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ARTICLE INFO ABSTRACT

Keywords: Background: Previous studies have linked mutations in the Mediator complex, specifically Mediator 13 (Med13)
Med13 and Mediator 13-like (Med13L), with both congenital heart defects and cardiovascular diseases. Med13 and
Med13L

Med13L are mutually exclusive paralogs within the kinase submodule of the Mediator complex that have been
shown to have partially redundant functions in embryonic development and transcription, but their combined
roles have not been investigated in the adult heart. We investigated the critical yet redundant roles of Med13 and
Med13L in adult murine cardiomyocytes for basal cardiac function.

Methods: We generated an inducible Med13 and Med13L cardiomyocyte-specific knockout mouse model to
investigate Med13 and Med13L regulation of cardiac function and transcription. We performed RNAseq on mice
four weeks after the start of tamoxifen to identify changes in gene expression. Differentially expressed genes were
compared across cardiac knockouts of Med13/13L, Med13, Med12, Medl, and Med30 elucidating similar
mechanisms of cardiac dysfunction.

Results: Med13/13L knockout resulted in decreased cardiac function leading to lethal heart failure in a median
timeframe of 6 weeks from the start of tamoxifen. There is significant gene dysregulation after Med13/13L
knockout with similar gene dysregulation of fibrotic pathways and calcium handling across Mediator cardiac
knockouts.

Conclusions: Med13 and Med13L function partially redundantly within the heart to maintain basal cardiac
function and transcription, as well as redundancies within cardiac phenotypes related to mediator complex
disruptions.
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1. Introduction hypertrophic gene network [4-7]. The Mediator complex is a 1.2 kDa

complex that interacts with RNA polymerase II and DNA-bound tran-

The heart undergoes dynamic changes in transcription, both during
development and in response to cardiac stressors [1-3]. Changes in gene
expression profiles in response to cardiac stressors or genetic modifi-
cations are integrated through signal-dependent transcription factors
and the Mediator complex to modulate gene expression and activate the

scription factors to form the preinitiation complex [5,8]. Mediator is
comprised of a head, middle, and tail region with roughly 26 subunits
and a reversibly disassociating kinase submodule. The kinase submodule
contains cyclin-dependent kinase 8 (CDKS8), Cyclin C, Mediator 12
(MED12) and Mediator 13 (MED13) [8].
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Within the Mediator complex, Med13 has been shown to have a
mutually exclusive paralog, Mediator 13-like (Med13L), which is
conserved across vertebrate species and arose from a gene duplication
[9,10]. Due to this conservation, it has been previously shown that
MED13/13L have significant redundancy in the regulation of super-
enhancer-associated genes within colon cancer cells [11]. Embryonic
development in mice has shown that Med13 and Med13L can partially
compensate for one another but still maintain independent functions
[12]. Human mutations within MED13 or MED13L are associated with
both congenital heart defects and cyanotic cardiovascular disease, as
well as growth delays and intellectual disabilities [10,13-17]. Despite
the conserved nature of MED13/13L in both redundant and independent
functions, their roles within the heart are not fully understood.

We and others have demonstrated that cardiomyocyte-specific de-
letions of Med13, cyclin C and Med1 play a key role in regulating sys-
temic energy along with mitochondrial and metabolism gene expression
[18-25]. Similarly, overexpression of Cdk8 in cardiomyocytes causes
sarcomeric and metabolic pathways dysregulation [26]. Furthermore,
Med12, Med27, and Med30 have been shown to play crucial roles in
maintaining cardiac function leading to dilated cardiomyopathy
[27-29]. Overall, these findings demonstrate the crucial role of the
Mediator complex in integrating transcriptional signals to orchestrate
basal cardiac function which hasn’t been explored in regard to Med13/
13L redundancy.

Despite efforts to understand how the cardiac transcriptome changes
in a disease state, the role of the Mediator complex and kinase sub-
module in heart failure is incompletely understood. We utilized an adult
mouse model of cardiomyocyte-specific deletion of both Med13 and
Med13L to investigate their redundant roles and effect on cardiac
transcription and function. We also investigated the redundant regula-
tory function of the Mediator complex itself due to similar cardiac
phenotypes across several Mediator subunit knockout mouse models to
identify regulation of common cardiac gene networks.

