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Widespread changes in cardiac gene expression occur during heart failure, yet the mechanisms
responsible for coordinating these changes remain poorly understood. The Mediator complex
represents a nodal point for modulating transcription by bridging chromatin-bound transcription
factors with RNA polymerase Il activity; it is reversibly regulated by its cyclin-dependent kinase 8
(Cdk8) kinase submodule. Here, we identified increased Cdk8 protein expression in human failing
heart explants and determined the consequence of this increase in cardiac-specific Cdk8-expressing
mice. Transgenic Cdk8 overexpression resulted in progressive dilated cardiomyopathy, heart

failure, and premature lethality. Prior to functional decline, left ventricular cardiomyocytes were
dramatically elongated, with disorganized transverse tubules and dysfunctional calcium handling.
RNA sequencing results showed that myofilament gene isoforms not typically expressed in adult
cardiomyocytes were enriched, while oxidative phosphorylation and fatty acid biosynthesis genes
were downregulated. Interestingly, candidate upstream transcription factor expression levels and
MAPK signaling pathways thought to determine cardiomyocyte size remained relatively unaffected,
suggesting that Cdk8 functions within a novel growth regulatory pathway. Our findings show that
manipulating cardiac gene expression through increased Cdk8 levels is detrimental to the heart

by establishing a transcriptional program that induces pathological remodeling and eccentric
hypertrophy culminating in heart failure.

Introduction

The heart uses highly coordinated waves of transcription that begin during embryogenesis and propagate
through postnatal development (1). Prolonged exposure to any number of pathological stressors in the
adult myocardium triggers adaptive responses, including disruption of transcriptional homeostasis. Per-
sistent volume overload induces axial cardiomyocyte lengthening and chamber dilatation, known as eccen-
tric or dilated cardiomyopathy (DCM), while pressure overload induces radial cardiomyocyte widening
and ventricular wall thickening, resulting in concentric or hypertrophic cardiomyopathy (HCM). Indepen-
dent of causation, chronically stressed hearts can deteriorate into heart failure (HF) and can begin to share
aspects of transcript profiles with those of the developing fetal heart for genes involved in contractility, Ca**
handling, and energy utilization (2). Expression of metabolic genes responsible for oxidative and fatty acid
metabolism during postnatal life is inhibited while glycolytic genes are induced. Similarly, cytoskeletal and
sarcomeric genes required for optimal contraction and calcium sensitivity in mature adult cardiomyocytes
are exchanged for isoforms typically found within developing cardiomyocytes. However, it is poorly under-
stood how broad changes in cardiac transcription are integrated and coordinated during HF.

Extensive effort has been invested toward understanding the molecular mechanisms regulating car-
diac transitions through the identification of transcription factors (TFs) that respond to developmental,
mechanical, metabolic, and extracellular cues. The peroxisome proliferator activator receptor (Ppar) and
estrogen-related receptor (Err, encoded by Esrr) family of TFs along with their coregulator, Ppary coactiva-
tor-1 (Pgcl), are responsible for postnatal metabolic transitions (3—5). Errs have broader target specificity,
as Erra and Erry share promoter-binding motifs that are present in energy uptake and utilization, Ca**
handling, and contractile genes (6). Cardiac ablation of the genes encoding Erro, Erry, and Pgcl lead
to cardiac dysfunction, particularly under pathological stress (7-9). MAPKs respond to growth factors
(i.e., extracellular-regulated kinases Erkl and Erk2), stresses (p38), or both (Erk5) (10) and regulate gene
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expression through their nuclear translocation and phosphorylation of developmental TFs (11), such as
myocyte enhancer factor-2 (Mef2) (12-14) and TF/lymphoid enhancer-binding factors (Tcf/Lef) (15).
MAPK activity is considered a major determinant in regulating cardiomyocyte size, as Erk1l and Erk2 act
to promote radial cardiomyocyte growth and HCM (16), while Erk5 activity stimulates axial growth and
DCM (17). It remains to be determined, however, whether cardiomyocyte growth responses and their cou-
pled transcriptional changes are exclusive dependent on MAPK function.

As a variety of cardiac insults and genetic modifications result in a similar set of induced and repressed
mRNAs, there is likely a nodal point that coordinates the activation status of multiple TFs. The conserved
Mediator transcriptional regulatory complex serves as a general integrator of transcriptional signaling events,
in part, by bridging promoter-bound TFs and the basal transcription apparatus containing RNA polymerase
II (Pol-II) (18). Of the approximately 30 subunits within the Mediator complex, the kinase submodule consist-
ing of Mediator-13 (Med13), Med12, cyclin-dependent kinase 8 (Cdk8), and cyclin C represents an appealing
starting point for investigation of global cardiac transcription mechanisms. This submodule regulates gene
expression through its dynamic association with the Mediator core complex and through its Cdk8 activity
(19-21). We recently reported the novel observation that cardiac Med13 functions to regulate whole-body
energy homeostasis (22, 23) and that Med1 is essential in postnatal and adult cardiomyocytes (24); however,
the function of Mediator kinase activity has yet to be determined. Knockdown and overexpression studies in
other systems have shown that Cdk8 can impart both activating and repressive effects on transcription in cell-
and gene-specific contexts (25-28). Cdk8 is a proline-directed serine/threonine kinase similar to MAPKs and
other Cdks and is able to phosphorylate and regulate chromatin-localized proteins (29, 30). Global disruption
of Cdk$, as with all Mediator genes tested thus far, results in embryonic lethality (31, 32). Thus, determining
the in vivo function of Cdk8 has been limited and has yet to be explored in the heart. Here, we show that Cdk8
is upregulated in failing human hearts and that recapitulating this upregulation in murine cardiomyocytes also
results in a HF phenotype. Examination of transgenic hearts shows that Cdk8 induces eccentric hypertrophy
both at the cellular and organ level through the differential regulation of a transcriptional profile enriched in
sarcomeric and metabolic gene expression pathways, among others. We propose that Cdk8 disrupts cardiac
homeostasis by inhibiting TF function and Mediator-dependent gene expression.

