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Abstract

Thyroid hormone (TH) is a key regulator of transcriptional homeostasis in the heart. While 

hypothyroidism is known to result in adverse cardiac effects, the molecular mechanisms that 

modulate TH signaling are not completely understood. Mediator is a multiprotein complex that 

coordinates signal-dependent transcription factors with the basal transcriptional machinery to 

regulate gene expression. Mediator complex protein, Med13, represses numerous thyroid receptor 

(TR) response genes in the heart. Further, cardiac-specific overexpression of Med13 in mice that 

were treated with propylthiouracil (PTU), an inhibitor of the biosynthesis of the active TH, 

triiodothyronine (T3), resulted in resistance to PTU-dependent decreases in cardiac contractility. 

Therefore, these studies aimed to determine if Med13 is necessary for the cardiac response to 

hypothyroidism. Here we demonstrate that Med13 expression is induced in the hearts of mice with 

hypothyroidism. To elucidate the role of Med13 in regulating gene transcription in response to TH 

signaling in cardiac tissue, we utilized an unbiased RNA sequencing approach to define the TH-

dependent alterations in gene expression in wild-type mice or those with a cardiac-specific 

deletion in Med13 (Med13cKO). Mice were fed a diet of PTU to induce a hypothyroid state or 

normal chow for either 4 or 16 weeks, and an additional group of mice on a PTU diet were treated 

acutely with T3 to re-establish a euthyroid state. Echocardiography revealed that wild-type mice 

had a decreased heart rate in response to PTU with a trend toward a reduced cardiac ejection 

fraction. Notably, cardiomyocyte-specific deletion of Med13 exacerbated cardiac dysfunction. 

Collectively, these studies reveal cardiac transcriptional pathways regulated in response to 

hypothyroidism and re-establishment of a euthyroid state and define molecular pathways that are 

regulated by Med13 in response to TH signaling.
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Introduction

Increasing evidence from both clinical and animal studies associate low thyroid hormone 

(TH) levels with accelerated progression to heart failure with a poor prognosis [1–9]. 

Conversely, high levels of TH induce molecular and cellular alterations in the heart that can 

result in tachyarrhythmias and ventricular dysfunction [10–12]. In cardiac tissue, TH 

predominantly regulates the transcription of genes involved in maintaining proper cardiac 

structure and function, although the exact mechanisms by which this occurs are unclear. 

Accordingly, hypothyroidism due to decreased thyroid activity, results in detrimental 

transcriptional alterations that ultimately promote cardiac atrophy, impaired diastolic and 

systolic function, and reductions in cardiac output [13, 14]. Clinically, the use of the active 

TH, triiodothyronine (T3), or T3 analogs successfully restores patients to a euthyroid state 

and improves cardiac output [15–17]. However, an increase in ischemic heart disease is 

observed in patients under the age of 65 being treated with L-thyroxine, a synthetic form of 

inactive TH (T4) commonly used to treat hypothyroidism [18, 19]. Thus, the correlation 

between thyroid status and heart failure warrants further studies of transcriptional regulation 

in cardiac tissue in the context of hypothyroidism and TH replacement therapy to develop 

potential novel therapeutics.

One of the predominant roles of TH in the heart is to regulate transcription mediated by the 

interaction of T3 with its nuclear receptor, thyroid hormone receptor (TR) [12, 20]. TRs 

remain bound to thyroid response elements (TREs) in a ligand-independent manner. When 

unbound, TRs repress the transcription of positively-regulated target genes by interacting 

with transcriptional corepressors [21, 22]. However, once bound, TR heterodimerizes with 

retinoid X receptor (RXR) and undergoes conformational alterations that promote its 

interaction with transcriptional coactivators such as the Mediator complex [23–25]. In the 

cardiac myocyte, TH regulates expression of both structural and functional genes involved in 

the preservation of cardiac function, including alpha myosin heavy chain (α-MHC, Myh6) 

and sarcoplasmic/endoplasmic reticulum calcium ATPase 2a (Serca2a) [26–32]. In addition, 

unbound TR suppresses expression of certain genes, including β-MHC (Myh7) and 

phospholamban (Pln) [27, 33]. Despite the known regulation of key heart failure genes in the 

hypothyroid state resulting in disruption of the structural integrity of the cardiac myocyte, 

calcium handling dysfunction and reduced cardiac contractility, relatively few genes 

regulated by TH have been defined in the adult heart.

The Mediator complex is a transcriptional coactivator that was initially identified through 

ligand-dependent interactions with TRα in HeLa cells [23, 24, 34]. This complex consists of 

approximately 30 proteins that function to regulate gene expression by coordinating the 

actions of signal-dependent transcription factors with the basal transcriptional machinery 

[35]. Interactions between Mediator subunits and TR or other nuclear receptors confer 

specificity in the regulation of gene programs, which can be modified by alterations in the 
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composition of the Mediator complex. For example, Mediator complex contains a kinase 

submodule consisting of Mediator subunit 13 (Med13), Med12, cyclin-dependent kinase 8 

(Cdk8), and cyclin C that associates and dissociates with the core complex to alter Mediator-

dependent transcriptional regulation [36–40]. Consistent with the ability of the Mediator 

complex to interact with nuclear receptors, we recently reported that cardiac-specific 

deletion of Med1 and cardiac-specific overexpression of Cdk8 alters cardiac metabolism, 

which is mediated in part through the regulation of nuclear metabolic transcription factors 

[41, 42]. In addition, cardiac-specific deletion of Med12 or overexpression of Cdk8, were 

both reported to disrupt calcium homeostasis in the heart [41, 43]. These data demonstrate 

that the Mediator complex is central to integrating cardiac-specific signals with 

transcriptional regulation, suggesting that it plays a key role in regulating gene expression in 

cardiac tissue in response to TH. However, there is much that remains to be learned about 

how these molecular pathways converge to regulate TH signaling in the heart, particularly 

with respect to modulating existing therapies for improved outcomes in cardiac function.