2. Methods
2.1. Animal model

Med13 conditional knockout mice used in this study have been
previously described [19]. The Med13L mouse strain used for this
research project, C57BL/6 N-Med131™1aKOMPIWssi /\ih s Mmucd, RRID:
MMRRC_048567-UCD, was obtained from the Mutant Mouse Resource
and Research Center (MMRRC) at University of California at Davis, an
NIH-funded strain repository, and was donated to the MMRRC by The
KOMP Repository, University of California, Davis; Originating from Kent
Lloyd, UC Davis Mouse Biology Program [30]. All animal procedures
were approved by the University of Iowa Office of the Institutional
Animal Care and Use Committee. Med13 and Med13L mice containing
LoxP sites flanking exon 7/8 and exon 11 (Med13/13L fl/fl), respec-
tively, were bred to Myh6-Mer-Cre-Mer mice (C57bl/6 background,
Jackson Labs C56BL/6NJ stock No. 005304) to generate mice with a
tamoxifen-inducible cardiomyocyte-specific deletion of Med13 and
Med13L (Med13/13L dKO). Mice were housed under standard 12 h
light/dark cycles. Med13/13L dKO mice and Med13/13L Cre-negative
littermate mice were placed on either normal chow (NC) or tamoxifen
(TAM) chow (40 mg-kg’l-day’l; Teklad diet, Harlan, Indianapolis, IN)
for 2 weeks starting at 8 weeks of age. All experiments were performed
on multiple distinct litters with multiple batches of tamoxifen to prevent
batch effects. Experiments were performed on male mice with primary
results validated in female mice.
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2.2. Echocardiography

Cardiac function was assessed via high-frequency echocardiography
(30 MHz) linear array transducer (Vevo 2100; Visual Sonics, Toronto,
ON Canada). Parasternal long and short axis views were obtained in
unsedated mice, and measurements were performed by a single expe-
rienced and blinded technician from the University of Iowa Cardiovas-
cular Phenotyping Core.

2.3. Histology

Hearts were preserved in 4 % paraformaldehyde and embedded in
paraffin. Sectioning (7 pm) and H&E staining was performed by the
University of Iowa Central Microscopy Research Facility. Transverse
sections of the ventricles were stained with hematoxylin and eosin for
morphological analysis. Mason’s trichrome staining (Epredia) was per-
formed for quantification of fibrosis. Histology was performed on three
to four hearts per group. Pictures were taken using a Keyence BZ-X810
Fluorescence microscope (Keyence, Osaka, Japan).

To quantify fibrosis, a blinded analyst took 6.25x magnification
snapshots from Qupath and loaded into ImageJ. Areas chosen for anal-
ysis could not contain section overlapping, major blood vessels, and
could not contain background. Using ImageJ, the snapshots were con-
verted to an RGB stack and thresholded to an 81 lower limit, and 162
upper limit to quantify the level of stained collagen. This was analyzed
by ImageJ and converted into a % area measurement. Each heart was
analyzed in triplicate with the average % area for each heart being
plotted.

2.4. RNA-sequencing

Flash-frozen, pulverized ventricles were used to extract RNA through
a Monarch Total RNA miniprep kit (New England Biolabs, Ipswich, MA).
RNA quality and integrity were assessed through Qubit analysis. The
University of lowa Institute of Human Genetics generated RNA libraries
through a TruSeq Stranded Total RNA with RiboZero Gold kit (Illumina,
San Diego, CA). RNA sequencing was performed on a Novaseq 6000
genome sequencing platform (Illumina), then analyzed using BaseSpace
(Illumina). Raw sequences were aligned to UCSC mm10 using Bowtie2
v2.2.6. Alignments were uploaded into the Cufflinks Assembly and DE
v2.1.0 (BaseSpace Workflow, Illumina). Differentially expressed genes
were calculated based on a Log2FC > 1.0 and g-value <0.05, then
analyzed via Ingenuity Pathway Analysis (IPA; Qiagen, Hilden, Ger-
many). Med13/13L dKO RNA-seq data can be found at GSE298801.

2.5. RNA-seq comparison

RNA-seq datasets were accessed as follows MED1 (GSE84160),
MED12 (GSE100088), MED13 (GSE124117) and MED30 (GSE181534).
Differentially expressed genes were classified according to previously
published thresholds [18,25,27,28]. Differential gene overlap was
quantified and plotted using Venny v2.1 [31]. Ingenuity Pathway
Analysis (IPA) was performed on the differentially expressed genes for
each condition. IPA for each condition was then compared within IPA to
determine the activation z-score across groups.

