MED1
is not generally required for transcription. Down-regulat-
ed genes are preferentially associated with lipogenesis,
in particular fatty acid and triglyceride synthesis, such
as Acaca, Elovl6, Fasn, Scd1, Agpat2, Gpam, and
Chrebpβ. ChREBP is a major transcriptional regulator of
fatty acid synthesis in adipocytes. Vijayakumar et al. re-
ported that Adipoq-Cre-mediated KO of Chrebp reduces
the expression of lipogenesis genes including Acaca,
Elovl6, Fasn, and Scd1 in BAT and iWAT and significantly
decreases perigonadal WAT mass (Vijayakumar et al.
2017). Chrebp KO led to a compensatory increase in
Srebp1 expression in adipocytes, which could explain
the mild lipodystrophy phenotype in these mice. SREBP1
is another critical transcriptional regulator for fatty acid
synthesis in adipocytes (Horton et al. 2003). However,
the whole-body KO of SREBP1 does not affect adiposity
or DNL enzyme expression in WAT (Shimano et al.
1997). The fact that KO of either ChREBP or SREBP1
hasmild or little effect on adipose tissuemass inmice sug-
gests that ChREBP and SREBP1 have redundant functions
in regulating lipogenesis gene expression in adipocytes.
We show that MED1 is required for Mediator binding on
ChREBP+ and/or SREBP1a+ lipogenic enhancers. ChREBP
and SREBP1a directly bind to not only fatty acid synthesis
genes Scd1, Fasn, Acaca, and Acly but also triglyceride
synthesis genes Agpat2 and Gpam (Fig. 8F; Supplemental
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Fig. S10). Deletion ofMed1 leads to reducedMED12 bind-
ing on a broad range of lipogenesis genes. Our findings sug-
gest that MED1 is a master lipogenesis coactivator that
cooperates with lipogenic TFs ChREBP and SREBP1a in
adipocytes (Fig. 8G). Future work will be needed to simul-
taneously inactivate ChREBP and SREBP1 to determine
whether these two TFs represent the major pathways by
which MED1 regulates postnatal adipose expansion. Our
current analysis uses a candidate approach and involves
ChREBP and SREBP1. We cannot exclude the possibility
that additional TFs require MED1 for activating lipogene-
sis genes in adipocytes.
Previous studies have implicated other Mediator sub-

units in SREBP1-dependent lipogenesis gene expression.
A GST-fused SREBP1a activation domain can pull down
the Mediator complex from cell nuclear extracts.
SREBP1a directly interacts with MED15 (also called
ARC105) in vitro. Depletion of MED15 down-regulates
SREBP1a-dependent FASN expression in human cells
(Yang et al. 2006). CDK8 and Cyclin C, which associate
with the transcriptionally inactive Mediator complex,
have been reported as negative regulators of de novo lipo-
genesis in Drosophila and mice (Zhao et al. 2012). CDK8
and Cyclin C are dissociated from the Mediator complex
upon refeeding with a carbohydrate-rich diet after fasting
(Youn et al. 2019). Our finding that MED1 is a lipogenesis
coactivator in adipocytes is consistent with these previ-
ous reports. Detailed molecular mechanisms by which
Mediator regulates lipogenesis through its subunits in-
cluding MED1, MED15, CDK8, and Cyclin C remain to
be fully understood.

Materials and methods

Plasmids, antibodies, and chemicals

A triple T7 (3×T7) double StrepII tag was N-terminally subcloned
into retroviral vector pMSCVhyg to generate pMSCVhyg-3xT7
using a pTAG1-hygroTK-N-term 3xT7 double StrepII tag (Brown
et al. 2017) as a template. Constitutive active form of mouse
ChREBP or nuclear form of mouse SREBP1a was PCR-amplified
using full-length clones as templates (Addgene 39235 and
32017) and was subcloned into pMSCVhyg-3xT7 to generate
pMSCVhyg-3xT7-CA-ChREBP or pMSCVhyg-3xT7-nSREBP1a.
All plasmids were confirmed by DNA sequencing. Anti-MED1
(A300-793A) and anti-MED12 (A300-774A) were from Bethyl
Laboratories. Anti-FASN (no. 3810), anti-SCD1 (no. 2794), and
anti-T7 (no. 132469) were from Cell Signaling Technology.
Anti-C/EBPα (sc-61X) and anti-PPARγ (sc-7196X) were from San-
ta Cruz Biotechnology. Anti-H3K27ac (ab4729), anti-GFP
(ab290), anti-S5P Pol II (ab5131), and anti-S2P Pol II (ab5095)
were from Abcam. Anti-β-Actin (A1978) and (Z)-4-hydroxyta-
moxifen (4OHT) (H7904) were from Sigma.