Results

Cdk8 expression is elevated in human DCM explants. We examined whether subunits within the Mediator com-
plex may be differentially regulated during the development of HF as a potential mechanism to explain
how widespread transcriptional reprogramming occurs during disease progression. Immunoblotting of
lysates prepared from explanted left ventricular free wall tissue from human patients with and without a
history of DCM showed an almost 2-fold increase in Cdk8 levels in DCM samples relative to nonfailing
control explants (Figure 1, A and B). The abundances of RNA Pol-II, Med12, and Gapdh were not signifi-
cantly changed relative to total protein, as measured by Coomassie blue staining.

Cardiomyocyte-specific Cdk8 overexpression induces cardiac remodeling and premature lethality consistent with
HF. To assess a potential causal relationship between increased Cdk8 abundance and HF, we generated
transgenic mice that constitutively overexpress Cdk$ in cardiomyocytes under the regulation of the Myh6
promoter (Figure 1, C-E). Two independent transgenic lines (referred throughout as Tg8a and Tg8b) had
similar expression levels of full-length C-terminally Flag-tagged Cdk8. Endogenous cardiac Cdk8 protein
levels were low at E18 through the first week of postnatal life and significantly increased at P21. We found
that mice from both Cdk8-transgenic lines died prematurely compared with their WT littermates, and
Kaplan-Meier survival analysis showed that both males and females had similar life expectancies (Figure
1F). The line Tg8a had a median survival age of approximately 15 weeks (males, 15.22 weeks, n = 18;
females, 15.43 weeks, n = 13), and the Tg8b line had a median survival age of approximately 24 weeks
(males, 24.29 weeks, n = 17; females, 23.29 weeks, n = 10).

We harvested hearts from transgene-positive and -negative littermates at various ages to examine when,
if ever, gross morphological differences became apparent from Cdk8 overexpression. Hearts harvested near
the median survival age for both Cdk8-transgenic lines had enlarged atria and dilated ventricles (Figure 2,
A and B). The heart-weight-to-body-weight ratios of Tg8a mice were significantly increased compared with
their WT littermates at 15 weeks of age (Figure 2, C and D). Furthermore, mice with the largest hearts
displayed symptoms of HF, including hunched posture with labored breathing, pulmonary edema (Figure
2E), and atrial clotting (Figure 2B). Hearts harvested at earlier ages showed modest hypertrophy compared
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Figure 1. Assessing the relevance of elevated Cdk8 expression in human dilated cardiomyopathy explants with constitutive cardiac overexpressing
mice results in premature lethality. (A and B) Immunoblots (A) and summary data (B) of human dilated cardiomyopathy (DCM) and nonfailing control
(NFC) left ventricular explant lysates. Cdk8, but not Med12, RNA Pol-Il, or Gapdh, levels are significantly elevated in DCM lysates after normalization

to total protein (Coomassie). *P < 0.01, 2-way ANOVA with Sidak’s multiple comparisons test, n = 3. (€) Schematic of Flag-tagged Cdk8 construct used

for generating transgenic mice. Cdk8 is regulated by the Myh6 promoter and human GH1 poly-A terminator (hGH pA). (D) Example immunoblots of

Cdk8 protein levels in ventricular lysates from WT hearts harvested at E18 through P1, P3, and P21, relative to P21 ventricular lysates from two indepen-
dent Cdk8-transgenic lines, Tg8a and Tg8b. Each lane represents lysates from 2-3 pooled hearts at E18, P1, and P3 and 1 heart at P21. (E) Cdk8 protein
expression summary data showing significant upregulation of Cdk8 at P21in WT ventricles and significant overexpression at P21in both Tg8a and Tg8b
ventricles. *P < 0.05, 1-way ANOVA with Dunnett’s multiple comparisons test (vs. WT P21), n = 3-7 from 1-3 experiments. (F) Kaplan-Meier survival curves
of male (M) and female (F) Cdk8-transgenic versus WT littermate mice from Tg8a and Tg8b lines. P < 0.0001, log-rank Mantel-Cox test.

with WT littermates, with increased ventricular chamber cavity volume in the absence of pulmonary ede-
ma. No changes were detected in collagen deposition using Masson’s trichrome staining (Figure 2C) or in
apoptosis by TUNEL staining or by assaying for caspase cleavage during the course of cardiac dilatation
and HF (D.D. Hall, J.M. Ponce, and K.M. Spitler, unpublished observations), indicating minimal fibrosis
and cell death in Cdk8-overexpressing mice.

To gain insight into the progressive nature of cardiac dysfunction in Cdk8-transgenic mice, we ana-
lyzed the mRNA expression of a panel of hypertrophic markers by quantitative reverse transcriptase PCR
(qRT-PCR). Samples from 15-week-old Tg8a mice in HF (ejection fraction [EF] 0.19 £ 0.02, » = 3) and
their WT littermates (EF 0.61 + 0.04, n = 4) were compared with samples from 3-week-old WT, Tg8a,
and Tg8b hearts. As expected, the expression of hypertrophic markers Actal, Myh7, Nppa, and Nppb was
induced in failing Cdk8-transgenic hearts compared with age-matched WT littermates (Figure 2F). Prior to
the onset of hypertrophy at 3 weeks of age, Tg8a and Tg8b hearts exhibited significant induction of these
genes (Figure 2F).