2.6. qRT-PCR

To validate our RNAseq, we performed qRT-PCR using the Fast Sybr
(Invitrogen) system and measured on a Quantstudio 3 (Applied Bio-
systems) All reactions were performed in triplicate normalized against
18S and calculated using the 2" 2A¢T method. Primers used as follows.
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Gene Forward 5- Reverse 5'-

18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
Actal CGACATCAGGAAGGACCTGTATGCC AGCCTCGTCGTACTCCTGCTTGG
Collal TCCGGCTCCTGCTCCTCTTA GTATGCAGCTGACTTCAGGGATGT
Col3al GCCCACAGCCTTCTACAC CCAGGGTCACCATTTCTC

Nppa CCAGGCCATATTGGAGCAAA GAAGCTGTTGCAGCCTAGTC

Nppb GCTGCTTTGGGCACAAGATAG GCAGCCAGGAGGTCTTCCTA
Tgfbl AGAGGTCACCCGCGTGCTAA TCCCGAATGTCTGACGTATTGA

2.7. PRALINE alignment

FASTA protein sequences were obtained from NCBI as follows: Homo
sapiens MED13 (NP_005112.2), Homo sapiens MED13L (NP_056150.1),
Mus musculus MED13 (NP_001074400.1), Mus musculus MED13L
(NP_001334374.1). Domains were identified as follows: N-terminal
(CDD:463303), PIWI (CDD:465699), C-terminal (CDD:461879). PRA-
LINE was run using default PRALINE parameters: exchange weights
matrix (BLOSUM62), associated gap penalties 12 open, 1 extension, PSI-
BLAST pre-profile processing (homology-extended alignment), and PSI-
BLAST iterations- 3 at E-value cutoff 0.01 [32].

Human Med13 vs Human Med13L-57%
70% | 50% [ 50% | 76% |

Mouse Med13 vs Mouse Med13L- 57%
70% | 50% [ 48% | 75%

Human Med13 vs Mouse Med13-94%
98% | 93% [ 90% [ 97% |

Human Med13L vs Mouse Med13L-93%
99% | 91% 88% [ 98% |
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2.8. Statistical analysis

Statistical significance was defined as p < 0.05 unless otherwise
stated. Analyses were performed using GraphPad Prism v10.2.1. To
determine statistical significance, a two-tailed unpaired Student’s t-test
was used to compare two groups while an ANOVA with Tukey post-hoc
analysis was used to compare three or more groups. A log-rank test
(Mantel-Cox) was performed for survival curve analysis. All data are
expressed as mean + standard error.
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Fig. 1. Generation of Med13/13L double knockout mouse model A) PRALINE comparison of human and mouse isoforms of MED13 and MED13L. B) MED13/13L
deletion. C) FPKM values for Med13 and Med13L in Med13/13L fl/fl (n = 4) and Med13/13L dKO (n = 4). t-test performed with significance as p < 0.05. Standard
error bars are displayed. D) Kaplan-Meier survival curve of WT vs. MED13/13L dKO mice. WT, n = 6; dKO, n = 26. E) Mouse experimental timeline. Created

using Biorender.
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3. Results
3.1. Cardiac Med13 or Med13L is necessary for survival in adult mice

The homologous nature of Med13 and Med13L led us to investigate
the domain sequence similarity between both human and mouse forms
of Med13/13L. PRALINE alignments demonstrated 57 % sequence
similarity between Med13 and Med13L in both species (Fig. 1A). Com-
parisons of hMed13/mMed13 and hMed13L/mMed13L each showed 94
% sequence similarity. The similarity between the species indicates a
high level of conservation throughout mammalian evolution, as well as
indicating that there might be a preserved function for maintaining basal
homeostasis.
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The critical role for Mediator complex proteins and the increased
susceptibility of Med13 knockout mice to hypothyroidism led us to
investigate whether Med13 and Med13L have redundant yet necessary
roles in maintaining cardiac function. Deletion of Med13 and Med13L
using aMHC Cre is embryonic lethal. Mendelian ratios were achieved at
E15.5; however, at weaning, there were no double knockout mice
observed (Med13 fl/fl /13L fl/fl tMHC-Cre +). Therefore, we generated
a tamoxifen-inducible cardiomyocyte-specific deletion of Med13 and
Med13L under a Myh6- MerCreMer promoter (Med13/13L dKO)
(Fig. 1B). Tamoxifen chow was administered for 2 weeks starting at 8
weeks of age and FPKM values confirmed significant loss of Med13 and
Med13L in Cre-positive mice compared to Cre-negative mice (Fig. 1C).

