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Abstract

Dysregulation of cardiac transcription programs has been identified in patients and families

with heart failure, as well as those with morphological and functional forms of congenital

heart defects. Mediator is a multi-subunit complex that plays a central role in transcription

initiation by integrating regulatory signals from gene-specific transcriptional activators to

RNA polymerase II (Pol II). Recently, Mediator subunit 30 (MED30), a metazoan specific

Mediator subunit, has been associated with Langer-Giedion syndrome (LGS) Type II and

Cornelia de Lange syndrome-4 (CDLS4), characterized by several abnormalities including

congenital heart defects. A point mutation in MED30 has been identified in mouse and is

associated with mitochondrial cardiomyopathy. Very recent structural analyses of Mediator

revealed that MED30 localizes to the proximal Tail, anchoring Head and Tail modules, thus

potentially influencing stability of the Mediator core. However, in vivo cellular and physiologi-

cal roles of MED30 in maintaining Mediator core integrity remain to be tested. Here, we

report that deletion of MED30 in embryonic or adult cardiomyocytes caused rapid develop-

ment of cardiac defects and lethality. Importantly, cardiomyocyte specific ablation of MED30

destabilized Mediator core subunits, while the kinase module was preserved, demonstrating

an essential role of MED30 in stability of the overall Mediator complex. RNAseq analyses of

constitutive cardiomyocyte specific Med30 knockout (cKO) embryonic hearts and inducible

cardiomyocyte specific Med30 knockout (icKO) adult cardiomyocytes further revealed criti-

cal transcription networks in cardiomyocytes controlled by Mediator. Taken together, our

results demonstrated that MED30 is essential for Mediator stability and transcriptional
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networks in both developing and adult cardiomyocytes. Our results affirm the key role of

proximal Tail modular subunits in maintaining core Mediator stability in vivo.

Author summary

MED30 has been associated with congenital heart defects. A point mutation in MED30

has been identified in mouse and is associated with mitochondrial cardiomyopathy. How-

ever, the specific role of MED30 in cardiomyocytes remains largely unknown. We found

that loss of MED30 resulted in destabilization of the MED core. Our constitutive (cKO)

and inducible (icKO) cardiomyocyte specific Med30 knockout mouse models provided us

with a unique opportunity to study the role of the intact MED complex in developing

heart and adult heart, respectively. We further demonstrated the essential role of MED30

in maintaining specific components of the cardiac gene regulatory network and normal

cardiac development and function.

Introduction

Cardiac morphogenesis and maintenance of cardiac physiology require complex and well-

orchestrated transcription programs [1–3]. Dysregulation of cardiac transcription has been

identified in patients and families with heart disease [4–7]. Mediator is an evolutionarily con-

served protein complex that plays a central role in transcription initiation by integrating regu-

latory signals from gene-specific transcriptional activators to RNA polymerase II (Pol II) [8–

12]. Mediator is composed of approximately 30 subunits arranged into structurally distinct

modules, including the core and kinase (CDK) modules [13–15]. The Mediator core contains

26 subunits and consists of three sub-modules: the Head, Middle, and Tail. The ‘Head’ and

‘Middle’ are essential for viability and Mediator interaction with the Pol II machinery, whereas

the ‘Tail’ interacts with various activators at enhancer regions [16,17]. In the current “molecu-

lar bridge” model, Mediator serves as a central scaffold within the pre-initiation complex

(PIC) to integrate regulatory signals from DNA-binding transcription factors (TFs) directly to

RNA Pol II. Structural studies of metazoan Mediator have long been hampered by its large size

and flexibility, and have therefore been focused on the yeast complex, easier to purify in

amounts required for structural characterization [18]. Previous structural analysis of yeast

Mediator has provided an understanding of the conserved core of the complex and its interac-

tion with Pol II but failed to reveal the structure of the Tail module that contains the majority

of subunits that interact with transcriptional factors([18]. Moreover, the location of metazoan-

specific subunits was unknown. Cryo-electron microscopy (Cryo-EM) has enabled unprece-

dented progress in the quest to reveal the structure of the whole Mediator within the transcrip-

tion preinitiation complex [18]. Five recent studies [19–23] have now visualized the whole

Mediator to near-atomic resolution. A groundbreaking discovery from recent Cryo-EM stud-

ies was the revelation of the previously unresolved Tail module, which includes several meta-

zoan specific subunits [19–23]. In particular, subunits MED27, MED29 and metazoan specific

subunits MED28 and MED30, were observed to form the proximal part of the Tail module

(‘Proximal Tail’, also called “Upper Tail”), anchoring on the Head module and displaying a

large interface with the core Mediator. The newly revealed structure suggests that the subunits

of the proximal Tail potentially influence the stability and conformation of the core Mediator

[19–23]. These important new insights into Mediator structure are suggestive of cellular and
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physiological roles of the Mediator subunits in the proximal Tail, that remain to be function-

ally tested.

Genetic studies have identified mutations in Mediator subunits associated with cardiac dis-

ease in humans [24–33]. However, the specific role of the Mediator in cardiac development

and function remains largely unknown. Recently, Mediator subunit 30 (MED30, also named

TRAP25) has been associated with Langer-Giedion syndrome (LGS) Type II and Cornelia de

Lange syndrome-4 (CDLS4), characterized by multiple congenital anomalies including heart

defects [29,34]. Specifically, patients with LGS and CDLS4 have a 2.88-Mb deletion of

8q23.3eq24.13 encompassing MED30 [29,34]. MED30 has recently been assigned to the proxi-

mal Tail and modeled de novo [19–23,35]. The C-terminal α-helices of MED30, together with

the C-terminus of MED28, form a helical bundle with the extended C-terminal helices in

Head subunits MED11 and MED22, forming a convoluted interface between Tail and Head

[19–23,35]. However, it remains unknown whether MED30 plays an important role in main-

taining the integrity of the whole Mediator complex, or a specific submodule, or in maintain-

ing some specific interactions between particular subunits. A dilated cardiomyopathy (DCM)

phenotype in a recessive N-ethyl-N-nitrosurea (ENU)-induced mouse mutant (zeitgeist (zg))
has been attributed to a missense mutation in Med30 [36]. The DCM phenotype was mapped

to a single nonsynonymous A-to-T transversion in the first exon of Med30 (herein referred to

as Med30zg allele), which resulted in an isoleucine to phenylalanine substitution at amino acid

44 of the 178-residue protein. Complementation studies between a Med30 null allele and the

Med30zg allele did not produce any compound heterozygotes at birth, suggesting that the zeit-
geist mutation is hypomorphic and that global deletion of Med30 caused embryonic lethality.