Generation of mouse strains

Med1f/f mice (Jia et al. 2004) were crossedwithMyf5-Cre (Jackson
007893), Adipoq-Cre (Jackson 028020), or Cre-ER (Jackson
008463) to generate Med1f/f;Myf5-Cre, Med1f/f;Adipoq-Cre, or
Med1f/f;Cre-ER. For genotyping of Med1 alleles, PCR was per-
formed using the following primers: 5′-TCTCCCCGGCTAA
TATTCATA-3′ and 5′-AAGGAACAAGCCAGCAAGC-3′. PCR

amplified 839 bp from the wild-type and 575 bp from the floxed
allele. Rosa26fsTRAP (TRAP) mice (Jackson 022367) (Zhou et al.
2013) were crossed withAdipoq-Cre (Jackson 028020) to generate
TRAP;Adipoq-Cre mice. For genotyping of TRAP alleles, PCR
was performed using the following primers: common forward,
5′-AAGGGAGCTGCAGTGGAGTA-3′; wild type reverse,
5′-CCGAAAATCTGTGGGAAGTC-3′; mutant reverse, 5′-CG
GGCCATTTACCGTAAGTTAT-3′. PCR amplified 197 bp from
the wild-type and 284 bp from the TRAP allele. All mouse exper-
iments were performed in accordancewith theNIHGuide for the
Care and Use of Laboratory Animals and approved by the Animal
Care and Use Committee of the National Institute of Diabetes
andDigestive andKidneyDiseases,National Institutes of Health.

Translating ribosome affinity purification

Brown and inguinal white adipose tissues from newborn (P0.5 for
BAT or P2.5 for WAT) and adult (12 wk) TRAP;Adipoq-Cre mice
were minced in homogenization buffer (50 mM Tris at pH 7.5,
12 mM MgCl2, 100 mM KCl, 1% NP-40, 100 mg/mL cyclohexi-
mide, 1 mg/mL sodium heparin, 2 mM DTT, 0.2 U/mL RNasin,
protease inhibitors) and homogenized by Dounce (Type B,
2 mL). After incubation for 10 min on ice, lysates were centri-
fuged at 13,000g for 10 min at 4°C and the supernatant was trans-
ferred to new tubes after removing the top lipid layer. The
supernatant was incubated with anti-GFP antibody (5 μg/mL)
prebound to Dynabeads Protein A (Invitrogen) for 2 h with end-
over-end rotation to capture the GFP-fused L10a subunit of the
60S ribosome. Beads were collected on a magnetic rack and
washed twice with low-salt wash buffer (50 mM Tris at pH 7.5,
12 mM MgCl2, 100 mM KCl, 1% NP-40, 100 mg/ml cyclohexi-
mide, 2 mM DTT) and then three times with high-salt wash
buffer (50 mM Tris at pH 7.5, 12 mM MgCl2, 300 mM KCl, 1%
NP-40, 100 mg/mL cycloheximide, 2 mM DTT). Immunoprecip-
itated ribosomes were immediately placed in the RLT buffer to
extract RNA using the QiagenMicro RNeasy kit (Qiagen) follow-
ing the manufacturer’s protocol.

Metabolic studies

For determination of serum metabolites, blood was collected
from mice fed with standard laboratory mouse chow (15% calo-
ries from fat, 56% calories from carbohydrate, 29% calories
from protein; Envigo 7022 NIH-07) or high-fat diet (60% calories
from fat, 20% calories from carbohydrate, 20% calories from pro-
tein; Research Diets D12492). Serum was obtained by centrifug-
ing blood samples at 12,000g for 4 min at room temperature.
Serum insulin and leptin concentrations were measured by an
ELISA kit fromCrystalChem and R&DSystems, respectively. Se-
rum free fatty acid, triglyceride, and cholesterol concentrations
were measured with reagents from Roche Diagnostics GmbH;
Pointe Scientific, Inc.; and Thermo Scientific, respectively. For
GTTs, mice were fasted overnight for 16 h. For ITTs, mice were
fasted for 4 h. Mice received glucose (1 g/kg i.p. [intraperitoneal-
ly]), or human insulin (0.75 U/kg i.p.; Humulin, Eli Lilly), respec-
tively, and blood was collected from the tail vein at specific time
points. For both tests, blood glucose levels were determined using
a portable glucometer (Contour Glucometer, Bayer). Serum con-
centrations of free fatty acid and glycerol were analyzed with re-
agents from Roche and Sigma, respectively. Food intake, O2