Our previous studies identified Med13 as a component of the miR-208a pathway that 

regulates cardiac responses to hypothyroidism [44]. Mice with a genetic deletion of 

miR-208a fail to upregulate β-MHC in response to treatment with propylthiouracil (PTU), 

an inhibitor of the biosynthesis of the active TH, triiodothyronine (T3) [45]. Furthermore, 

miR-208a-deficient mice display phenotypes similar to mice in a hyperthyroid state, both of 

which display protection against pathological hypertrophy and fibrosis as well as a block in 

expression of β-MHC [45]. These findings suggest that miR-208a acts, at least in part, by 

regulating a common component of the stress-responsive and TH signaling pathways in the 

heart. Notably, Med13 was initially implicated in TR-signaling as a target of miR-208a. 

Further, cardiac-specific overexpression of Med13 (i.e., Med13 transgenic mice) regulated 

expression of a subset of TH-responsive genes in the heart, resulting in a decreased 

sensitivity to hypothyroidism-induced dysfunction in cardiac contractility [44]. Together, 

these data suggest that Med13 expression in the heart has a protective role during 

hypothyroidism by modulating the transcription of TH-responsive genes, which ultimately 

preserves cardiac function.

While the clinical use of T3 to combat hypothyroidism in the context of many diseases, 

including heart failure, has been investigated, the cardiac-specific transcriptional pathways 

that are regulated in hypothyroidism and by TH-responsive genes remain incompletely 

understood. The current study utilizes RNA-sequencing to define differential gene regulation 

in the context of hypothyroidism and re-establishment of a euthyroid state in a mouse model. 

Furthermore, we demonstrate that in response to hypothyroidism, cardiac-specific 

expression of Med13 is induced while cardiac-specific deletion of Med13 exacerbates 

cardiac dysfunction. Thus, our findings identify transcriptional pathways regulated in 

cardiac tissue in response to altered TH signaling providing potential mechanisms that can 

be targeted to reduce the negative consequences associated with hypothyroidism.
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Methods

Animal model

Med13 mice containing LoxP sites flanking exons 7 and 8 (Med13fl/fl) were bred to α-

MHC Cre mice (C57bl/6 background, Charles River) to generate mice harboring a cardiac-

specific deletion in Med13 (Med13cKO mice) [44]. Mice were housed under standard 12-

hour light/dark cycles and all treatments were approved by the University of Iowa 

Institutional Animal Care and Use Committee (protocols 6011627, 5101529). Med13cKO 

and Med13fl/fl Cre-negative littermate mice were placed on a normal chow (NC) diet or one 

containing 0.15% propylthiouracil (PTU) at 8 weeks of age for 4 or 16 weeks (Harlan 

Teklad cat# TD.95125). Mice treated with 3,3′,5-Triiodo-L-thyronine (T3) received daily 

intraperitoneal injections for 3 days prior to harvesting to achieve a dose of 1 μg/g body 

weight (PTU + T3) (Sigma Aldrich cat#T2877).

Protein expression

Following a NC, PTU, or PTU + T3 diet for 4 or 16 weeks, hearts were harvested, rinsed in 

cold phosphate buffered saline, and flash frozen. Cardiac ventricles were isolated and 

homogenized in RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% Na-

deoxycholate, 0.1% SDS; Thermo) containing cOmplete Mini protease inhibitors (Roche). 

Protein lysate concentrations were quantified by BCA assays, and 40 μg of protein was 

separated by 7.5% SDS-PAGE gels. Proteins were transferred to 0.45 μm nitrocellulose 

(Biorad) at 35 V for 16 h at 4° C and stained with ponceauS. Blots were blocked for 1 h at 

room temperature in 3% Bovine Serum Albumin/1% Polyvinylpyrrolidone and incubated 

overnight at 4°C with primary antibodies to detect Med12 (Cell Signaling cat#4529, 

1:1000), Med13 (Bethyl cat#A301–277A, 1:500), CDK8 (Santa Cruz cat#sc-1521, 1:1000), 

Med1 (Bethyl cat#A300–793A, 1:1000), and GAPDH (Cell signaling cat#2118, 1:3000). 

Blots were incubated for 2 h with HRP-conjugated secondary antibody and developed with 

ECL reagents (GE healthcare) using chemiluminescent-sensitive X-ray film (Fisher 

Scientific).