The hypomorphic Med30zg/zg mutants develop progressive DCM after four weeks of age, and

display premature lethality by seven weeks of age, while no evident abnormalities are observed

in other organs [36]. While the overall Mediator complex was maintained intact in Med30zg/zg

mutant hearts, a specific decrease in the expression of mitochondrial genes in Med30zg/zg

mutants was postulated to account for the observed DCM, as further supported by ameliora-

tion of the DCM phenotype by feeding mice a ketogenic diet [36]. Given that the structural

analysis suggests a critical role of MED30 in Mediator structure, it is perhaps puzzling that the

mutation did not disrupt Mediator integrity, and only affected mitochondrial genes in mouse

heart. Thus, to unequivocally study the cellular and physiological role of MED30 in vivo, a true

Med30 knockout mouse model is essential.

In this study, we have generated an Med30 floxed mouse model and specifically deleted

MED30 in developing or adult cardiomyocytes. Our results reveal that loss of MED30 caused

degradation of multiple subunits in the Mediator core, while the kinase module was preserved,

demonstrating an essential role of MED30 in the stability of the overall Mediator complex, and

in cardiomyocyte development and function. We also observed that deletion of MED30 in

developing or adult cardiomyocytes results in rapid development of cardiac defects and lethal-

ity. Furthermore, we utilized MED30 cardiac specific knockout mice to investigate the Media-

tor-regulated transcriptome in both developing and adult cardiomyocytes. Our results are

consistent with the role suggested by recent structural studies for Mediator Tail subunits in

mediating integrity of the Mediator core.

Results

Loss of MED30 in developing cardiomyocytes results in early embryonic

lethality

To unequivocally study the specific role of MED30 in cardiomyocytes, we generated a floxed

Med30 mouse line with the first exon of Med30 flanked with two loxP sites (S1A–S1C Fig).
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Homozygous floxed Med30 mice (Med30f/f) were viable and born at expected Mendelian ratios

with no observed defects. We next utilized Troponin T-Cre (Tnnt-Cre) [37] to ablate Med30
in early developing cardiomyocytes. Western blot analysis confirmed the absence of MED30

in embryonic hearts isolated from Tnnt-Cre+; Med30f/f mutants (hereafter referred to as

Med30 cKOs) at embryonic day (E) 9.5, compared to Cre negative control littermates (Ctrl)

(S1D–S1E Fig). Med30 cKO mutants were never recovered after birth (Table 1), indicating

prenatal lethality of mutant embryos. Notably, Med30 cKO embryos were recovered at

expected Mendelian frequencies until E11.5 (Table 1). However, at E12.5, all Med30 cKO

embryos were found dead or partially resorbed (Table 1 and Fig 1A), while only 2 out of 30

cKO mutants were found dead at E11.5.

At E11.5, severe cardiac development defects were observed in Med30 cKO hearts, includ-

ing overall smaller hearts, thinner ventricular walls, chest edema, and hemorrhage (Fig 1A and

1B), while at E10.5, cKO mutants were grossly indistinguishable from control (Ctrl) littermates

(S2A Fig). Hematoxylin/eosin staining revealed dramatically decreased thickness of the com-

pact zone in both the right ventricle (RV) and left ventricle (LV) of cKO mutants at E11.5, but

not E10.5, compared to control embryos (Figs 1B–1C and S2A). To investigate whether a

decrease in cardiomyocyte proliferation or increased apoptosis could account for smaller

hearts and thinner ventricular walls in mutant embryos, we performed EdU pulse labelling

and TUNEL staining to examine cardiomyocyte proliferation and apoptosis in Med30 cKO

and control hearts. Our results revealed that the percentage of EdU positive cardiomyocytes

started to decrease in compact zone of the LV of cKO mutants at E9.5, while the trabecular car-

diomyocytes and RV cardiomyocytes showed no differences in EdU incorporation between

control and cKOs (Fig 1D and 1E). At E10.5, cardiomyocyte proliferation was dramatically

decreased in the compact zone and trabeculae of both ventricles in Med30 cKO hearts relative

to controls (Fig 1D and 1F), suggesting a critical role for MED30 in cardiomyocyte prolifera-

tion. However, we did not observe apoptosis, as indicated by TUNEL positive cardiomyocytes,

in either Med30 cKO or control hearts at E11.5 (S2B Fig). Taken together, these results demon-

strate that MED30 is essential for cardiomyocyte proliferation and cardiac development.

MED30 is essential for Mediator stability

MED30 belongs to the Mediator core complex, which contains 26 subunits and consists of

three sub-modules: the Tail, Middle and Head. To determine the molecular mechanism by

Table 1. Genotypic analysis of embryos from Cre+Med30f/+ male cross with Cre-Med30f/f female.

Day of analysis No. of genotype Total

Cre- Med30f/+ Cre- Med30f/f Cre+ Med30f/+ Cre+ Med30f/f

E10.5 40(30.5%) 31(23.7%) 29(22.1%) 31(23.7%) 131

E11.5 22(21.2%) 28(26.9%) 24(23.1%) 30(28.8%) a,b,c,d,e 104

E12.5 22 (30.1%) 20(27.4%) 17(23.3%) 14(19.2%)f 73

P1g 14(24.6%) 19(33.3%) 24(42.1%) 0 (0.0%) 57

a 20 of these embryos have thinner ventricular walls
b 4 of these embryos have smaller hearts
c 3 of these embryos have chest edema
d 7 of these embryos are hemorrhage
e 2 of these embryos are dead
f These embryos are all dead or partly absorbed
g P1, postnatal day 1.

https://doi.org/10.1371/journal.pgen.1009785.t001
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which loss of MED30 in cardiomyocytes resulted in abnormal heart development leading to

early embryonic lethality, we first assessed whether deletion of Med30 in developing cardio-

myocytes affected the integrity of the Mediator complex in cardiomyocytes. We performed

Fig 1. MED30 is essential for early cardiac development. (A) Whole embryonic morphology of constitutive cardiomyocyte-

specific knockout (cKO) and control (Ctrl) littermates at E11.5 and E12.5. Arrow: edema chest; Asterisk: hemorrhage. Scale bar:

1 mm. n = 3. (B) Cardiac morphology (Top and middle) and H&E images (Bottom) of Med30 cKO embryos and Ctrl littermates

at E11.5. Arrow: edema chest. Scale bar: 100 μm. n = 3. (C) Quantitation of compact zone thickness in Med30 cKO and Ctrl

hearts at E10.5 and E11.5. RV: right ventricle; LV: left ventricle. n = 3. (D) Representative immunostaining images of EdU-

labeled (red) heart sections from Med30 cKO and Ctrl mice at E9.5 and E10.5, using an antibody against NKX2.5 as

cardiomyocyte marker (green). DNA is stained with DAPI (blue). Arrow: Edu-positive cardiomyocytes. Scale bar: 10 μM. (E-F)