Functional analysis suggests that Cdk8-transgenic mice develop DCM and succumb to HF (Table 1). In
young 3-week-old Tg8a mice, echocardiography measurements showed that cardiac function was essential-
ly normal for each of the individual parameters measured in both males and females, except for a significant
reduction in EF in females (-16.4%, n = 7, P < 0.05). EF progressively deteriorated by 64% for both sexes
through 15 weeks (male, » = 9-12, P < 0.0001; female, n = 7, P < 0.0001) as a result of declining systolic
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Figure 2. Cdk8-transgenic mice develop dilated cardiomyopathy and pulmonary edema. (A) Bisected hearts of Cdk8-transgenic mice from Tg8a and

Tg8b lines exhibit age-dependent cardiac dilatation compared with WT littermates. Scale bar: 5 mm. (B) Example heart sections stained with Masson's
trichrome for morphological and fibrotic analysis. Scale bar: 1 mm. (C-E) Assessment of cardiac hypertrophy and pulmonary edema of Tg8a mice (magenta)
versus WT (gray) littermates at the indicated ages, as measured by body weight (C), heart-weight-to-body-weight ratio (D), and lung-weight-to-body-
weight ratio (E). **P < 0.01; ****P < 0.0001 vs. age-matched WT, 1-way ANOVA with Tukey’s multiple comparisons test, n = 6-25. (F) Normalized quanti-
tative reverse transcriptase PCR results of hypertrophic (Actal, Myh7, Nppa, Nppb) and adult cardiac (Actb, Myh6) genes from 3-week-old and 15-week-old
ventricular RNA isolated from WT (gray), Tg8a (magenta), and Tg8b (cyan) hearts. *P < 0.05 vs. 3-week WT; 5P < 0.05 3-week vs. 15-week Tg8a; *P < 0.05
15-week WT vs. 15-week Tg8a; 1-way ANOVA with Tukey’s multiple comparisons test, n = 3-4 performed in triplicate.

and diastolic function. Males had a significant increase in end-diastolic volume and decrease in end-systolic

volume by 8 weeks of age, while similar changes were delayed until 15 weeks of age for females. A modest
28% increase of in heart mass in males became apparent at 8§ weeks (77.07 £ 5.38 mg, n = 6 for WT; 98.39
+16.75 mg, n = 10 for Tg8a, P < 0.05) that was maintained through 15 weeks (90.33 £ 12.34 mg, n = 12
for WT; 114.6 + 17.45 mg, n = 9 for Tg8a; P < 0.001). Female hearts showed a nonsignificant increase in

left ventricular mass.

Cdk8-transgenic hearts have progressive cardiac conduction dysfunction and Ca?* handling defects. We per-

formed serial ECGs on Tg8a and WT littermate mice to assess whether cardiac conduction might under-

lie DCM progression. At 3 weeks of age, heart rhythm was comparable between the two groups, with
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Table 1. Echocardiography analysis

Parameter
EndoMajor;d

EndoMajor;s

EndoArea;d

EndoArea;s

EpiMajor;d

EpiArea;d

ESV ()

EDV (ul)

SV (ul) (EDV-ESV)

EF (SV/EDV)

Mass (mg)

EDV/mass

HR (bpm)

CO (ul/min)
(SV x HR)

Age
3 wk
8 wk
15 wk
3wk
8 wk
15 wk
3wk
8 wk
15 wk
3wk
8 wk
15 wk
3wk
8 wk
15 wk
3wk
8 wk
15 wk
3 wk
8 wk
15 wk
3wk
8 wk
15 wk
3 wk
8 wk
15 wk
3wk
8 wk
15 wk
3wk
8 wk
15 wk
3wk
8 wk
15 wk
3wk
8 wk
15 wk
3wk
8 wk
15 wk

Males Females
WT Tg8a WT Tg8a

Mean % SD n Mean = SD n Mean + SD n Mean % SD n
545 +0.28 4 5.32+0.42 5 5.56 + 0.53 7 542 +0.29 7
6.55 + 0.31 6 6.68 + 0.64 10 5.88+0.13 6 6.05+0.40 10
6.75+ 0.47 12 7.08 + 0.68 9 6.54 + 0.50 5 6.77 £ 048 7
4,54 +0.26 4 4,55+ 0.32 5 4,58 +0.43 7 4,69 +0.25 7
541+ 0.26 6 6.08 + 0.59 10 512 +0.20 6 5.52+ 044 10
5.66 £ 0.55 12 6.64 + 0.714 9 5.62+049 5 6.41+0.618 7
4.89 +0.89 4 5.86 +1.78 5 1.86 +0.99 7 2.89+0.92 7
5.57 +1.05 6 11.24 +2.94° 10 240+0.74 6 5.63+1.80 10
6.35+2.16 12 16.38 +2.91° 9 3.65+1.39 5 11.89 + 4,51 7
1.39+047 4 2.24 +0.89 5 5.20 +1.52 7 612 +1.33 7
1.60 £ 0.61 6 748 £ 2.17° 10 6.20 + 0.98 6 8.70 +1.78° 10
212 £1.41 12 12.95 + 3.40° 9 8.43+1.79 5 14.53 +4.77° 7
6.44 + 0.28 4 6.27 £+ 0.47 5 6.51+0.49 7 6.37 £ 0.30 7
7.55+0.27 6 7.71+0.66 10 6.97+0.13 6 7.03+0.37 10
7.77 £ 0.45 12 7.98 + 0.64 9 7.64 +0.49 5 7.67 £ 0.37 7
1344 +1.72 4 14.51+3.24 5 13.74 + 2.34 7 15.87 +1.84 7
16.52 +1.52 6 24.26 + 3.68¢ 10 16.94 +1.86 6 19.98 + 2.82 10
18.58 + 3.17 12 31.28 +3.77¢ 9 19.55+2.14 5 27.06 + 4.84* 7
5.24 +1.77 4 8.55 + 3.45 5 7.22 +4.47 7 11.38 £ 4.01 7
722 +2.84 6 3842 +13.77* 10 10.24 + 318 6 26.32+10.4 10
10.34 +£7.70 12 73.15 + 26.39¢ 9 1747 £ 7.35 5 64.95 + 28.95°¢ 7
2212 +3.99 4 26.04 +8.19 5 24.58 + 8.89 7 27.83 £7.15 7
30.55+6.70 6 63.19 + 20.88" 10 30.34 +4.94 6 441+ 11.14 10
36.14 +14.28 12 97.92 + 26.14° 9 46.72 £ 11.94 5 82.28 +32.28 7
16.88 + 2.75 4 1749 + 4.89 5 17.29 + 5.67 7 16.46 + 3.75 7
23.33+645 6 24.78 £10.78 10 2011+ 4.22 6 17.78 + 3.27 10
25.80 +6.98 12 24.77 +9.20 9 29.26 + 5.75 5 17.33 £ 6.00* 7
0.767 £ 0.058 4 0.6780 + 0.041 5 0.714 £+ 0.083 7 0.597 + 0.058° 7
0.759 + 0.082 6 0.393 + 0.095°¢ 10 0.663 + 0.089 6 0.416 + 0.089¢ 10
0.739 +0.082 12 0.264 + 0.094°¢ 9 0.641+ 0.085 5 0.229 +0.087¢ 7
52.34 +5.22 4 52.61+11.53 5 53.3+9.88 7 59.49 +7.03 7
77.07 +5.38 6 98.39 +16.75° 10 7144 +717 6 77.05 +12.27 10
88.75 £ 11.51 12 116.73 £ 14.42° g 8214 £10.14 5 96.15 + 8.23 7
0.421+0.053 4 0.486 + 0.064 5 0.450 + 0.106 7 0.465 + 0.092 7
0.394 + 0.069 6 0.635 + 0.126* 10 0.423 + 0.036 6 0.572 + 0.092 10
0.398 + 0.106 12 0.829 + 0.143¢ 9 0.566 + 0.130 5 0.846 + 0.2968 7
612.5 + 86.1 4 621+ 98.7 5 542.6 + 89.3 7 589.7 + 86.1 7
648.7 +47.8 6 5234 +76.9 10 546.2+79.9 6 561.2 £ 61.6 10
531+ 149.2 12 4479 + 1111 9 507.2 £153.5 5 505.9 + 51.0 7
10,248 + 1,573 4 10,639 + 2,630 5 9,115 + 2,697 7 9,506 + 1,675 7
15,082 + 4,306 6 12,766 + 5,121 10 10,856 + 2,102 6 9,946 + 1,938 10
12,940 + 2,582 12 10,739 + 3,419 9 14,387 + 3,635 5 8,557 + 2,255% 7