RNA analysis

RNA was extracted from flash frozen, pulverized ventricles using TRIzol reagent 

(Invitrogen). cDNA was synthesized with SuperScript III First-Strand Synthesis using 

random hexamers (Thermo Fisher) and qPCR was performed using 25 ng cDNA per 

reaction with iTaq SYBR Green reagents (Biorad). qPCR primers were used to detect 

expression of Med13 (Forward 5’-atccatcaagtgcctgcttg-3’, Reverse 5’-

ggactgaggatcaactgtttgga-3’), Med1 (Forward 5’-acgagggacgaggaagttg-3’, Reverse 5’-

tctggttaaattttgcatggag-3’), Med12 (Forward 5’-cacatcgactgctggacaat-3’, Reverse 5’-

tggtccattggtctaaattcttg-3’), CDK8 (Forward 5’-tgccgacatagaaattccag-3’, Reverse 5’-

cacttacgggcacgtctaca-3’), Myh6 (Forward 5’-acattcttcaggattctctg-3’, Reverse 5’-

ctccttgtcatcaggcac-3’), Myh7 (Forward 5’- ttccttacttgctaccctc-3’, Reverse 5’-

cttctcagacttccgcag-3’), Serca2a (Forward 5’-tgatcctcatggatgagacg, Reverse 5’-

ccacatcacacagtgagttgg-3’), Thrsp (Forward 5’-tcggggtcttcatcagtctt-3’, Reverse 5’-

gcggaaataccaggaaatga-3’), and 18S rRNA (Forward 5’-gccgctagaggtgaaattctt-3’, Reverse 5’-
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ctttcgctctggtccgtctt-3’). Gene expression was determined using the ΔΔCT method with 

normalization to 18S rRNA.

RNA sequencing

RNA quality was assessed by Qubit analysis and RNA integrity numbers greater than eight 

were accepted for RNA sequencing (RNAseq) library preparation. The University of Iowa 

Institute of Human Genetics, Genomics Division generated RNA libraries of 150 bp polyA-

enriched RNA. RNAseq was performed on a HiSeq 4000 genome sequencing platform 

(Illumina). Sequencing results were uploaded and analyzed with BaseSpace (Illumina). 

Sequences were trimmed to 125 bp using the Fastq toolkit and aligned to Mus musculus 

mm10 genome using Bowtie2. Transcripts were assembled and differential gene expression 

determined using Cufflinks Assembly and DE (Version 2.1.0). Ingenuity Pathway Analysis 

(IPA; QIAGEN) was used to determine significantly enriched pathways, which were filtered 

using cutoffs of >1.5 fragments per kilobase per million reads, >1.5 fold changes in gene 

expression, and a false discovery rate <0.05. EaSeq software124 v1.05 (easeq.net, University 

of Copenhagen; Copenhagen, Denmark) was utilized to generate genes regulated for 

heatmap analysis using cutoffs of ≥2 fold change, false discovery rate <0.01, and FPKM 

≥0.5. Data have been deposited into GEO (accession GSE124117).

Echocardiography

Two-dimensional echocardiography using a VisualSonics Vevo 2100 ultrasound was 

performed by the University of Iowa Cardiology animal phenotyping core laboratory. Long- 

and short-axis views were performed on unsedated mice. Serial echocardiographs were 

performed on mice at 4 weeks, 8 weeks, 12 weeks, and 16 weeks. Measurements were 

performed in a blinded manner with respect to treatment and genotype.

Histology

Hearts were preserved in 4% paraformaldehyde and embedded in paraffin. Sectioning (5 

μm) and staining was performed by the University of Iowa Central Microscopy Core 

Facility. Four chamber sections were stained with hemotoxylin and eosin for morphological 

analysis or Masson’s Trichrome to observe fibrosis. Histology was performed on three to 

four hearts per group. Pictures were taken using a Nikon Eclipse Ti-S microscope.

Statistics

Results are expressed as mean ± SEM. Student’s t-tests were performed for studies of two 

groups. For studies containing greater than two groups, two-way ANOVA was used followed 

by Tukey’s multiple comparison tests. Significance was accepted at p<0.05.

Results

Expression of Mediator complex in mouse cardiac tissue in response to four weeks of 
hypothyroidism

To determine the effects of hypothyroidism on the expression of TH-responsive genes, we 

first confirmed that a hypothyroid state was induced in mice treated with PTU for four 
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weeks. As expected, PTU treatment resulted in a significant decline in the TH responsive 

genes Myh6 and Atp2a and an increase in Myh7 expression, indicative of a hypothyroid 

state (Fig. 1a) [26–31, 46]. Mediator complex is recruited to TH responsive genes by TRs to 

form the pre-initiation complex and regulate gene expression. Therefore, we assessed 

cardiac expression of select Mediator subunits in C57bl/6 mice that were fed a PTU diet for 

four weeks in comparison to mice on a normal chow (NC) diet. The mRNA expression of 

Cdk8, Med12, and Med13 was unaltered in response to PTU; however, Med1 mRNA 

expression was significantly increased by 1.45 fold (Fig. 1b). Consistent with RNA 

expression, Western blot analysis revealed that Med12 and Cdk8 expression were unchanged 

whereas Med1 expression was induced in mice fed a PTU diet for four weeks. Notably, 

protein expression of cardiac Med13 also was induced in mice fed a PTU diet for four weeks 

(Fig. 1c), suggesting that Med13 has a role in regulating responses to thyroid hormone 

signaling in the heart, as suggested by previously published studies [44, 45]. Taken together, 

these data suggest that in the context of a hypothyroid state, the regulation of Med13 

expression occurs post-translationally.