Quantification (%) of Edu-positive cardiomyocytes (CM) in (E) E9.5 and (F) E10.5 Ctrl (blue) vs. Med30 cKO (red) heart areas as

indicated. Com: compact zone; Tra: trabeculae. n = 3. Data are represented as the mean ± SEM. �P< 0.05, by 2-tailed Student’s t

test.

https://doi.org/10.1371/journal.pgen.1009785.g001
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western blot analysis to examine protein levels of Mediator subunits at E10.5. We examined

representative subunits of each Mediator core submodule: MED15, MED16, MED23, MED24,

MED29 within the Tail submodule; MED1, MED4, MED31, MED14 within the Middle sub-

module; and MED6, MED8, MED17, MED18, MED20 within the Head submodule. We also

examined representative subunits of the kinase module, MED12 and MED13. This analysis

revealed that most Mediator core subunits, with the exception of MED1 and MED4 within the

middle submodule, were significantly decreased in Med30 cKO hearts compared to those of

control littermates at E10.5 (Fig 2A and 2B). MED4 displayed a significant decrease in Med30
cKOs at E11.5, perhaps reflecting a slower rate of degradation, while MED1 remained

unchanged at this stage (S3 Fig). However, the kinase module members MED12 and MED13

were not changed in cKO hearts at either E10.5 or E11.5, when compared to controls (Figs

Fig 2. Loss of MED30 results in degradation of Mediator core in developing cardiomyocytes. (A-B) Representative immunoblots (A) and

quantification analysis (B) of MED30 and MED Tail submodule subunits MED15, MED16, MED23, MED24 and MED29; MED Middle submodule

subunits MED1, MED4, MED31 and MED14; MED Head submodule subunits MED6, MED8, MED17, MED18 and MED20, and Kinase module

subunits MED12 and MED13 in hearts isolated from Med30 cKO and control (Ctrl) embryos at E10.5. GAPDH served as a loading control. n = 3.

(C-D) Co-Immunoprecipitation (Co-IP) of E10.5 heart lysates with antibody to MED4 (C) or MED12 (D), followed by Western blot (WB) analysis

for MED subunits. 40 hearts from each genotypes were pooled for one IP experiment. (E) Heatmap representation of transcript levels of selected

Mediator subunits in Med30 cKO and Ctrl hears at E10.5. Data are represented as the mean ± SEM. �P< 0.05, by 2-tailed Student’s t test.

https://doi.org/10.1371/journal.pgen.1009785.g002
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2A–2B and S3). To further determine the role of MED30 in the stability of the Mediator core,

we performed immunoprecipitation experiments from E10.5 MED30 cKO and control hearts

utilizing antibodies to MED4 and MED12. Our results revealed that levels of MED core sub-

units were significantly decreased in MED complexes immunoprecipitated from MED30 cKO

hearts compared to those from control hearts (Fig 2C and 2D). Notably, although total MED1

protein levels were similar in MED30 cKO and control hearts (Figs 2A–2B and S3), the level of

MED1 present in MED4 and MED12 immunoprecipitates was nonetheless significantly

reduced in cKO hearts, suggesting that the preserved MED1 was not associated with the Medi-

ator complex. RNAseq analyses of embryonic hearts isolated from Med30 cKOs and controls

at E10.5 revealed that transcript levels of Mediator subunits we examined were not decreased

in Med30 cKOs compared to controls (Fig 2E). These results strongly suggest that MED30 is

essential to maintain protein stability of core MED subunits, but neither expression nor stabil-

ity of kinase module subunits.

Transcriptome in developing heart regulated by Mediator complex

The Mediator complex plays a central role in transcription initiation by integrating regulatory

signals from gene-specific transcriptional activators to RNA polymerase II (Pol II) [8–12].

Because we observed that loss of MED30 resulted in destabilization of the Mediator core, our

Med30 cKO mouse model provided us with a unique opportunity to study the transcriptome

in developing heart controlled by the intact Mediator complex. RNA-seq analysis was per-

formed on RNA extracted from hearts of Med30 cKO and control littermates at E10.5. From

this analysis, 31 genes were significantly upregulated, and 45 genes were significantly downre-

gulated (log2fold > 1, adjusted p value < 0.05) in mutant cardiomyocyte relative to controls

(Fig 3A). Clustering of differentially expressed genes by molecular function using Gene Ontol-

ogy (GO) analysis demonstrated that important molecular pathways related to cardiac devel-

opment were decreased in cKO hearts, including “Troponin T binding”, “channel activity”,

“heart contraction”, “heart development”, “muscle cell proliferation” and “muscle cell differen-

tiation” (Fig 3B). Decreased genes showed enrichment for “contractile fiber”, “sarcomere” and

“troponin complex” (Fig 3B), while increased genes did not display any functional enrichment.

Some significantly downregulated genes were likely to account for observed Med30 cKO phe-

notypes. An example of these was Mycn, which is essential for cardiomyocyte proliferation and

cardiogenesis [38,39]. Mycn null mice arrest development at E9.5 and die between E10.5 and

E11.5 with severely hypoplastic hearts, undivided thin-walled ventricles, and few trabeculae

[39]. Another significantly downregulated gene in Med30 cKO hearts was Hey2, which plays a

pivotal role in left ventricular maturation [40]. In addition, Tnni2, Mhy7, Gja1, Gaj5, and Pln
encode proteins that are essential for cardiomyocyte structure and contractility [41].

Decreased expression of these critical heart development genes was validated by performing

quantitative PCR (qPCR) of mRNA obtained from E9.5 and E10.5 hearts of Med30 cKOs and

control littermates (Fig 3C and 3D). Taken together, these results suggest that the Mediator

complex controls a specific transcriptional program that is critical for cardiac development.

MED30 deletion in adult cardiomyocytes leads to rapid development of

DCM and lethality

The embryonic lethality of Med30 cKO mice precluded studying the role of MED30 in adult

cardiomyocytes. We therefore generated tamoxifen-inducible cardiac-specific knockout

(icKO) mice by crossing Med30 floxed mice (Med30 f/f) with αMHC-MerCreMer transgenic

mice to allow for inducible deletion of Med30 in adult cardiomyocytes upon tamoxifen injec-

tion [42]. To induce postnatal ablation of MED30 in adult cardiomyocytes, 8-week-old Med30
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f/f; αMHC-MerCreMer (icKO) and Med30 f/f; αMHC-MerCreMer negative control mice were

injected peritoneally with tamoxifen, or peanut oil as vehicle control. Injection of tamoxifen to

αMHC-MerCreMer mice (without a floxed allele) did not induce mortality or cardiac dysfunc-

tion, comparable to results with control Cre negative mice, demonstrating that no cardiac tox-

icity was induced by our tamoxifen injection protocol and the αMHC-MerCreMer allele