We then performed a survival analysis of Med13/13L dKO mice (n =

C

*
*%
-
= °
2 101 ¢
> °
Bl
[ii] g °
- £ _ 4 °
5= 5
°
H
b~
3
T 0-
Cre - + - +
Tamoxifen - - + +
*
*
200+ * %k kK
[ ]
150
L] —_
L] —='. ....
S 100
[a]
w
504 ©® e
o-
Cre - + - +
Tamoxifen - = + +
Cre - TAM + Cre + TAM +

500 pm

Fig. 2. Deletion of Med13 and Med13L causes lethal heart failure. Ordinary One Way ANOVA with Tukey’s Multiple Comparisons performed with significance a p <
0.05. Standard error bars displayed. A) Ejection fraction at 4 weeks from start of tamoxifen chow. Cre -, TAM - (n = 4) Cre +,TAM - (n = 3), Cre -, TAM + (n = 12);
Cre +, TAM + (n = 13). B) Heart weight:body weight ratio at 4 weeks from start of tamoxifen. Cre -, TAM - (n = 14); Cre +, TAM - (n = 6), Cre -, TAM + (n = 13); Cre
+, TAM + (n = 8). C-F) Echocardiography data from mice at 4 weeks from start of tamoxifen. Cre -, TAM - (n = 4); Cre +,TAM - (n = 3), Cre -, TAM + (n = 12); Cre

+, TAM + (n = 13). G) Representative H&E stains.