To investigate the short-term structural and functional consequence of altering the levels of 

TH on the heart, we placed Med13fl/fl (i.e., WT) and Med13fl/fl;αMHC Cre (i.e., 

Med13cKO) mice on a PTU diet or a NC diet for four weeks. Additionally, re-establishment 

of a euthyroid state with administration of short term T3 treatment following four weeks of 

PTU diet (PTU + T3) was performed to investigate TH-dependent transcriptional alterations 

regulated by Med13. We also assessed cardiac function and performed histological analysis 

on mice that were placed on a NC, PTU, or PTU + T3 diet. No significant changes in cardiac 

size, as measured by the ratio of heart weight to body weight (HW/BW), or contractile 

function, as represented by cardiac ejection fraction (EF), were observed between WT or 

Med13cKO mice in either treatment group (Fig. 2A, 2B). As expected, Med13cKO mice fed 

a PTU diet displayed a trend toward reduced cardiac output in part due to significant 

reductions in heart rate (Table 1). Similar to previous findings, short-term T3 replacement 

therapy resulted in a subtle, but not significant, increase in cardiac size demonstrating rapid 

correction from a hypothyroid state (Fig. 2A). In WT or Med13cKO mice fed a normal chow 

or a PTU diet for four weeks, histological analysis of the four-chamber view of hearts by 

hematoxylin and eosin staining revealed normal cardiac architecture, and trichrome staining 

revealed no significant fibrosis following establishment of short-term hypothyroidism in 

either WT or Med13cKO mice (Figure 2C). Therefore, short-term hypothyroidism was not 

sufficient to produce alterations in structure or function of the heart.

Cardiac gene expression in the context of hypothyroidism

TH binds to TRs to modify gene expression [12, 20], although how transcriptional regulation 

by TR is accomplished is incompletely understood. TH-dependent gene expression can be 

activated or inhibited in the presence of free TH depending on the type of TRE that is 

involved, the isoform of the TR that is being used, and the transcriptional cofactors that are 

present [22, 23, 47–49]. Therefore, to identify TH-regulated cardiac transcriptional networks 

that precede cardiac dysfunction, we performed RNA sequencing using wildtype mice fed a 

NC or PTU diet for four weeks. We also performed RNA sequencing in mice fed a PTU diet 

for four weeks followed by short-term T3 replacement therapy in order to identify 
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transcriptional targets of T3. Differentially expressed genes among the three groups were 

visualized by heatmap analysis, which demonstrated distinct subsets of genes were either 

induced or repressed in response to hypothyroidism and that this effect was largely reversed 

following re-establishment of a euthyroid state (Fig. 3A). Venn diagram analysis was 

performed to visualize the overlap in gene expression changes between the three groups (NC 

vs PTU, PTU vs PTU+T3, NC vs PTU+T3). This identified 2059 genes that were 

differentially expressed following four weeks of a PTU diet whereas treatment with T3 

following consumption of a PTU diet resulted in 4436 differentially regulated genes. In 

addition, this analysis revealed altered expression of a common set of 565 genes in all 

treatment groups (Fig. 3B). Thus, a subset of the cardiac transcriptional network is regulated 

by T3.

To further delineate alterations in gene expression between the different conditions, we 

utilized the Ingenuity Pathway Analysis (IPA) tool. Consistent with heatmap analysis, IPA 

canonical pathway analysis revealed that many genes were dynamically regulated in a 

hypothyroid state but were reversed upon re-establishment of a euthyroid state (Fig. 3C). 

This analysis largely represents expected pathways (e.g. TR/RXR activation), including 

those that are the result of structural alterations in cardiomyocytes such as Rho signaling and 

integrin signaling. Genes regulated in these pathways include alpha actin (Acta1, Acta2), 

myosin heavy chains (Myh7, Myh7b), and Myosin light chains (Myl1, Myl4, Myl7). 

Furthermore, known TH-regulated genes that were downregulated in expression in a 

hypothyroid state, including thyroid hormone responsive (Thrsp), Serca2a (Atp2a2), 

hyperpolarization cyclic nucleotide (HCN1 and HCN4), ryanodine receptor (Ryr2), 

Troponin I (Tnni2), and phospholamban (Pln), were reversed with T3 administration (Fig. 

3D, E) [12, 28–31, 33, 46, 50–52]. The IPA canonical pathway analysis also revealed 

pathways known to be regulated in response to hypothyroidism, including atherosclerosis 

signaling, cardiac hypertrophy signaling, and pathways involved in cardiac calcium handling 

(Fig. 3F). In addition, hepatic fibrosis is the most significantly enriched pathway that is 

regulated by both hypothyroidism and the re-establishment of euthyroid state (Fig. 3F, 3G). 

Notably, this pathway contained numerous genes involved in cardiac fibrosis, including 

collagens, which were downregulated in mice on a PTU diet and reversed in response to 

treatment with T3. In addition, comparison of gene expression changes in mice fed a NC 

diet relative to those fed a PTU diet and treated with T3 revealed significant alterations in 

pathways involved in calcium signaling, cardiomyocyte structure, cellular morphology and 

adhesion, and fibrosis (Fig. 3H).