Endo, endocardial; Epi, epicardial; d, diastolic; s, systolic; Major; major axis; ESV, end-systolic volume; EDV, end-diastolic volume; SV, stroke volume; EF,
ejection fraction; HR, heart rate; CO, cardiac output; SV, stroke volume. Data are presented as mean + SD. AP < 0.001; 8P < 0.01; P < 0.0001; °P < 0.05;
1-way ANOVA with Sidak’s multiple comparisons test vs. age- and sex-matched WT.

insight.jci.org

the exception of an absent or inverted T wave that became more discernible by 7 weeks of age (Figure
3, A and B). By 14 weeks of age, QRS peak width increased and R amplitude decreased, showing that a
decline in cardiac conduction parallels progressive deterioration in overall cardiac structure and function.
PR duration remained statistically unaffected. In addition to electrical abnormalities in the heart, dys-
functional Ca** handling in cardiomyocytes also plays a key role in the progression of HF. We therefore
examined intracellular Ca** dynamics in 1-month-old animals using confocal microscopy of intact left

https://doi.org/10.1172/jci.insight.92476 5
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Figure 3. Cdk8 overexpression induces cardiac conduction defects and cardiomyocyte Ca* handling dysfunction. (A) Example serial ECG recordings from
a single Tg8a mouse and its WT littermate at 3-14 weeks of age, as indicated. (B) Summary data of ECG recordings showing decreased T wave amplitudes,
increased QRS widths, reduced R wave amplitudes, and similar PR intervals in Tg8a mice (magenta) compared with WT littermates (black). *P < 0.05;
**P < 0.01; ***P < 0.001; 2-way ANOVA with Sidak's multiple comparisons test, n = 3-4 per group. (C) Example confocal line scans of Ca? transients of
subepicardial cardiomyocytes, as measured by Rhod-2 AM fluorescence in spontaneously beating and paced (8 Hz) hearts followed by a period of recovery.
Dashed lines demarcate neighboring myocytes. Scale bar: 1 second (horizontal); 50 um (vertical). (D) Summary box plots of Ca* imaging experiments
showing significantly decreased Ca* amplitude, increased time to Ca* transient peak, and increased 50% decay time after peak in 4- to 5-week-old Tg8a
hearts (magenta) compared with WT littermates (gray). The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles,
and the median. The length of the box represents the interquartile range. ***P < 0.001vs. WT; 'P < 0.05; ''"P < 0.001 vs. spontaneous beating, 1-way
ANOVA with Tukey’s multiple comparisons test, n > 48 scans from 3 hearts per group.
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ventricular subepicardial myocytes from perfused whole hearts with the membrane-permeable Ca?* indi-
cator Rhod-2 AM. Ca?* transients of individual Tg8a cardiomyocytes under spontaneous sinus rhythm
were less synchronous compared with WT cardiomyocytes (Figure 3C). These myocytes have decreased
Ca? transient amplitude, with prolonged time to peak and slower decay phase (Figure 3D) under both
spontaneous beating and during pacing conditions (8 Hz).