(S4A–S4E Fig). Western blot analysis confirmed significantly diminished protein levels of

MED30 in cardiac tissue isolated from Med30 icKO mice, compared to those of control Cre-

negative Med30 f/f hearts, at 4-weeks post tamoxifen injection (Fig 4A and 4B). At 2-weeks

post tamoxifen injection, although mRNA levels of Med30 were decreased about 90%, protein

levels were preserved, suggesting that MED30 exhibits a long half-life at this age (Figs 4A and

S5A). Med30 icKO mice began to die at day 23 post tamoxifen (Fig 4C). In contrast to controls,

no icKO mice survived longer than 40-days post tamoxifen (Fig 4C), demonstrating that

MED30 in adult cardiomyocytes was required for survival. Morphological and histological

analysis of Med30 icKO and control hearts revealed ventricular chamber dilation and thinner

Fig 3. Transcriptome analysis in Med30 cardiomyocyte-specific knockout (cKO) and control (Ctrl) hearts. (A) Volcano plot

obtained from DESeq2 analysis of gene expression in Med30 cKO versus control hearts at E10.5. Genes with adjusted P<0.05 and

log2 (fold change)>1 are considered significantly upregulated or downregulated genes in Med30 cKO hearts. The upregulated or

downregulated genes are highlighted in red and blue, respectively. (B) Gene Ontology (GO) analysis of significantly downregulated

genes in Med30 cKO hearts. (C, D) qRT-PCR validation of RNA-seq data in Med30 cKO (red) versus control (Ctrl) (blue) hearts at

E9.5 (C) and E10.5 (D). Data were normalized to corresponding 18s levels, and cKO is expressed as the fold-change versus control.

n = 3. Data are represented as the mean ± SEM. �P< 0.05, by 2-tailed Student’s t test.

https://doi.org/10.1371/journal.pgen.1009785.g003
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Fig 4. MED30 deletion in adult cardiomyocyte leads to rapidly developed dilated cardiomyopathy (DCM) and lethality. (A-B)

Representative immunoblots (A) and quantification analysis (B) of MED30 in the heart isolated from inducible Med30 cardiomyocyte specific

knockout (icKO) and control (Ctrl) mice at 2 weeks and 4 weeks post-tamoxifen injection. GAPDH served as a loading control. n = 3. (C)

Kaplan-Meier survival curves of Med30 icKO and control and mice after oil (n = 12–16) or tamoxifen injection (n = 22–29). (D)

Representative hearts (top) and H&E stained sections (bottom) of Med30 icKO and Ctrl mice at 2 weeks and 4 weeks post-tamoxifen injection.

(E) Representative M-mode echocardiography of Med30 icKO and Ctrl mice at 2 weeks and 4 weeks post-tamoxifen injection. (F-I)

Echocardiographic measurements for Med30 icKO and Ctrl mice at baseline, 2, 3 and 4 weeks (wks) post-tamoxifen injection by (F) fractional

shortening (FS), and left ventricular (LV) internal dimensions at (G) end-diastole (LVIDd) and (H) end-systole (LVIDs), as well as LV

posterior wall thickness at the end-diastolic (LVPWd). n = 14 mice per group. (J-M) qRT-PCR analysis of cardiac fetal gene markers atrial

natriuretic factor (Anf) (J) and B-type natriuretic peptide (Bnp) (K), and profibrotic genes, collagen α1 types I (Col1a1) (L) and III (Col3a1)

(M), in control and icKO mouse hearts at 4 weeks post-tamoxifen injection. Data were normalized to corresponding 18s levels, and icKO is

expressed as the fold-change versus control. n = 3. (N-O) Representative immunostaining images (N) and quantification analysis (O) of

TUNEL staining (green) in heart sections from Med30 icKO and Ctrl mice at 4 weeks post-tamoxifen injection, using an antibody against α-

actinin as cardiomyocyte marker (red). DNA is stained with DAPI (blue). Scale bar: 10 μm. n = 3. Data are represented as the mean ± SEM.
�P< 0.05, by 2-tailed Student’s t test, or by the Kaplan-Meier survival analysis.

https://doi.org/10.1371/journal.pgen.1009785.g004
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ventricular walls in Med30 icKO hearts at 4-weeks post tamoxifen injection, while no signifi-

cant changes were observed at 2-weeks post tamoxifen injection (Fig 4D).

To assess cardiac function in Med30 icKO mice, a comprehensive time course of cardiac

physiological studies was performed in Med30 icKO mice and littermate controls. Results

revealed a time-dependent decrease in left ventricular (LV) systolic function (percentage of

fractional shortening [FS]) in Med30 icKO mice relative to controls (Fig 4E and 4F). Consis-

tent with histological observations, loss of MED30 in adult cardiomyocytes resulted in LV

chamber dilation, as evidenced by a significant increase in end-diastolic LV internal diameter

(LVIDd) and end-systolic LV internal diameter (LVIDs) (Fig 4G and 4H), as well as decreased

left ventricular posterior wall thickness at end-diastole (LVPWd) (Fig 4I). We did not observe

changes in the ratio of left ventricle weight to body weight (LV/BW) or the ratio of left ventri-

cle weight to tibial length (LV/TL) in Med30 icKO mice, compared to control, at 4-weeks fol-

lowing tamoxifen injection (S5B–S5C Fig). Consistent with molecular evidence of cardiac

stress [43], cardiac fetal gene markers atrial natriuretic factor (ANF) and B-type natriuretic

peptide (BNP) were significantly increased in hearts of icKO mice at 4 weeks of age (Fig 4J and

4K), as were profibrotic genes Collagen α1 types I (Col1a1) and III (Col3a1) (Fig 4L and 4M).

Although we did not observe cardiac fibrosis by Masson’s trichrome staining (S5D Fig), we

observed significant activation of fibroblasts by immunofluorescence staining for periostin

(S5E Fig), which is expressed exclusively by fibroblasts or cells that adopt a fibroblast-like phe-

notype after injury [44], suggesting activation of fibrosis, although collagen had not yet accu-

mulated in myocardium of Med30 icKO mice. An increased number of TUNEL positive

cardiomyocytes was observed in icKO hearts relative to controls at 4-weeks post tamoxifen

injection (Fig 4N and 4O), suggesting that loss of MED30 in adult cardiomyocytes caused car-

diomyocyte death. Taken together, these results demonstrate that MED30 is essential for adult

cardiomyocyte function and viability. Deletion of MED30 in adult cardiomyocytes leads to

rapid development of DCM and lethality.