To further explore the relationship between differentially expressed genes in response to a 

PTU diet or a PTU diet followed by T3 treatment, IPA analysis was performed on genes that 

were upregulated or downregulated in the NC v PTU dataset and the PTU v PTU + T3 

dataset. Specifically, we analyzed genes that were significantly differentially regulated, as 

determined by those with a fragments per kilobase million (FPKM) of at least 1.5 that 

demonstrated a 1.5 fold change in gene expression within each set of comparisons. This 

analysis revealed that genes that were differentially regulated in response to hypothyroidism 

were largely reversed upon short-term T3 treatment (Fig. 3I). For example, of the 409 genes 

that were significantly upregulated in mice fed a PTU diet relative to those fed a NC diet, 

only three genes were similarly upregulated in PTU + T3 mice, whereas 311 of those genes 
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were downregulated following treatment with T3. Likewise, of the 580 genes downregulated 

in response to a PTU diet relative to those fed a NC diet, only two of these genes were 

similarly downregulated in mice fed a PTU + T3 diet relative to those that were fed a PTU 

diet, whereas 492 genes of the 580 upregulated in response to a PTU diet were reversed 

upon treatment with T3 (PTU vs PTU + T3) (Fig. 3I). These data demonstrate that genes 

regulated in a hypothyroid state are largely reversed, and not exacerbated, following T3 

replacement therapy.

This analysis further revealed that the majority of genes regulated in response to acute T3 

treatment were not altered by PTU alone. To better identify the gene programs specifically 

regulated within the PTU + T3 group, IPA was performed on genes that were either uniquely 

upregulated or downregulated in mice fed a PTU diet that also received T3 relative to mice 

fed a PTU diet. Canonical pathway analysis revealed that genes involved in numerous 

pathways that promote cardiac hypertrophy were upregulated in mice that were fed a PTU 

diet and also received treatment with T3 in comparison to PTU mice (n=841; Fig. 3J). In 

addition, numerous inflammatory pathways including the neuroinflammation signaling 

pathway, dendritic cell maturation, IL-8 signaling, leukocyte extravasation signaling, and 

interferon signaling were upregulated in this group. Genes that were uniquely downregulated 

in mice fed a PTU + T3 diet relative to those that were fed a PTU diet (n=811) were 

involved in cardiac hypertrophy and inflammation, including Mef2a and Nfatc4, which are 

known to be involved in pathological cardiac hypertrophy (Fig. 3K). These data demonstrate 

that while treatment with T3 largely reverses altered gene expression caused by 

hypothyroidism, it also alters the expression of additional genes that may contribute toward 

the adverse effects of hyperthyroidism on the heart.

Cardiac Med13-dependent regulation of thyroid hormone signaling

To understand the role of Med13-dependent transcription in TH signaling, Med13cKO mice 

and WT littermate controls were placed on a PTU diet for four weeks to assess differences in 

gene expression that occur due to hypothyroidism but that precede cardiac dysfunction. In 

addition, mice on a PTU diet were also compared to a group of mice that were fed a PTU 

diet and also received T3 treatment in order to re-establish a euthyroid state, as described 

above. Ventricles from WT and Med13cKO mice in each group were obtained for analysis 

by RNA sequencing. Principle component analysis revealed that the greatest variance in 

gene expression was due to the effects of diet, as demonstrated by PC1 (58.71%) whereas 

genotype specific differences also account for some variation in gene expression, as 

explained by PC2 (28.94%) (Fig. 4A). In total, there were 244 genes that were differentially 

regulated in Med13cko mice compared to WT mice in all treatment conditions (Fig. 4B). A 

similar proportion of genes were upregulated or downregulated in WT or Med13cKO mice 

when comparing euthyroid and hypothyroid states and upon re-establishment of a euthyroid 

state. However, these differences became skewed upon deletion of Med13 (Fig. 4C, last two 

bars). Specifically, in mice fed a PTU diet for four weeks, the loss of cardiac-specific Med13 

expression resulted in an increased percentage of genes that were upregulated in comparison 

to WT mice fed a PTU diet, suggesting that Med13 acts to transcriptionally inhibit gene 

expression in a hypothyroid state where TR is unbound. In contrast, T3 replacement therapy 

increased the percentage of genes that were downregulated in Med13cko mice compared 
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WT mice suggesting that Med13 acts as an activator of gene expression during T3 

replacement therapy where TR is ligand-bound (Fig. 4C).

Because genotype-specific alterations in the percentage of genes regulated in 

hypothyroidism and re-establishment of a euthyroid state were observed, IPA was performed 

on genes upregulated in Med13cKO PTU hearts compared to WT PTU hearts and genes 

downregulated in Med13cKO PTU + T3 hearts compared to WT PTU + T3 hearts. This 

analysis revealed that in mice fed a PTU diet, genes involved in inflammatory and fibrotic 

pathways were upregulated in Med13cKO mice compared to WT mice (Fig. 4D). In 

addition, genes that were downregulated in Med13cKO mice that were fed a PTU diet and 

treated with T3 compared to WT mice in the same conditions were enriched in inflammatory 

and fibrotic pathways. These results suggest that induction of Med13 in hypothyroidism may 

have a role in repressing pro-inflammatory and pro-fibrotic transcriptional programs that are 

reversed upon treatment with T3.

Cardiac dysfunction is exacerbated in the absence of Med13

The induction of Med13 in response to PTU (Fig. 1C) suggests it has a role in transcriptional 

responses to TH in the heart. To assess the long-term effects of cardiac-specific deletion of 

Med13 in hypothyroidism, mice were placed on a PTU diet for 16 weeks and compared to 

mice given a NC diet. Cardiac-specific expression of Med13 was assessed for mice of each 

genotype and on each diet at the end of the 16-week period. A significant reduction in 

Med13 mRNA expression (an approximate two-fold reduction) was observed in Med13cKO 

mice in comparison to WT mice, irrespective of diet (Fig. 5A). It is likely that the remaining 

Med13 expression that is observed can be attributed to its expression in cardiac fibroblasts. 