Cdk8 induces an eccentric cardiomyocyte morphology. Since pathological remodeling typically involves
changes to cardiomyocyte size and structure, we wondered whether Cdk8-transgenic hearts experience
changes to cardiomyocyte morphology or ultrastructure at the onset of dilatation. We assessed cardiomyo-
cyte membrane structure from left ventricular epicardium with the membrane dye FM-4-64 by confocal
microscopy. We were surprised by how dramatically elongated 3- to 5-week-old Tg8a and Tg8b cardio-
myocytes were, with less abundant, disarrayed transverse tubules (T-tubules) compared with those of WT
hearts (Figure 4, A-E). Tg8a cardiomyocytes were 42% longer and 27% thinner than WT littermates and
contained 68% less organized T-tubules, as determined through T-tubular power spectrum analysis (33).
The decrease in T-tubule organization is sufficient to explain the Ca?" handling defects, as T-tubules are
critical for efficient Ca?*-induced Ca?* release and excitation-contraction coupling. Tg8b cardiomyocytes
were also longer (55%) but not thinner, with a 32% reduction in T-tubule regularity. Cdk8 overexpression

https://doi.org/10.1172/jci.insight.92476 6
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Figure 4. Structural analyses reveal that cardiomyocytes from Cdk8-transgenic mice are considerably eccentric, with abnormal T-tubules, sarcomeres,
and mitochondria.(A-E) Eccentric cardiomyocytes with disorganized T-tubules constitute Cdk8-transgenic hearts. (A) Representative confocal micro-
graphs of left ventricular epicardia from 4-week-old WT, Tg8a, and Tg8b animals imaged with the fluorescent membrane dye FM-4-64. Images below are
enlarged views of boxed areas on top row. Punctate domains of FM-4-64 staining on myocyte membrane mark T-tubular invaginations. Scale bar: 50 pm.
(B-E) Summary box plots of myocyte length (B), width (C), length-width ratios (D), and T-tubular integrity analysis (E) of WT (gray), Tg8a (magenta), and
Tg8b (cyan) hearts. *P < 0.001; vs. age-matched WT; 5P < 0.001 vs. age-matched Tg8a, 1-way ANOVA with Tukey’s multiple comparisons test, n = 30-50
images from 3-5 hearts. The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length
of the box represents the interquartile range. (F) Representative electron micrographs of 3-week-old WT and Tg8a littermate ventricular tissue. Com-
pared with WT, Tg8a sarcomeres lacked discernible M-lines (M) between adjacent Z-lines (Z). Scale bar: 2 um. (G) Summary box plot analyses of electron
micrographs from WT (black) and Tg8a (magenta) ventricles measuring mitochondrial mean density, area, and minor/major axis ration for roundness. The
box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the inter-
quartile range. Individual mitochondrial were traced and measured using Image). *P < 0.05, t test, n = 3 hearts, > 1,600 mitochondria from 9-11 images.
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appears to block the development of T-tubules, as we previously determined that the T-tubular system with-
in cardiomyocytes matures by 3 weeks of age (34). Similar myocyte shape was evident in 8- to 9-week-old
hearts from both transgenic lines, suggesting that the eccentric myocyte morphology is established prior to
myocyte maturation and is maintained indefinitely. Both the myocyte-length-to-width ratio and the degree
of T-tubular disorganization correlates with life expectancy of the two Cdk8-transgenic lines (compare
Figure 1F and Figure 4, D and E).

We next examined cardiomyocyte ultrastructure in 3-week-old ventricle sections by electron microsco-
py to see if additional structural changes are apparent before the onset of DCM. As can be seen in the rep-
resentative electron micrographs (Figure 4F), Tg8a myocytes contained disordered sarcomeres with irregu-
lar Z-lines and absent M-lines. Mitochondria in these hearts appeared to be intact, showing little evidence
of mitophagy or membrane rupture. Quantitative analysis showed a significant reduction in mitochondrial
roundness, with a trend for decreased area and density (Figure 4G). The mitochondrial-to-nuclear-DNA
content ratio did not change (D.D. Hall, unpublished observations), arguing against a potential defect in
mitochondrial replicative capacity.

https://doi.org/10.1172/jci.insight.92476 7
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MAPK signaling is normal in Cdk8-overexpressing eccentric myocytes. Ectopic Cdk8 expression allows us to
examine the molecular mechanisms that alter cardiomyocyte structure and function and induce future dis-
ease. Because Cdk8-transgenic cardiomyocytes are elongated, with substantial structural and Ca?" handling
defects prior to degenerating into DCM and HF, we hypothesize that eccentric cardiomyocytes found in
the latter stages of HF and typical within DCM may drive pathology. We first assessed potential changes
in MAPK signaling, as the balance between Erk1/2 versus Erk5 MAPK signaling is regarded as a critical
effector in determining cardiomyocyte axial versus concentric growth, respectively (17). We used immu-
noblotting and immunocapillary electrophoresis to monitor MAPK protein levels, activation status, and
subcellular localization in WT and Cdk8-transgenic heart lysates from 3-week-old animals. Total levels of
Erk5, which induces axial growth (17), were significantly increased Tg8b, but not Tg8a, ventricles (Figure
5, A and B), arguing against an essential role for Erk5 in promoting eccentricity in this model. Erk2, which
promotes concentric growth with Erk1 (16), is increased in Tg8a, but not in Tg8b, hearts (Figure 5, C-E).

Relative phosphorylation levels of MAPKSs were unchanged except for a decrease in Tg8b ventricles for
the stress-responsive p38 MAPK. Changes in MAPK signaling were relatively small compared with expres-
sion and phosphorylation changes that occur in the first 3 weeks of normal postnatal cardiac development
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.92476DS1). Activation of MAPKSs triggers their translocation into the nucleus to regulate gene
expression. We fractionated WT and Tg8a ventricles to test whether Cdk8 increases the nuclear retention
of MAPKs as a potential mechanism underlying the eccentric phenotype. Probing cardiomyocyte fractions
with antibodies against Gapdh and RNA Pol-IT demonstrated distinct enrichment of cytosolic and nuclear
proteins, respectively (Figure 5, F and G). We did not detect a difference in the nuclear-to-cytoplasmic
ratio between WT and Tg8a hearts for any of the MAPKSs tested. Cdk8-transgenic hearts do not, therefore,
appear to rely solely on MAPK kinase signaling to induce eccentric growth. Since Cdks and MAPKs are
both proline-directed serine/threonine (Ser/Thr-Pro) protein kinases, we looked for evidence that Cdk8
might substitute for MAPK activity in Cdk8-transgenic cardiomyocytes. Given a 10-fold increase in Cdk8
from forced expression (Figure 1, D and E), we detected a comparably modest 50%—70% increase in Ser/
Thr-Pro phosphorylated protein levels in Cdk8-transgenic total lysates that is well within the normal phys-
iological range observed during postnatal development (Supplemental Figure 2). Furthermore, we did not
see an increase in relative phosphorylated Smad?2 or Statl, two validated Cdk8 targets (35-37).