Table 1
Echocardiogram data.
Genotype Cre Tamoxifen Sex n  Body Heart Heart LV Heart ENDOarea; ENDOarea; ENDOmajr; ENDOmajr; EPlarea;d EPImajr; End End Mass Vol/ SVmcL COmcL/m Ejection
Weight Weight: ~ Weight Thickness Rate d s d s d Diastolic ~ Systolic ~ (mg) mass Fraction
Body Volume  Volume
Weight
Med13/ + + M 13 23.44 5.92 + 1381+ 0.59 + 702.26 11.50 + 8.43 + 6.83 + 6.14 + 2141+ 7.64+ 69.61 + 48.79+ 7442 0.86 20.82 14,432.64 0.44 +
13L 4 +0.77 0.35 3.79 0.017 £+ 20.83 1.78 1.83 0.25 0.32 2.089 0.23 12.80 12.044 + +0.11 +1.85 =+ 1208.98 0.081
5.046
Med13/ + — M 3 2296 5.42 + 124.53 0.64 + 569 + 6.95 + 2.16 + 6.61 + 5.56 + 1553+ 7.62+ 38.49 + 10.34+ 63.53 0.59 28.15 15,900.75 0.75 +
13L +0.067  0.048 +1.28 0.008 77.022 1.45 0.87 0.11 0.25 1.85 0.14 8.24 4.32 + + +3.92 £ 3008.73 0.066
5.076  0.085
Med13/ - + M 12 23.37 5.78 + 133.25 0.65+ 716.38 8.06 + 491 + 6.40 = 5.30 + 1758+ 731+ 4651+ 2694+ 6671 0.64 19.56 13,781.17 0.60 =
13L + 0.57 0.56 +10.72 0.035 £ 21.40 1.64 1.63 0.25 0.37 1.84 0.21 11.83 10.68 + +0.12 +£1.87 =+1164.68 0.081
4.041
Med13/ - — M 4 2334 5.49 + 128.15 0.64+ 594.71 7.11 + 2.27 + 6.63 = 5.54 + 1599+ 757+ 39.27 + 10.70+ 64.77 0.60 28.56 16,678.25 0.74 +
13L + 0.60 0.12 + 4.13 0.019 +57.38 0.99 0.56 0.097 0.14 1.37 0.11 5.42 2.75 +4.29 +0.06 +2.85 =+ 1584.77 0.043
Med13/ + + F 4 16.68 1125+ 18792 0.60+ 617.5+ 17.044+ 1525+ 7.98 + 7.46 = 2665+ 854+ 11380+ 9517+ 7997 1.45 18.63 11,382.39 0.15 +
13L + 0.54 1.10 +19.44 0.041 138.77 0.99 0.67 0.21 0.23 0.98 0.28 9.37 6.95 +6.22 +£0.16 +4.57 +4231.035 0.037
Med13/ = + F 2 16.73 6.66 + 111.35 080+ 728+8 4.37 £ 091 + 5.85 + 3.77 £ 1411+ 6.97 + 21.33 £ 2.87 + 63.71 0.33 18.45 13,427.51 0.86 +
13L + 0.58 0.29 + 1.05 0.091 0.16 0.02 0.037 0.42 0.23 0.11 0.67 0.38 +0.71 + + + 623.049 0.022
0.014 1.059
Med13L + + M 7 29.26 4.62 + 134.41 0.70 + 709.66 6.81 + 1.84 + 6.87 + 5.85 + 1750+ 795+ 394287 9.021+ 80.79 048 2997 21,229.29 0.77 +
+1.21 0.16 + 4.34 0.029 +10.39 0.49 0.22 0.096 0.12 0.79 0.099 1.12 + 2.63 + +219 +1460.28 0.02
0.022
Med13L - + M 7 29.69 4.53 + 133.8+ 068+ 708.5+ 6.91 + 1.83 + 6.79 + 5.72 + 17.87 + 7.84+ 39.059 + 8.78 + 81.52 0.47 30.27 21,412.57 0.77 +
+ 1.51 0.17 5.68 0.024 10.13 0.51 0.23 0.11 0.13 0.78 0.11 2.92 1.18 + 2.53 + + 2.25 +1533.012 0.022
0.024
Med13 + + M 6 3555 3.84 &+ 136.36  0.69 =  718.55 6.57 + 1.51 £ 6.73 = 5.604 + 1757+ 7.85+% 36.88 = 699+ 8219 045 29.88 21,467.28 0.80 &+
+ 1.70 0.087 + 5.68 0.028 + 5.16 0.34 0.17 0.085 0.12 0.87 0.10 2.086 0.70 + +0.01 +2.16 =+ 1524.38 0.022
5.013
Med13 - + M 4 3499 3.96 + 137.38 0.73+  720.77 6.39 + 1.44 £ 6.85 &+ 5.59 &+ 1724+ 7.97 £ 36.44 + 6.68+ 82.08 0.44 29.76 21,434.86 0.81 &+
+ 2.48 0.18 + 6.40 0.041 + 7.097 0.49 0.21 0.15 0.15 1.16 0.15 2.72 0.85 + 6.15 + +2.69 +1878.79 0.026
0.015
WT + + M 3 283+ 487+ 1362+ 0.75+ 687.33 6.071 £ 1.30 £ 7.47 + 6.32 + 1594 + 8.58 = 37.82 + 690+ 80.23 046 30.92 21,072.88 0.81 +
1.73 0.50 6.10 0.033 £+ 26.86 0.74 0.14 0.15 0.16 0.87 0.17 4.64 0.91 +3.15 + +3.76 £ 1903.47 0.005
0.041
WT - + M 3 2863 4.75 + 13441 0.71+ 700.66 6.17 + 1.28 £ 7.18 + 5.83 + 16.086 8.22 &+ 36.92 + 6.23+ 7693 047 30.68 21,385.62 0.83 =
+ 1.84 0.41 +5.24 0.033 +19.81 0.58 0.19 0.21 0.34 + 1.076 0.25 3.50 0.99 +4.70 + +2.89 =+ 1586.33 0.019
0.027
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26) and Med13/13L fl/fl (n = 6). Median survival time for the Med13/
13L dKO mice was 6 weeks from start of tamoxifen treatment with 100
% mortality at 10 weeks (Fig. 1D). Med13/13L fl/fl mice survived the
time course. This indicates that cardiac Med13/13L plays a critical role
in survival.

3.2. Deletion of Med13 and Med13L induces cardiac dysfunction
consistent with heart failure

To further investigate the redundant role of Med13/13L, we per-
formed echocardiography on Med13/13L dKO and littermate control
mice at 12 weeks of age (Fig. 1E). Echocardiography revealed a signif-
icant decrease (~50 %) in ejection fraction between Med13/13L dKO
and Med13/13L fl/fl mice in both male and female cohorts (Fig. 2A,
Table 1 respectively). There is no difference in heart rate between
Med13/13L dKO and Med13/13L fl/fl cohorts (Fig. 2B). There are sig-
nificant increases in the Heart Weight:Body Weight ratio (~2.9 mg:g
increase) and volume/mass (~0.68 pL/mg increase) denoting an
enlarged heart (Fig. 2C, D). There are also significant increases in end
diastolic volume (~69 pL increase) and end systolic volume (~66 pL
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increase; (Fig. 2E, F). As expected, there are no significant echocardio-
graphic differences between the single Med13 cKO or Med13L cKO mice,
indicating a compensatory mechanism at basal cardiac function
(Table 1). WT C57BL/6-MCM males also display no cardiac changes
regardless of diet (Table 1). This data indicates that changes seen be-
tween Med13/13L dKO and Med13/13L fl/fl cohorts are due to genetic
deletion rather than the effect of tamoxifen. Histological analysis using
H&E staining showed no significant structural abnormalities in the
hearts of Med13/13L dKO mice (Fig. 2G). Overall, these findings indi-
cate that deletion of Med13/13L leads to dilated cardiomyopathy and
Med13/13L plays a crucial role in maintaining basal cardiac function.