Transcriptome profile in MED30 icKO hearts

Our studies in developing cardiomyocytes suggested that MED30 was essential for the integ-

rity of the Mediator core (Fig 2). To determine if this is also the case in adult cardiomyocytes,

we performed western blot analysis of protein levels of Mediator core subunits in adult cardio-

myocytes isolated from Med30 icKO and control hearts at 4-weeks post tamoxifen injection.

Consistent with results in Med30 cKO hearts, we observed significant decreases in the protein

levels of Mediator subunits comprising the Tail (MED16, MED24, MED29), Middle (MED4,

MED31 and MED14), and Head (MED8, MED17 and MED18) submodules in Med30 icKO

cardiomyocytes, compared to controls (Fig 5A and 5B). This result suggests that the Mediator

core is decreased in MED30 deficient cardiomyocytes. Accordingly, dysregulation of the tran-

scriptome could contribute to the rapid progression of DCM in Med30 icKO mice.

To identify genes responsible for the rapidly developed phenotype in Med30 icKO mice, we

performed RNA-seq analysis of RNA extracted from adult cardiomyocytes isolated from

Med30 icKO and control mice at 4-weeks post tamoxifen injection. From this analysis, 9517

genes were detected in both mutant and control cardiomyocytes. Of these, 1153 and 1509 were

significantly (log2fold > 1, adjust p value < 0.05) up- or downregulated, respectively, in

mutant cardiomyocyte relative to controls (Fig 6A). Comparative analysis revealed a signifi-

cant overlap of down-regulated genes in Med30 cKO hearts and Med30 icKO cardiomyocytes

(S6 Fig). Among genes that were decreased in cKO hearts, 24 of 45 were also decreased in

adult cardiomyocytes with MED30 deletion (S6 Fig), suggesting that MED30 controls a com-

mon group of genes in both embryonic and adult cardiomyocytes. By contrast, 21 of 45 genes
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were uniquely decreased in Med30 cKO hearts, but not in icKO cardiomyocytes, while 1485

out of 1509 genes were uniquely decreased in Med30 icKO cardiomyocytes, but not in Med30
cKO hearts. These results suggest MED30 also controls expression of specific genes in a stage-

specific manner.

Clustering of differentially expressed genes by Gene Ontology (GO) gave an overview of

known cellular pathways most severely altered in mutant cardiomyocytes. Results revealed

that upregulated genes were enriched in pathways related to cardiac remodeling, fibrosis and

cell death (Fig 6B), which could potentially explain our observation of increased cardiac fibro-

blast activation and elevated cell death in Med30 icKO hearts. Consistent with previous results

in Med30 cKO hearts, some of the most significantly downregulated categories in icKO cardio-

myocytes were associated with cardiac muscle contraction and ion channel activity (Fig 6C

and 6D). Moreover, we observed a significant number of mitochondrial genes significantly

decreased in MED30 deficient adult cardiomyocytes (Fig 6C and 6D), similar to observations

with the Med30 hypomorphic mutation that caused DCM in mice [36]. However, we note that

fold-changes in ion channel, Ca2+ handling, and muscle contraction genes (log2 fold > 3),

which directly control cardiac contractility, were more dramatic than fold-changes in mito-

chondrial genes (log2 fold<2) (Fig 6D). In particular, ion channel and Ca2+ handling genes

were decreased by more than 90% (Fig 6D). RT-qPCR analyses of Med30 icKO and control

cardiomyocytes further validated RNAseq results (Fig 6E and 6H). We further performed

western blot analysis to examine protein levels of KCNJ3, SCN4A, CACNA1C, SERCA2,

RYR2 and CASQ1, which are critical for ion homeostasis and Ca2+ signaling, in adult cardio-

myocytes isolated from Med30 icKO and control mice at 4-weeks post tamoxifen injection. As

shown in Fig 6I and 6J, these proteins were dramatically decreased in MED30 deficient

cardiomyocytes.

Given that decreased mitochondrial gene expression in Med30zg/zg mutants was postulated

to account for observed DCM, as supported by prolongation of survival by several weeks using

a ketogenic diet [36] we examined whether a ketogenic diet would rescue the lethality observed

Fig 5. Loss of MED30 results in degradation of Mediator core in adult cardiomyocytes. (A-B) Representative

immunoblots (A) and quantification analysis (B) of MED30 and MED Tail submodule subunits MED16, MED24, and

MED29; MED Middle submodule subunits MED14, MED4 and MED31; MED Head submodule subunits MED8, MED17

and MED18 in adult cardiomyocytes isolated from Med30 icKO and control (Ctrl) hearts at 4 weeks post-tamoxifen

injection. GAPDH served as a loading control. n = 4. Data are represented as the mean ± SEM. �P< 0.05, by 2-tailed

Student’s t test.

https://doi.org/10.1371/journal.pgen.1009785.g005
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Fig 6. Transcriptome analysis in MED30 deletion adult cardiomyocytes. (A) Volcano plot obtained from DESeq2 analysis of gene expression in

adult cardiomyocytes isolated from Med30 icKO versus control hearts at 4 weeks post-tamoxifen injection. Genes with adjusted P<0.05 and log2 (fold

change)>1 are considered significantly upregulated or downregulated genes in Med30 icKO cardiomyocyte. The upregulated or downregulated genes

are highlighted in red and blue, respectively. (B-C) Gene Ontology (GO) analysis of significantly upregulated (B) and downregulated (C) genes in

cardiomyocytes isolated from Med30 icKO at 4 weeks post-tamoxifen injection. (D) Heatmap (left) and bar graph of log2 (fold change) (right) for

downregulated genes involved in ion channels, Ca2+ handling, muscle contraction and mitochondrial genes. (E-H) qRT-PCR validation of RNA-seq

data for genes involved in ion channels (E), Ca2+ handling (F), muscle contraction (G), and mitochondrial genes (H), in adult cardiomyocytes isolated

from Med30 icKO (red) versus control (Ctrl) (blue) at at 4 weeks post-tamoxifen injection. n = 3. (I, J) Representative immunoblots (I) and

quantification analysis (J) of KCNJ3, SCN4A, CACNA1C, SERCA2, RYR2 and CASQ1 in adult cardiomyocytes isolated from Med30 icKO and control

(Ctrl) hearts at 4 weeks post-tamoxifen injection. GAPDH served as a loading Ctrl. n = 3. All Data represent mean ± SEM. Statistical significance was

based on student’s t test, �, P<0.05.

https://doi.org/10.1371/journal.pgen.1009785.g006
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in Med30 icKOs. Med30 icKO and control mice were fed a ketogenic diet beginning at the

time of tamoxifen injection. However, as shown in S7 Fig, Med30 icKO mice displayed the

same lethality on either the ketogenic diet or the control diet. Taken together, our findings

demonstrate that MED30 is essential for the stability of the Mediator core and the normal tran-

scriptional network in adult cardiomyocytes. Loss of MED30 in adult cardiomyocytes is cata-

strophic for heart function.