Cdk8 overexpression reprograms sarcomeric gene expression and downregulates mitochondrial-related metabolic
transcripts. As part of the Mediator transcription cofactor complex, the function of CdkS8 is to regulate gene
expression. We therefore employed RNA sequencing (RNA-seq) to reveal critical genes and pathways con-
tributing to the abnormal cardiomyocyte morphology and pathology driving HF from Cdk8 overexpres-
sion. Not unexpectedly, RNA-seq results from 3-week-old ventricular samples before the manifestation of
cardiac dysfunction showed a large number of differentially regulated genes (1,997 downregulated, 1,443
upregulated genes, false discovery rate < 0.05; Figure 6A and Supplemental Table 1). We applied an expres-
sion threshold of 1.5-fold change (dotted lines in Figure 6A and Supplemental Table 2) to predict the most
likely altered pathways in silico. KEGG pathway analysis of these 732 upregulated and 428 downregulated
genes revealed an extraordinary downregulation of mitochondrial-related metabolic pathways, including
oxidative metabolism, TCA cycle, and fatty acid metabolism as well as cardiac muscle contraction (Figure
6B and Supplemental Tables 3 and 4). Ingenuity pathway analysis used to identify likely altered biological
processes further suggests that Cdk8-transgenic hearts may have an increase in cytoskeletal and microtu-
bule dynamics and glucose metabolism dysfunction, with a decrease in fatty acid oxidation and cardiac
contraction (Figure 6C and Supplemental Table 5).

A large proportion of the most differentially upregulated genes on the RNA-seq scatterplot are myofila-
ment isoforms typically expressed in smooth muscle, skeletal muscle, or the developing myocardium. Con-
comitantly, adult cardiomyocyte myofilament isoforms were downregulated. To validate these observations
and determine whether Tg8b hearts had a similar gene expression profile, qRT-PCR was used to assess the
expression of a subset of myofilament genes (Figure 6D). Three-week-old Tg8b ventricles had a similar
downregulation of adult contractile genes (Myl2, Tnnt2, and Tnni3) and upregulation of nonadult cardiac
isoforms (Myl4, Tnntl, and Tnnil) as age-matched Tg8a ventricles. In addition, genes responsible for proper
sarcomeric organization (Zcap, MyomZ2, and Myoz2) were downregulated in both transgenic lines. We also
confirmed decreased expression of metabolic genes selected from the different electron transport complex-
es (Ndufb7, Sdhb, Cox5b, and Atp5gIl), TCA cycle (Cs and Idh2), glycolysis (Pfkm), and fatty acid oxidation

https://doi.org/10.1172/jci.insight.92476 8
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Figure 5. Evaluation of MAPK signaling in Cdk8-transgenic hearts. Discordant differences in MAPK protein levels and activation between Cdk8-trans-
genic lines fail to explain the eccentric cardiomyocyte morphology and dilated phenotype from Cdk8 overexpression. (A and B) Example immunoblot

(A) and summary data (B) of total and phosphorylated Erk5 levels normalized to Coomassie stain in 3-week-old WT (gray), Tg8a (magenta), and Tg8b
(cyan) ventricular lysates. *P < 0.05 vs. WT, 1-way ANOVA with Tukey's multiple comparisons test, n = 4-8 from 2-3 experiments. (C-E) Example capillary
electrophoresis electropherograms (C) and lane views (D), with summary quantification (E) of total and phosphorylated/total MAPK levels in 3-week-old
WT, Tg8a, and Tg8b ventricular lysates. *P < 0.05 vs. WT, 1-way ANOVA with Tukey’s multiple comparisons test, n = 3-5 from 2-3 experiments. (F and G)
Capillary electrophoresis lane views (F) and summary data (G) of fractionated ventricular samples from 3-week-old WT and Tg8a hearts. Gapdh and RNA
Pol-Il indicate cytosolic and nuclear fractionation efficiencies, respectively. No significant differences between WT and Tg8a. Two-way ANOVA with Sidak’s
multiple comparisons test, n = 4-6 from 2-3 experiments.
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(Aesl and Cpt2b) in both transgenic lines (Figure 6E). The expression level of these genes approximated
the fold change in RNA-seq results (Figure 6, D and E, dashed magenta lines) and their patterns remained
comparable to failing hearts from 15-week-old Tg8a mice. The increase in embryonic cytoskeletal isoforms
and decrease in oxidative metabolic genes suggests that Cdk8 overexpression blunts postnatal cardiac devel-
opment. Immunoblotting of heart lysates for isoforms of troponin-I (Tn-I) confirmed persistent expression
of fetal Tn-I at the expense of adult Tn-I in Tg8a lysates (Figure 7, A and B). Electron transport chain
complex-II was reduced in transgenic hearts by P21, with other complexes expressed at levels comparable
to WT hearts (Figure 7, A and C).