3.3. Loss of Med13/13L alters gene expression for cardiac fibrosis and
excitation-contraction coupling

To determine potential effects of Med13 and Med13L on gene
expression, we performed bulk RNA-seq on mouse hearts four weeks
after the start of tamoxifen to identify changes in gene expression prior
to the development of heart failure. RNA-seq results showed a total of
1062 differentially expressed genes (540 upregulated, 522
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C

Nppa Nppb
20+ * 84 *
L]
o 15 o
o 2
s <
s <
S 104 o
= 3
S . °
0_
(\\Q o
& ™
N’
b\'b\ '&\0 —
é@ ézb éw Med13/13L fifi dKO

E

Disease and Function Pathways

Cellular Growth and Proliferation
Cell Signaling
Cell-To-Cell Signaling and Interaction:

Embryonic Development

Connective Tissue Development and Function

Connective Tissue Disorders:
Cellular Function and Maintenance:

Cellular Assembly and Organization

Cardiovascular System Development and Function

Cardiac conduction and calcium signaling

Cardiovascular Disease

Metabolic Disease

-Log (p-value)

Fibrosis

CACNB1

== Growth Factor
mm Transcriptional Regulator

IRF2
TBX5-
ERG+
NGF+
DKK1+
FGF7+
CCN5+
CCN2+
TGFB3
BMP10+
OTX2+
MRTFA-
ARID1A
MRTFB-
TGFB1+
TP53
AGTH

T
-5 0

Activation Score

o -

Med13/13L fiffl

Med13/13L fiifl

Fig. 3. RNA-seq analysis of Med13/13L dKO mice. A) Dot plot displaying significant genes (Padj <0.05) in muted color and significant/Log2(FC) >1.0 in dark colors.
B) Validation of RNAseq hits with gqRT-PCR for Actal, Nppa, and Nppb. (n = 4, performed in triplicate) Unpaired t-test performed with significance classified as p <
0.05. C) Heatmap of the top 50 differentially expressed genes. Color code corresponds to z-score. D) Canonical pathways as analyzed by IPA. E) Disease and function
pathways as analyzed by IPA. F) Dysregulation of upstream regulators as identified by IPA. G) Heatmap of cardiac conduction and calcium signaling-related genes as
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downregulated, Log2FoldChange >1, gq-value <0.05; Fig. 3A). We per-
formed qRT-PCR on Actal, Nppa, and Nppb to validate our RNAseq
results (Fig. 3B) The top 50 differentially expressed genes showcase a
consistent expression profile across samples and highlight significant
upregulation of genes associated with fibrosis as well as a down-
regulation of key ion channels (Fig. 3C).

To predict the most likely altered pathways, we applied an expres-
sion threshold of Log2FoldChange >1. Ingenuity Pathway Analysis
(IPA) of these 540 upregulated and 522 downregulated genes revealed
likely upregulated fibrotic and extracellular matrix pathways, as well as
a decrease in cardiac excitation-contraction coupling pathways
(Fig. 3D). IPA of disease and function pathways showed changes in
connective tissues as well as cardiovascular diseases (Fig. 3E). Previous
work has associated Med13 and Med13L with embryonic development
and metabolic diseases which are also seen in our disease and function
pathway analysis highlighting the reproducibility of Med13/13L studies
(Fig. 3E) [12,19].

Next, we looked at upstream regulators associated with our bulk
RNA-seq dataset through IPA. We found increases in activation in
growth factors, such as TGFB1 and TGFB3, which have been previously
associated with increases in cardiac fibrosis and had upregulated
expression levels (Fig. 3F). Increased activation within key cardiac

A
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transcriptional regulators like MRTFA and MRTFB were also noted in the
IPA analysis. The associations between the activated upstream regula-
tors with fibrosis and hypertrophy indicate that Med13/13L play a role
in modulating the canonical transcriptional responses during cardiac
stress. We noted clear differential expression between control and
Med13/13L dKO groups for pathways associated with cardiac excita-
tion/contraction coupling (Fig. 3G). Differentially expressed genes
associated with cardiac conduction and calcium signaling displayed
prominent differences between groups and indicated that key calcium
channel genes such as Serca2a, Phospholamban, and RyR2 are affected.
Canonical pathway analysis also indicated the upregulation of cardiac
fibrosis could be affected by Med13/13L deletion (Fig. 3H).