Of note, cardiac-specific mRNA expression of Med13 failed to be induced even after mice 

were in a hypothyroid state for 16 weeks. Similar to the increased protein expression of 

Med13 observed in mice given a PTU diet for four weeks, WT mice that received a PTU diet 

for 16 weeks showed increases in Med13 protein expression compared to WT mice fed a NC 

diet. However, Med13 protein expression in Med13cKO mice was blunted in response to a 

hypothyroid state, suggesting that Med13 expression is largely induced in the cardiomyocyte 

fraction of the heart in response to TH levels (Fig. 5B).

Following PTU diet for 16 weeks, WT and Med13cKO mice were sacrificed and HW/BW 

ratios were measured. As expected, mice fed a PTU diet demonstrated a reduced HW/BW 

ratio in comparison to mice fed a NC diet within each respective genotype (Fig. 5C). 

However, no genotype-specific differences were observed in HW/BW due to diet. To 

determine if a hypothyroid state impacted cardiac function over time in either WT or 

Med13cKO mice, serial echocardiograms were performed on mice fed a NC diet or a PTU 

diet at 4 weeks, 8 weeks, 12 weeks, and 16 weeks (Fig. 5D). WT mice fed a PTU diet had a 

lower, although not significant, EF relative to WT mice fed a NC diet. In contrast, 

Med13cKO mice fed a PTU diet displayed a significant reduction in EF in comparison to 

Med13cKO mice fed a NC diet as early as 12 weeks after starting the PTU diet. 

Furthermore, Med13cKO mice that were fed a PTU diet displayed a significant reduction in 

EF in comparison to WT mice fed a PTU diet 16 weeks after the start of the diet, suggesting 

that cardiac-specific expression of Med13 is required to preserve cardiac function in a 
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hypothyroid state. This genotype-specific reduction in EF occurred without significant 

differences in heart rate suggesting altered cardiac contractility (Table 2).

To determine the role of Med13 in preserving cardiac function following induction of a 

hypothyroid state for 16 weeks, we assessed expression of hypertrophy markers known to be 

regulated by TH. As expected, Myh6 was reduced in mice fed PTU for 16 weeks, although 

no significant differences were observed between genotypes (Fig. 5E). In contrast, 

expression of both Myh7 and Serca2a was significantly reduced in Med13cKO mice on a 

PTU diet compared to WT mice on a PTU diet. These alterations in gene expression are 

necessary to preserve cardiac function in response to a hypothyroid state and may, in part, 

account for the reduced cardiac function observed in a hypothyroid state in Med13cKO 

mice.

Discussion

Dynamic transcriptional responses occur due to altered TH levels in the heart [12, 20]. 

Transcriptional regulation of genes that are necessary for maintaining cardiac contractility is 

dependent on TH; however, the global regulation of cardiac gene expression in 

hypothyroidism and upon re-establishment of a euthyroid state is incompletely defined. 

Here, we elucidate transcriptional networks that are regulated by a short-term (four weeks) 

hypothyroid state in comparison to those affected by rapid correction to a euthyroid state. 

Transcriptional analysis was performed prior to any detectable alterations in cardiac function 

and revealed novel genes that are differentially expressed due to TH. Similar to previous 

studies, short-term replacement with T3 following a four-week PTU diet resulted in slight 

increases in HW/BW and contractile function demonstrating the rapid correction from a 

hypothyroid state. Further, genetic deletion of Med13 in cardiomyocytes alters the 

expression of a subset of genes that are differentially expressed due to altered TH levels (i.e., 

on a PTU diet), which exacerbates the detrimental cardiac response to hypothyroidism.

RNA sequencing analysis revealed a subset of differentially regulated genes that were 

distinct in both a euthyroid state and hypothyroid state in WT mice. Canonical pathway 

analysis of these genes revealed enrichment of pathways known to be dysregulated in 

hypothyroidism. Specifically, genes belonging to categories indicative of structural 

remodeling, including RhoA signaling and integrin signaling, were regulated in a 

hypothyroid state and upon re-establishment of a euthyroid state. Genes in these pathways 

are known TH-regulated genes including Acta1, Acta2, and Myh6/7. In addition, TH 

regulates numerous metabolic processes and RNA sequencing analysis revealed 

dysregulation of oxidative phosphorylation, cholesterol signaling, as well as pathways that 

maintain glucose homeostasis. Alterations in these pathways could potentially be due to 

stoichiometric alterations in RXR since it heterodimerizes with Pparα, Vitamin D receptors 

(VDR), and LXR to regulate metabolic processes. Notably, mice on a PTU diet for four 

weeks had reduced expression of genes involved in cardiac fibrosis, which was reversed 

upon treatment with T3. However, no differences in collagen deposition were observed by 

histology in these mice compared to mice on a NC diet. Therefore, it is possible that longer 

exposure to PTU would induce pro-fibrotic transcriptional programs.
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Previous studies in rats demonstrated that correcting hypothyroidism with T3 replacement 

therapy resulted in an exacerbation of genes that are related to the development of cardiac 

fibrosis and inflammation [53]. In these studies, hypothyroidism was induced by treating rats 

for 6 weeks with PTU, followed by its reversal with T3 treatment for 7 days. PTU reportedly 

induced pro-inflammatory and pro-fibrotic transcriptional responses. Expression of specific 

gene markers, including Ccl2 and Ctgf, were exacerbated following reversion to a euthyroid 

state. In contrast, our findings demonstrate that expression of Ccl2 and Ctgf are reduced 

following treatment with T3. The differences observed could be associated with the 

treatment timelines, which were sufficient to induce apparent fibrosis by histological 

analysis in the former study and are in contrast to the findings presented here.