consumption, CO2 production, and locomotor activity weremea-
sured over 24-h periods at 22°C and 29.5°C in a comprehensive
laboratory animal monitor system (CLAMS) system (2.5-L cham-
bers with plastic floors, using 0.6 L/min flow rate, one mouse per
chamber; Columbus Instruments, Inc.) after a 48-h adaptation
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period. For the cold tolerance test, micewere individually housed
at room temperature (22°C) and then in a cold room (6°C) for 6 h (n
=6 per group). Core body temperaturewasmeasured using a rectal
thermometer (TH-5; Braintree Scientific) before and hourly after
cold exposure. Body composition was measured with the
EchoMRI 3-in-1 analyzer (Echo Medical Systems). CL316,243
(0.1 mg kg−1; Sigma-Aldrich) or saline were administered intra-
peritoneally and O2 consumption was measured at 30°C from
1 to 4 h after injection. For in vivo lipolysis, blood was collected
20 min after the injection of CL316,243 or saline. In mice fed
with HFD, energy expenditure was calculated by the energy bal-
ance technique (Ravussin et al. 2013; Zhuang et al. 2018).

Primary preadipocytes culture, immortalization, and adipogenesis

Primary brown preadipocytes were isolated from interscapular
BAT of newborn Med1f/f;Cre-ER pups and immortalized by in-
fecting retroviruses expressing SV40T. Immortalized cells were
further infected with retroviruses expressing 3xT7-CA-ChREBP
or the 3xT7 vector. Primary white adipocytes were from inguinal
WAT ofMed1f/f;Adipoq-Cre orMed1f/f adult mice. For the adipo-
genesis assay, preadipocytes were plated in growth medium
(DMEM plus 10% FBS) 3–4 d before the induction and were in-
duced with 0.02 μM insulin, 1 nM T3, 0.5 mM IBMX, 2 μg
mL−1 DEX, and 0.125mM indomethacin for 2 d. For adipogenesis
of primary white preadipocytes, 1 μM rosiglitazone was included
throughout the differentiation (Park and Ge 2017; Park et al.
2017).

Western blot and qRT-PCR

Western blot of nuclear extracts or whole-tissue lysates was done
as described (Jang et al. 2019).TotalRNAwas extractedusingTRI-
zol (Invitrogen) and reverse-transcribed using a ProtoScript II first
strand cDNA synthesis kit (NEB), following the manufacturers’
protocols. qRT-PCR of Med1 exon 8 was performed using SYBR
green primers: forward 5′-CCTGTTTGATGGGATGTCCA-3′,
and reverse, 5′-GCAGAGATATGCAGATTGCC-3′. Chrepα and
Chrebpβ qRT-PCR primers were described previously (Herman
et al. 2012). SYBR green primers for other genes were described
previously (Jin et al. 2011; Park and Ge 2017).

RNA-seq library preparation

Total RNA (1 µg) or TRAP-isolatedRNA (200ng)was subjected to
theNEBNext poly(A)mRNAmagnetic isolationmodule (NEB) to
isolate mRNA and proceeded directly to double-stranded cDNA
synthesis. Library construction was done using the NEBNext Ul-
tra II RNA library preparation kit for Illumina (NEB) following the
manufacturer’s protocol.

Nascent RNA-seq library preparation

Cells (106) were labeled with 0.5 mM ethylene uridine for 30 min
at 37°C. After RNA extraction, 1 μg of total RNAwas depleted of
rRNA using the NEBNext rRNA depletion kit (NEB). To capture
nascent RNA, the sample was biotinylated by the Click-iT na-
scent RNA capture kit (Thermo Fisher C10365) according to
the manufacturer’s instructions. Double-stranded cDNAs were
synthesized using a SuperScript double-stranded cDNA synthesis
kit (Invitrogen). Library construction was done using a NEBNext
Ultra II DNA library preparation kit for Illumina (NEB) according
to the manufacturer’s instructions. Sequencing libraries were an-
alyzed with Qubit and pooled and sequenced on a HiSeq3000.