Due to the upregulation of fibrotic pathways, we investigated the
extent of fibrosis in our mice. We performed masson’s trichrome staining
and quantified the percent area of fibrosis (Fig. 4A). We found a sig-
nificant increase in stained collagen in our Med13/13L dKO compared to
the Med13/13L fl/fl mice (Fig. 4B). We also performed qRT-PCR to
validate our RNA-seq results finding a significant increase in collal,
col3al, TGFB1 (Fig. 4C-E). These results indicate that the deletion of
Med13/13L results in the upregulation and development of fibrosis.
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Fig. 4. Med13/13L dKO mice develop cardiac fibrosis. A) Representative images of Mason’s trichrome from Med13/13L fl/fl and Med13/13L dKO. B) Quantification
of Mason’s trichrome. (3 sections imaged per heart, n = 5). C-E) qRT-PCR performed for Collal, Col3al, and Tgfbl (n = 4, performed in triplicate). All data is
displayed with SEM. Unpaired t-test performed with significance classified as p < 0.05.
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3.4. Cardiac Mediator deletions result in similar differential gene
expression profiles

Cardiac-specific deletion of Med13 alone has been previously re-
ported [18]. We investigated the overlap of differential gene expression
between Med13 cKO and Med13/13L dKO mice. We used the same
differential gene expression thresholds as previously stated in Minerath
et al. [18]. However, there were only 91 overlapping genes between
these data sets, accounting for only 7.9 % of the total genes dysregulated
amongst the two datasets (Fig. 5A). The lethality associated with the
Med13/13L dKO and the dysregulated genes not seen in Med13 cKO
indicate that these genes work primarily redundantly in the heart.
However, there is independent gene dysregulation in the Med13 cKO
and within the overlap displaying that there could be independent roles
for Med13 and Med13L.

Previous work has characterized other Mediator subunits within the
heart which have overlapping cardiac phenotypes, such as dilated car-
diomyopathy, early lethality, and decreased cardiac excitation/con-
tractin coupling [18,25,27,28]. We compared overlapping differentially
expressed genes from cardiac Med1 conditional knockouts at 3 weeks,
inducible Med30 cardiomyocyte specific knockout at 4 weeks post-
tamoxifen, and cardiomyocyte-specific Med12 knockout at postnatal

day 1 (P1), alongside our Med13/13L cardiomyocyte-specific knockouts
[25,27,28]. We used the same thresholds to calculate differential gene
expressions as performed by the original investigators and compared for
overlapping differentially regulated gene networks. We found 39 total
genes differentially expressed between all four Mediator cardiac
knockouts (Fig. 5B). Of these 39 genes, most had similar upregulation/
downregulation as the Med13/13L dKO (Fig. 5C). We performed a
comparative IPA analysis on the different RNA-seq datasets to identify
similarities in downstream targets by examining IPA-generated activa-
tion z-scores for canonical pathways identified previously (Fig. 5D). We
saw a similar downregulation across the four different datasets for car-
diac conduction. Med13/13L, Med1, and Med30 shared similar pathway
analysis for different fibrosis pathways as well as downregulation of
potassium channels. We next examined the comparison of transcrip-
tional regulators using a threshold of activation z-score above 2 for
Med13/13L and found 20 transcriptional regulators affected in all four
datasets with similar differential expression patterns between the
Med13/13L, Med1, and Med30 datasets (Fig. 5E). Overall, the mediator
complex acts as a critical driver for basal cardiac function, in which all
four mediator knockouts develop similar dysregulation of cardiac gene
networks.
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4. Discussion

Maintenance of cardiac function requires coordinated gene expres-
sion. The Mediator complex functions to integrate cell signaling events
with RNA polymerase II-dependent transcription. However, few studies
have determined the functional role of individual subunits, or the
redundant function of Mediator subunit homologs such as Med13 and
Med13L. We generated double knockouts of Med13/13L to test the role
of Med13/13L in adult cardiomyocyte homeostasis. Our study demon-
strates that Med13 and Med13L function partially redundantly to
maintain basal cardiac function. In line with previous literature
demonstrating functional redundancy in embryo development and
super-enhancer utilization, we determined that Med13 and Med13L
single deletions can maintain basal cardiac function, whereas a double
deletion of Med13/13L is lethal within an average time frame of 6 weeks
[11,12]. This is consistent with other Mediator complex subunits, in
which there are some compensatory mechanisms at play in develop-
ment, but under stress cannot maintain basal function [18,25,33]. While
our study displayed redundancy in maintaining basal cardiac function,
future studies should investigate independent compensatory mecha-
nisms to determine differences in single Mediator gene deletions in
cardiac stress responses.