Med13 has been implicated in TH signaling, thus we further assessed its role in TH 

signaling in both a hypothyroid state and upon re-establishment of a euthyroid state. Our 

findings demonstrate that Med13 is induced in response to hypothyroidism. Furthermore, we 

demonstrate that cardiac-specific deletion of Med13 results in impaired cardiac function 

with a concomitant reduction of TH-regulated genes that are involved in preserving cardiac 

contractility following long-term PTU treatment. In support of this finding, cardiac-specific 

overexpression of Med13 was previously reported to preserve cardiac function in a 

hypothyroid state. In this context, Med13 overexpressing mice placed on a PTU diet 

maintained Myh7 expression, which we observed to be significantly reduced in Med13cKO 

mice in comparison to WT littermates. In addition, Serca2a expression was significantly 

reduced in Med13cKO mice fed a PTU diet in comparison to WT mice fed a PTU diet. 

Recently, Med12, a component of the Mediator kinase submodule, was found to positively 

regulate calcium-handling genes, including Serca2a. Therefore, it is possible that deletion of 

Med13 disrupts the Mediator complex kinase submodule resulting in diminished Serca2a 
expression and cardiac dysfunction.

To identify transcriptional programs that are regulated by Med13 in a hypothyroid state and 

upon re-establishment of a euthyroid state, we performed RNA sequencing analysis prior to 

the development of cardiac dysfunction in WT and Med13cKO mice fed a NC diet or a PTU 

diet for four weeks. Notably, our results suggest that cardiac-specific Med13 acts as a 

repressor in a hypothyroid state whereas it acts to activate transcription upon the re-

establishment of euthyroid state. The fact that our RNA sequencing analysis did not identify 

strong differential gene expression programs in response to hypothyroidism or upon re-

establishment of a euthyroid state in Med13cKO mice was somewhat surprising, although 

recent reports have suggested that Med13 and it’s paralogue, Med13 like (Med13L) are 

redundant in the genes they regulate at the transcriptional level [54]. Therefore, it is possible 

that deletion of Med13 is not sufficient to alter global gene regulation due to the presence of 

Med13L.

The transcriptional effects of hypothyroidism that are observed in mice fed a PTU diet 

provide insight into alterations that may occur in humans who are suffering from heart 

disease. Specifically, several studies have associated heart disease with low serum TH levels 

which may in part drive cardiac fetal transcriptional reprograming [1–5, 8, 12, 20]. 

Therefore, TH replacement therapy to maintain a euthyroid state has been proposed as a 

potential therapeutic for heart failure. Altogether, we have identified cardiac-specific 
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transcriptional programs that are regulated in response to both a hypothyroid state and the 

re-establishment of a euthyroid state. Our work furthers our understanding of the 

transcriptional regulation mediated by Med13 and highlights the importance of 

transcriptional cofactors in modifying the transcriptome. In the future, it will be important to 

define the dynamics of TH signaling during development and in the complex interplay 

between TR and cofactors that are involved in heart disease.
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Fig. 1. 
Effects of hypothyroidism on cardiac gene expression and expression of the Mediator 

complex. WT mice were fed normal chow (NC) or a PTU diet (PTU) for four weeks. 

Subsequently, mRNA and protein lysates were obtained from the ventricles for expression 

analysis. A-B. qRT-PCR analysis of the indicated TH responsive genes (A) or components 

of the Mediator Complex (B). Values are relative to 18S rRNA. Bars represent mean ± SEM. 

C. Western blot to assess protein expression of components in the Mediator Complex. N=5 

mice/treatment. *p<0.05, students T-test.
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Fig. 2. 
Loss of cardiac Med13 results in minimal alterations in cardiac function following 4 weeks 

of PTU. WT or Med13cKO mice were fed normal chow (NC) or a PTU diet for four weeks 

or a PTU diet for four weeks followed by T3 treatment at a dose of 1 μg/g body weight for 

three days (PTU + T3). A-B. Ratio of heart weight to body weight (HW/BW) or ejection 

fraction (EF) in mice of the indicated genotype in each group. n=3–19. Data are mean ± 

SEM. C. Whole heart hematoxylin and eosin (H&E) stain (top) or trichrome stain at 40x 

magnification (bottom) in mice of the indicated genotype that received either normal chow 

(NC) or a PTU diet (PTU). Statistics performed using Two-way ANOVA with Tukey’s 

multiple comparisons test.
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Fig. 3. 
Hypothyroidism and TH replacement therapy alter cardiac transcription. RNA-sequencing 

was performed from RNA obtained from ventricles of WT mice fed a normal chow (NC) or 

PTU diet for four weeks or a PTU diet for four weeks followed by T3 treatment for three 

days at a dose of 1 μg/g body weight (PTU + T3). A. Heat map displaying genes that are 

differentially regulated between each treatment group. The heatmap contains 1235 total 

genes with a fold change ≥2, a false discovery rate < 0.01, and minimum FPKM of 0.5. The 

heatmap was generated using Morpheus GENE-E software (Broad Institute). Each lane 
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represents a single mouse. B. Venn diagram demonstrating the overlap of genes that were 

significantly differentially regulated in WT mice in each treatment group. C. Ingenuity 

pathway analysis (IPA) canonical pathway analysis demonstrating pathways regulated in 

WT mice in each treatment group as determined by z-score. D. Relative gene expression of 

structural genes identified by IPA in the Rho signaling and integrin signaling pathways. E. 