ChIP-seq and ATAC-seq library preparation

ChIP-seq was performed as described in detail previously (Lee
et al. 2013, 2017; Lai et al. 2017; Zhuang et al. 2018). ChIP-seq
of T7 and MED12 were done in the presence of Drosophila
spike-in chromatin and antibody following the manufacturers’
protocol (Active Motif). ChIP-seq library construction was done
using a NEBNext Ultra II DNA library preparation kit for Illu-
mina (NEB) following the manufacturer’s protocol. For ATAC-
seq, 50,000 cells were washed with PBS and collected in a cold ly-
sis buffer (10mMTris-HCl at pH 7.4, 10mMNaCl, 3mMMgCl2,
0.1% Igepal CA-630). After lysis, the nuclear pellet was resus-
pended in the transposase reaction mix (Illumina, Nextera Tn5
transposase kit) and incubated for 30 min at 37°C. Immediately
following transposition, the sample was purified by a Qiagen
MinElute kit (Qiagen). Eluted DNA was amplified with PCR us-
ing Nextera i7 and i5 index primers (Illumina) and purified with
AMPure XP magnetic beads (Beckman Coulter). Sequencing li-
braries were analyzed with Qubit and pooled and sequenced on
a HiSeq2500 or HiSeq3000.

Computational analysis

RNA-seq data analysis Raw sequencing data were aligned to the
mouse mm9 genome using STAR software (Dobin et al. 2013).
Reads on exonic regions or gene bodies (nascent RNA-seq) were
collected to calculate reads per kilobase per million (RPKM) as
a measure of gene expression level. Only genes with RPKM>1
were considered expressed. Gene ontology (GO) analysis of differ-
entially expressed genes was carried out using DAVID bioinfor-
matics resources (https://david.ncifcrf.gov).

ChIP-seq peak calling and GO analysis of genomic regions Raw se-
quencing data were aligned to the mouse mm9 genome using
bowtie2. To identifyChIP-enriched regions,weused the “SICER”
method (Zang et al. 2009). For H3K27ac enrichment, the window
size of 200 bp and the estimated false discovery rate (FDR) thresh-
old of 10−10 were used. For ChIP-seq of S5P-Pol II, S2P-Pol II, T7,
and MED12, the window size of 50 bp and the FDR threshold of
10−3 were used. Previously published MED1 ChIP-seq data were
used (GSE74189). GO analysis of genomic regions was done using
GREAT (http://great.stanford.edu/public/html).

Motif analysis For motif analysis of 3xT7-CA-ChREBP or 3xT7-
nSREBP1a binding sites, we used the SeqPos motif tool in Galaxy
Cistrome (http://cistrome.org/ap/root) with default parameters.
We selected the top 3000 binding regions to screen enriched TF
motifs based on the FDR value provided by SICER.

Normalization of ChIP-seq data For ChIP-seq spike-in normaliza-
tion, sequences were aligned to the Drosophila genome dm6.
Normalization factors were determined by counting Drosophila
tags and applying to mouse tags to generate normalized heat
maps and profiles (Fig. 8; Supplemental Fig. S8).

Heat maps and box plots Heat map matrices were generated using
in-house scripts with 50-bp resolution and visualized in R using
gplots package. The ratio of RPKM values in Med1 KO and con-
trol cells in base 2 logarithmwas plotted using box plot, with out-
liers not shown (Fig. 8). A Wilcoxon signed rank test (two-sided)
was used to determine statistical differences.

ATAC-seq data analysis Raw sequencing reads were processed us-
ing Kundaje laboratory’s ataqc pipelines (https://github.com/
kundajelab/atac_dnase_pipelines). For downstream analysis, we
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used filtered reads that remained after removing unmapped reads,
duplicates, and mitochondrial reads.

Data availability

RNA-seq, ATAC-seq, and ChIP-seq data sets generated in the pa-
per have been deposited in NCBI Gene Expression Omnibus un-
der accession number GSE160605.
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