Transcriptional and posttranscriptional modulation of TFs. We performed additional in silico analyses of
our RNA-seq data set to identify perturbations in upstream TFs. Ingenuity pathway analysis for inhibited
upstream transcriptional regulators was enriched for a number of TFs implicated in differentiation (KIf15,
Gtf2ird1, Nr4a3, and Foxo3) and mitochondrial function (Pgcl, Ppar, and Esrr family members) (Figure
8A and Supplemental Table 6). Ppars have long been known to induce metabolic genes that function within
mitochondria. Esrrs contribute to the expression of nuclear encoded mitochondrial gene expression and
have been found to be functionally relevant in the postnatal mitochondrial biogenesis in the heart (8, 38).
The Erro-binding motif TGACCTY was highly enriched in downregulated gene promoters, while motifs
for Tcf3 and Lefl, among others, were enriched in both upregulated and downregulated promoters (Figure
8B and Supplemental Tables 7 and 8). Tcf3 is predicted to bind Actal, Tnni2, Ppara, Ppargcla, and Ppargclb
promoters, while Lefl may regulate Ppargcla and Tcap promoters. We found that several of these candidate
regulators were themselves significantly downregulated within our RNA-seq data set (Ppargcla, 0.47 Tg8a-
to-WT ratio; Ppara, 0.66 Tg8a-to-WT ratio; Ppard, 0.67 Tg8a-to-WT ratio; Esrra, 0.69 Tg8a-to-WT ratio)
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Figure 6. RNA analysis indicates that cardiac-specific Cdk8 expression promotes myofilament isoform switching and downregulation of mitochondrial-
related metabolic pathways. (A) Scatter plot of RNA sequencing (RNA-seq) expression values of significant differentially regulated ventricular RNAs
(false discovery rate < 0.05) with greater than 5 fragments per kilobase per million reads (FPKM) from 3-week-old WT and Tg8a littermates (n = 5). An
additional cutoff of 1.5-fold upregulated and downregulated genes is marked by dashed lines (red, upregulated >1.5-fold; light red, upregulated <1.5-fold;
light blue, downregulated <1.5-fold; blue, downregulated >1.5-fold). Select myofilament and metabolic genes are designated. (B) Top 10 hits from KEGG
pathway enrichment analyses of RNA-seq results. Significantly upregulated (red) and downregulated (blue) gene sets >1.5-fold change) were analyzed
separately via the WebGestalt online tool. “Metabolic pathways” is the only top 10 category enriched in both sets. (C) Top predicted annotations for
diseases and functions ranked by Z-score by Ingenuity Pathway Analysis (IPA) for all significant differentially expressed genes (>1.5-fold up/downregulat-
ed). (D and E) Quantitative reverse transcriptase PCR of differentially expressed sarcomeric (D) and metabolic (E) genes identified by RNA-seq analysis.
Changes in expression were validated in independent 3-week-old (filled symbols) WT (gray), Tg8a (magenta), and Tg8b (cyan) ventricular samples and
compared with 15-week-old (white symbols) WT and failing Tg8a hearts. *P < 0.05 vs. 3-week WT; P < 0.05 3-week vs. 15-week Tg8a; *P < 0.05 15-week
WT vs. 15-week Tg8a; 1-way ANOVA with Tukey’s multiple comparisons test; n = 3-4 performed in triplicate. Dashed magenta line represents the fold
change (Tg8a vs. WT) from RNA-seq results.

and confirmed their expression by qRT-PCR (Figure 8C).

Although the protein levels of these TFs were regulated during postnatal cardiac development, Cdk8
overexpression did not further regulate their abundance, with an exception for a reduction of Erry at P7
(Figure 8, D and E) and an insignificant trend for increased Tcf3. The transcriptional output from upstream
TFs in transgenic hearts could be regulated through their cytosolic retention. Indeed, overexpressed Cdk8

insight.jci.org  https://doi.org/10.1172/jci.insight.92476 10
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Figure 7. Cdk8 overexpression blunts the transition of fetal to adult troponin-1 isoforms during postnatal development. Example immunoblots (A) and
summary data (B and C) of developmental ventricular lysates from WT (gray) and Tg8a (magenta) hearts probed for troponin-1 isoforms (Tn-1) (B) and oxi-
dative phosphorylation (OxPhos) complex subunits (C). Hearts were harvested during cardiac development from E18 through P21. The protein expression of
Tn-1 isoforms in Cdk8-transgenic hearts correlates well with their mRNA expression (Tnni1 and Tnni3, see Figure 6), with persistent expression of the lower
migrating fetal Tn-1 isoform and a decreased level of the larger adult Tn-1 isoform compared with WT hearts. The expression of OxPhos complex Il is also
blunted in transgenic hearts at P21. *P < 0.05 vs. WT P21, 1-way ANOVA with Tukey’s multiple comparisons test, n = 4-10 from 2-4 experiments.
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was prevalent in both cytosolic and nuclear compartments (Figure 8, F and G), raising the possibility that
cytoplasmic Cdk8 could inhibit the shuttling of factors into the nucleus. A similar distribution was revealed
for endogenous Cdk8 when WT fractions were immunoblotted independently from overexpressed fractions
(see also Supplemental Figure 2). Nuclear accumulation of full-length Pgcl and a smaller, potentially pro-
teolyzed species not present in WT fractions, were increased, rather than decreased, in Tg8a samples. Erra,
on the other hand, remained exclusively nuclear. Taken together, cardiomyocytes from young Cdk8-trans-
genic animals appear to induce axial growth by reprogramming gene expression that results in reduced con-
tractility, disrupted sarcomeric organization and mitochondrial dysfunction. We propose that this sustained
altered expression pattern is sufficient to culminate in eccentric cardiomyopathy and HF.