Discussion

MED30 is associated with human congenital heart defects [29,34]. Med30zg/zg mutant mice

display DCM and postnatal lethality. However, the specific role of MED30 in cardiomyocytes

is largely unknown. In this study, we generated a floxed Med30 mouse line and used it to gen-

erate constitutive (cKO) and inducible (icKO) Med30 cardiomyocyte-specific knockout mice.

We have demonstrated that MED30 is essential for both developing and adult cardiomyocytes.

Deletion of MED30 in cardiomyocytes caused rapid development of lethality in both embry-

onic and adult stages, with more severe phenotypes than that of Med30zg/zg mutants, further

supporting that the Med30zg allele is a hypomorphic allele.

Loss of MED30 resulted in dramatically decreased proliferation in embryonic cardiomyo-

cytes, and increased apoptosis in adult cardiomyocytes. Similar effects on cell cycle and cell

viability have been observed in Med30 knockdown cancer cell lines [45,46]. MED30 is located

within the Mediator core. While the assignment to a particular submodule was controversial

due to lack to metazoan Mediator structural analysis [18], the newly revealed Mediator struc-

ture assigned MED30 to the proximal Tail and modeled de novo [19–23,35]. The small seg-

ment containing MED30, MED27, MED28, and MED29 forms proximal part of the Tail

module and exhibits extensive interactions with the head submodule [19–23,35], suggesting a

critical role for MED30 in the structure of the MED core. Our results demonstrated that loss of

MED30 resulted in significantly decreased protein levels of multiple core Mediator subunits of

the Head, Middle and Tail submodules, while the kinase module was preserved. These results

strongly suggest that MED30 is essential to maintain protein stability of core Mediator sub-

units, but neither expression nor stability of kinase module subunits.

Our Med30 cKO and icKO mouse models provided us with a unique opportunity to study

the transcriptome in developing and adult heart controlled by the Mediator complex. In RNA-

seq results from both cKO hearts and icKO cardiomyocytes, we found that genes involved in

muscle structure and contractility were significantly decreased. Consistent with results of oth-

ers studying the hypomorphic Med30zg/zg mutant, we also observed that genome-encoded

mitochondrial genes were significantly decreased in MED30 deleted adult cardiomyocytes,

although more dramatic decreases were observed in genes involved in ion channel, Ca2+ han-

dling, and muscle contraction (log2 fold> 3). In Med30zg/zg mutants, a ketogenic diet pro-

longed survival by several weeks, suggesting that decreased expression of mitochondrial genes,

which causes the classic mitochondrial cardiomyopathy, contributes at least in part to the

DCM of MED30 hypomorphic mutants. However, a ketogenic diet did not provide any benefi-

cial effects on survival of our Med30 icKO mice, suggesting that MED30 controls other aspects

of the critical transcriptional network required for cardiomyocyte survival and function, in

addition to mitochondrial genes. Notably, we observed key differences in transcriptome

changes following deletion of MED30 between embryonic and adult cardiomyocytes. We

observed a small subset of genes was changed in embryonic heart versus a larger subset of

genes in adult cardiomyocytes following deletion of MED30. It is of relevance to note that dele-

tion of individual MED subunits in B cell, T cell, and embryonic stem cells (ESC) revealed that

only a fraction of genes was affected and that the number of differentially expressed genes was
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variable in different cell types, although the overall viability of cells was dramatically decreased

[35]. Variation in the number of genes affected by MED subunit deletion has also been widely

recognized in multiple other cell types, such as deletion of MED23 in mouse embryonic stem

cells (ESCs) [47], mouse embryonic fibroblasts (MEFs) [48], mesenchymal stem cells [49],

hematopoietic stem cells [50], adult hippocampal neural stem cells (NSCs) [51] and hepato-

cytes [52]. Another possible explanation for the large difference in the number of genes differ-

entially expressed consequent to MED30 ablation in embryonic versus adult heart, is that, in

embryonic heart, RNAseq was performed at E10.5, prior to onset of overt cardiac phenotypes,

therefore likely excluding secondary gene changes. However, in adult hearts, RNAseq was per-

formed 4 weeks post tamoxifen injection, as the very rapid onset of cardiomyopathy made it

difficult to capture a time point prior to cardiac dysfunction. Thus, the differentially expressed

genes observed in adult cardiomyocytes are likely to contain both primary targets and second-

ary changes that may reflect cardiac dysfunction. A comparison of our data from embryonic

heart and adult cardiomyocytes revealed that MED30 controls a common group of genes in

both embryonic and adult cardiomyocytes, but also controls expression of distinct subsets of

genes in a stage-specific manner (S6 Fig). Genes regulated in a stage-specific manner may

account for the distinct phenotypes observed at the two stages. For example, GO term analysis

revealed that “muscle cell proliferation” genes were decreased in embryonic Med30 mutant

hearts (Fig 3B), while “regulation of cell death” genes were upregulated in adult Med30 mutant

cardiomyocytes (Fig 6B), consistent with phenotypic data showing proliferative defects in the

embryo, and apoptosis in adult cardiomyocytes. Owing to lack of a suitable antibody for ChIP-

seq analysis, it remains unknown whether the dysregulated genes we identified in Med30 cKO

hearts and icKO cardiomyocytes are direct or indirect targets of MED30.

Taken together, our study identifies an essential physiological role for MED30 in the stabil-

ity of the Mediator core complex, and cardiac development and maintenance of normal car-

diac morphology and function. Our results provide complementary evidence to cryo-EM

analysis and reveal an important role of MED30 in Mediator stability.

Materials and methods

Ethical approval

The UCSD animal care personnel maintained all animals, and the IACUC of UCSD approved

all experimental procedures. UCSD has an Animal Welfare Assurance document (A3033-01)

on file with the Office of Laboratory Animal Welfare and is fully accredited by the Association

for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International.