Analysis of upstream regulators coincided with previously known
fibrotic pathways. TBX5 was downregulated in Med13/13L dKO sam-
ples and has been shown to regulate cardiac conduction and play a role
in cardiac maturation [34]. Growth factors such as CCN2, TGFB1 and
TGFB3 were all upregulated. TGFB1 is an essential factor in inducing
cardiac fibrosis and has been noted in models of dilated, ischemic, and
hypertrophic cardiomyopathies, as well as valvular diseases and
arrythmias [35]. TGFB3 is a less understood isoform of the TGF family
yet has been implicated in fibrotic disease pathogenesis [36]. CCN2 acts
as an autocrine factor in the heart to induce cardiac fibrosis [37].
Transcriptional regulators have also been highlighted, including
MRTFa/b, responsible for controlling fibrotic gene programs and myo-
fibroblast activation [38,39]. Overall, the cumulative result is that a lack
of Med13/13L results in a transcriptional shift toward fibrotic pathways.

Fibrosis can play a large role in the development of heart failure
[40-42]. Within the fibrotic pathways, increased expression in fibrotic
proteins such as POSTN and BGN are known to upregulate cardiac
fibrosis [43,44]. It is interesting to note such a large differential
expression of fibroblast specific genes since our study specifically
deleted Med13/13L in cardiomyocytes. This indicates possible
cardiomyocyte-to-fibroblast crosstalk. We also noted changes in
expression of calcium and potassium channels, another possible mech-
anism driving heart failure in Med13/13L cardiac deletions. Calcium
channels such as Serca2a, PLN, and Ryr2 have been previously shown to
play arole in the induction of heart failure [45-48]. The downregulation
of these channels in Med13/13L dKO mice indicates possible impaired
cardiac excitation/contraction coupling, which can lead to reduced
cardiac contraction and ultimately, heart failure.

The 91 overlapping genes between Med13 and Med13/13L cardiac
knockouts could signal that these genes may be regulated through the
dose response of Med13/13L or in a Med13-independent manner. We
also see 944 genes only differentially regulated in Med13/13L dKO,
which could highlight the redundant function of Med13/13L since they
were only affected after deletion of Med13L and are associated with
cardiac lethality. A limitation to this comparison is that the datasets
were generated under different timepoints and Cre drivers therefore
they are two distinct model systems. However, the underlying overlap
still displays both redundant and independent Med13 functions as ex-
pected. Cardiac Mediator knockouts of Med1, Med12, Med30 and now
Med13/13L all display similar phenotypes in which deletion of the
respective subunit results in gene dysregulation and dilated cardiomy-
opathy [25,27,28]. Despite the differences in time points for RNA-seq,
there is substantial overlap of gene expression changes between the
four groups, indicating that there could be conserved mechanisms across
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the Mediator complex which regulate basal cardiac function. The dif-
ferences associated with Med12 could be due to the early postnatal
timepoint compared to the other datasets at adult stages. The conserved
genes across the four groups include calcium handling genes such as
Serca2a, Pln, and Ryr2 as well as heart failure markers such as Myh7b.
This suggests redundancy not only in Med13/13L, but also within the
Mediator complex kinase submodule, as basal cardiac function relies on
a functional mediator complex.

Overall, our work demonstrated the redundant nature of Med13/13L
in preserving basal cardiac function as well as relating the cardiac
phenotype to other Mediator cardiac phenotypes in which similar gene
dysregulation occurs. The early lethality associated with Med13/13L
dKO mice renders difficulties in studying the mechanisms causing heart
failure with a particular limitation in determining if gene expression
changes are direct consequences of Med13/13L deletion or secondary to
heart failure. However, we can infer the mode in which lethality occurs
through previous Mediator studies. Future work should begin eluci-
dating the independent roles of Med13 and Med13L in the heart, as well
as differences in how the single knockouts respond to cardiac stress.
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