Relative gene expression of known TH-regulated genes F,G,H. IPA canonical pathway 

analysis displaying pathways significantly regulated for NC v PTU (F), PTU v PTU + T3 

(G), and NC v PTU + T3 (H). I. Venn diagram analysis displaying genes that are 

differentially upregulated and downregulated with FPKM values ≥1.5 and ≥ 1.5 fold change 

in both NC v PTU and PTU v PTU + T3. J. IPA canonical pathway analysis of genes 

upregulated between PTU v PTU + T3 groups. K. IPA canonical pathway analysis of genes 

downregulated in PTU v PTU + T3 groups. n = 3 for each group. For analysis with IPA, 

FPKM cutoffs of 1.5, fold change of ≥1.5, and false discovery rate < 0.05 were utilized for 

significantly differentially regulated genes.
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Fig. 4. 
Cardiac-specific deletion of Med13 results in transcriptional alterations in the heart. RNA-

seq was performed from RNA obtained from ventricles of WT or Med13cKO mice fed NC 

or PTU diet for four weeks or a PTU diet for four weeks followed by T3 treatment for three 

days (PTU + T3). A. Principle component analysis generated by BaseSpace that compares 

genes that are significantly differentially regulated in each treatment group. B. Venn diagram 

analysis displaying the overlap of significantly differentially expressed genes in Med13cKO 

mice in each treatment group. C. Percentage of genes upregulated or downregulated in each 

group. D. IPA canonical pathway analysis comparing genes that are specifically upregulated 

in WT v Med13cKO mice that were fed a PTU diet and genes that are downregulated in WT 

v Med13cKO mice that were fed a PTU diet and received T3 treatment. n = 3/treatment 

group. For analysis with IPA, FPKM cutoffs of 1.5 and fold change of ≥1.5 were utilized for 

significantly differentially regulated genes.
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Fig. 5. 
Med13 is induced by and is important for cardiac responses to hypothyroidism. WT and 

Med13cKO mice were fed a normal chow (NC) diet or a PTU diet for 16 weeks. A. 

Ventricular Med13 mRNA expression in WT and Med13cKO mice after 16 weeks on the 

indicated diet. n =5–6/group B. Ventricular Med13 protein expression in WT and 

Med13cKO mice after 16 weeks on the indicated diet. C. Heart weight to body weight ratio 

(HW/BW; mg/g) after four weeks on the indicated diet. n =6–10/group. D. Ejection fraction 

of WT or Med13cKO mice, as determined by serial echocardiogram at 4 weeks, 8 weeks, 12 

weeks, and 16 weeks following the start of the indicated diet. n =6–10/group. E. Ventricular 

mRNA expression of known TH-regulated, hypertrophic markers in WT and Med13cKO 

mice following 16 weeks on the indicated diet. n =5–6/group. *p < .05 diet-specific 

comparison. # < 0.05 genotype-specific comparison, Two way ANOVA, Tukey’s multiple 

comparisons test. Data represent mean ± SEM.
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Table 1.

Echocardiographic parameters from mice of each genotype fed a diet of PTU or NC for four weeks, or fed a 

diet of PTU for four weeks followed by T3 treatment. n=3-19 per treatment group. Data represent mean ± 

SEM. Statistics performed using Two-way ANOVA with Tukey’s multiple comparisons test.

HW (mg) BW (g) HW/BW (mg/g) HR (bpm) EDV (μl) ESV (μl) CO (mcL/m) EF (SV/EDV)

WT NC 129.29 ± 5.54 26.82 ± 0.81 4.81 ± 0.074 639.89 ± 40.00 38.46 ± 4.46 12.70 ± 3.15 16575.05 ± 1926.83 0.69 ± .044

Med13cKO NC 128.25 ± 3.56 29.92 ± 1.35 4.32 ± 0.12 639.36 ± 35.17 43.92 ± 6.12 16.39 ± 5.01 17679.82 ± 1691.59 0.68 ± .042

WT PTU 91.98 ± 2.36 25.20 ± 0.90 3.68 ± 0.14 575.00 ± 24.96 34.25 ± 4.43 13.42 ± 3.04 11943.50 ± 1066.04 0.64 ± .034

Med13cKO PTU 94.77 ± 2.29 25.69 ± 0.51 3.70 ± 0.095 528.79 ± 13.82* 38.93 ± 2.54 18.42 ± 2.42 10933.2 ± 732.43* 0.55 ± .030

WT PTU + T3 113.47 ± 1.02 22.14 ± 1.03 5.14 ± 0.24 532 ± 15.28 30.34 ± 5.56 10.22 ± 2.29 10668.42 ± 1993.03 0.66 ± 0.036

Med13cKO PTU 
+ T3 124.00 ± 3.60 22.99 ± 1.37 5.43 ± 0.18 540.5 ± 16.08 34.11 ± 1.03 12.00 ± 1.83 11945.94 ± 1170.60 0.65 ± 0.053

*
p<0.05 in comparison to NC control of same genotype.
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