Mouse models

C57BL/6 mice (strain code: 027) were purchased from Charles River Laboratories. FLPase

(FLP) mice [B6.SJL-Tg(ACT- FLPe)9205Dym/J, stock no. 005703] were purchased from The

Jackson Laboratory. Med30 floxed mice were generated by homologous recombination. The

targeting vector was constructed using a plasmid containing a Neomycin cassette flanked by

two Frt sites [53,54]. A 827-bp PCR product containing exon 1 of the mouse Med30 gene was

inserted into the BamHI site flanked by two loxP sites. A 5.2-kb upstream fragment and 3.8-kb

downstream fragment were inserted into the vector to serve as 50 and 30 homologous arms,

respectively. The completed targeting vector was linearized with NotI and electroporated into

R1 mouse ES cells derived from 129-SV/J mice (University of California, San Diego Trans-

genic and Gene Targeting Core). After G418 selection, successfully targeted ES-cell clones

were identified by Southern blot analysis after digestion with HindIII. The WT allele generated

a 11.1-kb band, whereas the correctly targeted mutant allele generated a 6.5-kb band. One
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heterozygous recombinant ES clone was identified and microinjected into blastocysts from

C57BL/6J mice to generate male chimeras. Male chimeras were bred with female C57BL/6J

mice to generate germline-transmitted Med30 floxed mice (Med30 flox-neo/+). Med30 flox-neo/+

mice were then crossed with FLP deleter mice [55] to remove the neomycin gene. Med30 flox/+

mutant mice were subsequently intercrossed to generate homozygous Med30 flox/flox mice. To

generate constitutive Med30 cardiomyocyte-specific knockout (cKO) mice, Med30 flox/flox

mice were crossed with cardiac Troponin T (cTNT)-Cre transgenic mice [37,56]. The corre-

sponding littermate controls were Med30 flox/flox cTNT-Cre negative mice. To generate induc-

ible Med30 cardiomyocyte-specific knockout (icKO) mice, Med30 flox/flox mice were crossed

with α-MHC-MerCreMer transgenic mice [42]. Tamoxifen (TAM) (40 mg/kg/day for 3 days)

was injected to induce gene ablation in adult cardiomyocytes [57]. Primer sequences for geno-

typing PCR are listed in S1 Table.

Animal procedures and echocardiography

Echocardiography was performed as previously described [58,59]. Mice were briefly anesthe-

tized with 1% isoflurane and underwent echocardiography using a FUJIFILM VisualSonics

SonoSite Vevo 2100 ultrasound system with a 32- to 55-MHz linear transducer. The percent-

age of FS was used as an indicator of systolic cardiac function. Measurements of heart rate

(HR), LVIDs, and LVIDd were determined from the LV M-mode tracing.

Histological analysis

Mouse embryos or adult hearts were freshly dissected at various development stages and fixed

in ice-cold phosphate buffered saline (PBS) with 4% paraformaldehyde overnight at 4˚C. For

cryosection, fixed tissues were incubated with concentrations of 5, 10, 15, and 20% sucrose solu-

tion diluted in PBS. Dehydrated tissues were embedded in OCT Tissue-Tek (Thermo Fisher

Scientific), and cut into 8-μm sections using a Leica CM 3050S cryostat (Leica Microsystems).

For paraffin section, after fixation, embryos were dehydrated with a series of 30–100% ethanol,

embedded in paraffin, and cut into 8-μm sections by Microtome. Sections were stained with

hematoxylin and eosin (H&E) or Masson Trichrome as previously described, and then

mounted and imaged using a Hamamatsu NanoZoomer 2.0HT Slide Scanning System [53,60].

Adult cardiomyocyte isolation

Adult cardiomyocytes were isolated as previously described [61]. Briefly, the heart was

removed following isoflurane anesthesia and rinsed in Krebs-Henseleit buffer B (KHB- B)

(118 mM NaCl, 4.8 mM KCl, 25 mM HEPES, 1.25 mM K2HPO4, 1.25 mM MgSO4, 11 mM

glucose, pH 7.4). The heart was cannulated through the aorta and perfused on a Langendorff

apparatus with KHB solution (3 ~ 5 minutes, 37˚C), then incubated with KHB enzyme solu-

tion (0.5 mg/ml Collagenase Type 2, 0.5 mg/ml Collagenase Type 4, 25 μM Blebbistatin) for 12

minutes at 37˚C. After digestion, the heart was perfused with 5 ml KHB solution to wash out

the collagenase. The hearts were then minced in KHB solution with 2% BSA, gently agitated,

and filtered through a 100μm polyethylene mesh. After settling, cells were centrifuged at 500

rpm at 4˚C for 1 min. The pellet was resuspended in KHB solution and collected after centri-

fuged at 500 rpm at 4˚C for 1 min again.

RNA-seq data analysis

RNA-seq data were analyzed as previously described [61]. Briefly, RNA-seq reads were

mapped against the reference mouse genome (GRCm38/mm10) for counting reads and gene
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expression. RPKM more than 1 was set as the threshold of removing genes with low counts.

The DEseq2 v1.12.4 package (under R v3.4) was used to evaluate the reproducibility and per-

form differential gene expression analysis. Reads counts were normalized and a rlog transfor-

mation was applied for distance clustering and principal component analysis. Differentially

expressed genes were detected by the default settings of DESeq2. We specified the apeglm

method to shrink the log2 fold change, and the Benjamin-Hochberg algorithm to adjust p-

value. Log2 fold changes > 1 or < -1 and adjusted p-value < 0.05 were then used to select dif-

ferentially expressed genes. Gene list enrichment analyses were performed by using DAVID

v6.8 (https://david.ncifcrf.gov/).

Quantitative RT-PCR

Total RNA was extracted from embryonic mouse hearts or isolated cardiomyocytes using TRI-

zol reagent (Life Technologies, Thermo Fisher Scientific) according to the manufacturer’s rec-

ommendations. cDNA was synthesized using MMLV Reverse Transcriptase (Bio-Rad). Primer

sequences for quantitative RT-PCR (qRT-PCR) are listed in S2 Table. RT PCR reactions were

performed using Real-Time PCR Master Mix (Bio-Rad) in 96-well, low-profile PCR plates in a

Bio-Rad CFX96 Thermocycler. Relative transcript abundance was normalized to 18s.

Protein isolation and Western blot analysis

Total protein extracts were prepared as previously described [62]. Briefly, ground heart tissue

or isolated cardiomyocytes were suspended in urea lysis buffer (8 M urea, 2 M thiourea, 3%

SDS, 75 mM DTT, 0.03% bromophenol blue, 0.05 M Tris-HCl, pH 6.8). Protein lysates were

separated on 4% to 12% SDS-PAGE gels (Life Technologies, Thermo Fisher Scientific) and

transferred overnight at 4˚C onto PVDF membranes (Bio-Rad). After blocking for 1 hour in

TBS containing 0.1% Tween-20 (TBST) and 5% dry milk, the membranes were incubated

overnight at 4˚C with the indicated primary antibody (listed in S3 Table) in blocking buffer

containing 2% dry milk. Blots were washed and incubated with HRP-conjugated secondary

antibody generated in rabbit (1:3000) or mouse (1:3000) (Dako) for 1 hour at room tempera-

ture. Immunoreactive protein bands were visualized using the ECL reagent (Bio-Rad).

Co-Immunoprecipitation (IP)

Heart tissue lysates from E10.5 Med30 cKO or control mouse were rotated overnight at 4˚C in

300 μL of IP lysis buffer (Thermo Scientific, 87788) with antibody after taking 5% lysates use

for input. 50 μL of PBS-washed protein G magnetic beads (Thermo Scientific,88847) were

resuspended after pre-wash 3 times by 0.02% PBST and incubated in lysate–antibody com-

plexes for 4 hours at 4˚C. After washing 3 times by using IP lysis buffer, beads were incubated

with 100 μL 50mM pH2.8 Glycine, 4× LDS Sample loading buffer (Thermo Scientific,

NP0007) and 10× Sample reducing agent (Thermo Scientific, NP0004) incubate with at 70˚C

for 10 minutes. The immunoprecipitates and input lysate were gel electrophoresed and

immunoblotted.

Immunostaining

Tissues were fixed and dehydrated, as described in the histological analysis. Sections were

washed three times by PBS and blocked with block solution (1% BSA and 5% donkey serum in

PBST (0.1% Triton in PBS)) for 1h at room temperature (RT). The sections were then incu-

bated with primary antibody solution (1:200) (antibodies were added to block solution) over-

night in a humidified chamber at 4˚C. The following day, sections were washed three times

PLOS GENETICS MED30 is essential for MED stability

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009785 September 10, 2021 16 / 22

https://david.ncifcrf.gov/
https://doi.org/10.1371/journal.pgen.1009785


with PBST and then incubated with secondary antibody (1:200) and DAPI (1:500) (antibodies

were added in block solution) for 1.5h at RT. Primary and secondary antibodies are listed in

S3 Table. EDU staining was performed by using the Click-i EdU Alexa Fluo 647 Imaging Kit

(Invitrogen, Cat.C10340). TUNEL staining was performed by using In Situ Cell Death Detec-

tion Kit, Fluorescein (Sigma Aldrich, Cat. Roche-11684795910). The procedure followed the

manufacturer’s instructions.

Statistics

Data are presented as means ± SEM unless indicated otherwise. Statistical analysis was per-

formed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA) with a two-tailed Stu-

dent’s t-test used for comparisons among groups. Survival data were calculated using Kaplan-

Meier survival analysis with a log-rank statistical method. P values of<0.05 were considered

statistically significant.

Supporting information

S1 Fig. Generation of Med30 cardiomyocyte-specific knockout (cKO) mice. (A) Targeting

strategy for the generation of Med30 floxed mice. Neo, neomycin resistance gene; DTA, Diph-

theria Toxin A chain gene. Green boxes abutted to the Neo gene indicate FRT sites. (B) Detec-

tion of wildtype (+) and targeted (m) alleles by Southern blot analysis. (C) Genotyping analysis

for Med30 floxed allele. (D-E) Representative immunoblots (D) and quantification analysis (E)

of MED30 in hearts isolated from Med30 cKO and control (Ctrl) mice at E9.5. GAPDH served

as a loading control. n = 3. Data are represented as the mean ± SEM. �P< 0.05, by 2-tailed Stu-

dent’s t test.

(TIF)

S2 Fig. (Relative to Fig 1) MED30 is essential for early cardiac development. (A) Whole

embryonic (top) and heart (middle) morphology (Scale bar: 1 mm), and H&E images (bottom)

of Med30 Ctrl and cKO littermates at E10.5 (Scale bar: 100 mm). n = 3. (B) Representative

immunostaining images of TUNEL staining (green) in heart sections from Med30 cKO and

Ctrl mice at E11.5, using an antibody against α-actinin as cardiomyocyte marker (red). DNA

is stained with DAPI (blue). Scale bar: 50 μm. n = 3.

(TIF)

S3 Fig. (Relative to Fig 2) Loss of MED30 results in degradation of Mediator core in devel-

oping cardiomyocytes. (A-B) Representative immunoblots (A) and quantification analysis (B)

of MED30, MED4, MED1, MED12, and MED13 in hearts isolated from Med30 cKO (Blue)

and Ctrl (control, Red) embryos at E11.5. GAPDH served as a loading control. n = 3. Data rep-

resent mean ± SEM. Statistical significance was based on student’s t test; �, P<0.05.

(TIF)

S4 Fig. Injection of tamoxifen to α-MHC-MerCreMer dose not induced mortality or car-

diac dysfunction. (A) Kaplan-Meier survival curves of α-MHC-MerCreMer positive (C+)

(n = 9) and negative (C-) (n = 5) mice after tamoxifen (TAM) injection. (B-E) Echocardio-

graphic measurements for C- and C+ mice at baseline and 4 weeks post-tamoxifen injection

by (B) fractional shortening (FS), and left ventricular (LV) internal dimensions at (C) end-

diastole (LVIDd) and (D) end-systole (LVIDs), as well as (E) LV posterior wall thickness at the

end-diastolic (LVPWd). n = 5–9 mice per group. Data are represented as the mean ± SEM.
�P < 0.05, by 2-tailed Student’s t test.

(TIF)
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S5 Fig. (Relative to Fig 4) MED30 deletion in adult cardiomyocytes lead to rapidly devel-

oped DCM and lethality. (A) qRT-PCR analysis of Med30 in control (Ctrl) and icKO mouse

hearts at 2 weeks post-tamoxifen injection. Data were normalized to corresponding 18s levels,

and icKO is expressed as the fold-change versus control. n = 3. (B-C) Ratios of left ventricle

weight to body weight (LV/BW) (B) and ratios of left ventricle weight to tibial length (LV/TL)

(C) of control (Ctrl) and Med30 icKO mice at 4 weeks post-tamoxifen injection, n = 8–11 mice

per group. (D) Representative section views of Masson’s trichrome-staining of control (Ctrl)

whole hearts (Top, left) and Med30 icKO whole hearts (Top, middle) at 4 weeks post-tamoxi-

fen injection isolated from mice, Masson’s trichrome positive control–stained kidney (Top,

right), high-magnification images of the black box area (Bottom); scale bar: 1m (Top) and

50μm (Bottom). (E) Representative immunostaining images of Periostin staining (green) in

heart sections from Med30 icKO and Ctrl mice at 4 weeks post-tamoxifen injection, using an

antibody against α-actinin as cardiomyocyte marker (red). DNA is stained with DAPI (blue).

Scale bar: 50 μm. n = 3. Data represent mean ± SEM. Statistical significance was based on stu-

dent’s t test; �, P <0.05.

(TIF)

S6 Fig. The overlapping of Med30 cKO and icKO down-regulated genes. Venn diagram

shows overlapping genes between down-regulated genes in Med30 cKO hearts (green) and

icKO cardiomyocytes (brown). 24 overlapping genes were listed.

(TIF)

S7 Fig. Ketogenic diet cannot rescue the lethality of Med30 icKO mice. Kaplan-Meier sur-

vival curves of Med30 icKO and control fed with either normal chow or ketogenic diet (KD).

n = 11–14 mice per group.

(TIF)
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