Discussion
Widespread changes in cardiac gene expression occur during HF from prolonged pathological insults. In
failing human hearts, we found increased expression of Cdk8, a Mediator kinase subunit known to facil-
itate the coupling of Mediator-bound upstream-activating sequences with RNA Pol-II-dependent gene
expression. By overexpressing Cdk$ in murine hearts, we established a unique model of DCM in which
3-week-old hearts differentially expressed approximately 3,400 genes and consisted of cardiomyocytes
with considerable T-tubule disorganization and dysfunctional Ca?* handling. These changes are in place
before the manifestation of systolic and diastolic dysfunction. Two independently derived Cdk§-transgenic
lines exhibited progressive eccentric cardiac hypertrophy and succumbed prematurely to HF. Ectopic Cdk$
expression appears to inhibit postnatal cardiac development by maintaining embryonic myofilament genes
with concurrent downregulation of adult sarcomeric, oxidative phosphorylation, and FA oxidation genes.
Our work is consistent with the notion that Cdk8 activity is an early determinant in establishing devel-
opmental, metabolic, and structural gene expression changes that are characteristic of advanced dilatation
through inhibition of Mediator-dependent transcription. As Mediator function is closely associated with
energy utilization and homeostasis (22, 24, 39-41), it is not entirely unexpected that overexpression of
Cdka8 results in a large enrichment of downregulated mitochondrial-based metabolic genes and pathways
(Figures 6 and 7). In fact, we see considerable overlap between the RNA-seq results presented here (885 of
1,160 genes expressed >1.5-fold, 1 = 0.61) and those from cardiac deletion of the core Mediator subunit
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Figure 8. Transcription factors that determine mitochondrial function and development are predicted to be regulated from Cdk8 overexpression. (A)
Top upstream transcription factors (TFs) predicted to be inhibited in Tg8a hearts. Differentially expressed genes from RNA-seq data with >1.5-fold up/
downregulation were analyzed for upstream regulators using Ingenuity Pathway Analysis (IPA) software. (B) Enriched TF-binding motifs identified in

the promoters of >1.5-fold upregulated (red) and >1.5-fold downregulated (blue) differentially expressed genes from RNA-seq results, as analyzed by the
WebGestalt online tool. TFs binding to motifs are in parentheses. (C) Quantitative reverse transcriptase PCR of TFs identified in A and known to regulate
metabolic gene expression of RNA isolated from 3-week-old (filled symbols) and 15-week-old (white symbols) WT (gray) and Tg8a (magenta) ventricles.
*P < 0.05, ANOVA, n = 3-4 performed in triplicate. Dashed magenta line represents fold change (Tg8a vs. WT) from RNA-seq results. (D and E) Represen-
tative immunoblots (D) and summary data (E) of TF expression in ventricular lysates from E18 through P21 WT and Tg8a hearts. Bands were normalized to
total protein stain (Coomassie). *P < 0.05, 1-way ANOVA with Tukey's multiple comparisons test, n = 4 per group. (F and G) Immunoblots (F) and summary
data (G) of cellular fractionation experiments of P21 WT (gray) and Tg8a (magenta) ventricles examining whether overexpressed Cdk8 alters the subcellular
localization of TFs. A separate immunoblot containing only WT samples was probed for Cdk8 (WT only) to show endogenous Cdk8 localization. Gapdh and
RNA Pol-II reflect the relative enrichment efficiencies of cytoplasmic and nuclear proteins, respectively. *P < 0.05, 1-way ANOVA, n = 3.

Medl (Med1cKO) that we recently reported (24). It is intriguing that 94% of the shared genes between
presymptomatic Cdk8-transgenic and advanced dilated Med1cKO ventricles have the same directional-
ity in terms of upregulation or downregulation. The Cdk8-transgenic expression profile also overlaps
well with those of isolated cardiomyocytes from hearts undergoing DCM and HF due to a phosphol-
amban mutation (PLN®*/*) but not PLN®“/* myocytes prior to DCM or cardiac fibroblasts (42) (D.D.
Hall, unpublished observations). The Cdk8-transgenic, Med1cKO, and diseased PLN**“’* data sets share
overlapping KEGG pathway annotations and predicted upstream regulators, including disrupted meta-
bolic pathways, oxidative phosphorylation, TCA cycle, fatty acid metabolism, and cardiac muscle con-
traction from inhibited Ppar, Pgcl, Err, and Mef2 TF activity. Given these parallels, the increase in Cdk8
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expression we detected in human DCM explants (Figure 1A) suggests that Cdk8 is driving pathology,
rather than acting in a compensatory role.

Recent reports in yeast demonstrate that Mediator kinase activity and subsequent dissociation of its
kinase submodule is required for Mediator release from TF-bound enhancers to trigger transcriptional ini-
tiation at proximal promoters (20, 21). We were somewhat surprised that Cdk8-transgenic lysates showed
relatively little increase in total phosphorylation and no discernible difference in the ratio of phosphor-
ylated to total levels of known Cdk8 targets Smad2 or Statl. It is apparent that Cdk8 kinase activity in
transgenic hearts either contributes a small fraction of the available Ser/Thr-Pro phosphorylation sites
or is otherwise constrained. Along these lines, endogenous levels of cyclin C and/or Med12 (43, 44) may
be insufficient to fully activate all of the overexpressed kinase. Structural analysis suggests that the kinase
submodule and RNA Pol-II interactions with core Mediator are mutually exclusive (45). In this context,
excess amounts of Cdk8 could block Mediator release from enhancers and/or reduce its interaction with
RNA Pol-II. It will be the goal of future experiments to determine exactly how Cdk8 and its kinase activity
regulate cardiac gene expression under normal and pathological conditions.

One of the more striking observations we made was that cardiomyocytes from young Cdk8-transgenic
animals prior to the development of DCM are already substantially elongated with immature T-tubule
organization (Figure 4A). Eccentric growth at the cellular level is conceptually coupled with DCM and pro-
gression into HF at the organ level (46) and was shown to depend on MAPK activity (16, 17, 47). It has not
been clearly established, however, whether elongation and thinning of cardiomyocytes initiate or culminate
from disease. Our model of Cdk8 overexpression contributes temporal and transcriptional components to
this correlation in that in vivo cardiomyocyte elongation and a transcript profile typical of late-stage HF
(discussed below) precede the development of DCM. Although Erk1/2 activity determines radial cardio-
myocyte growth and Erk5 activity acts to induce axial growth, we did not observe major changes in MAPK
expression levels, activation status, or subcellular localization. In addition, no component of the MAPK
signaling cascade was changed more than 1.5-fold at the RNA level in Tg8a ventricles. We cannot rule out
possible subtle contributions from MAPK activity, as we saw an increase in total Erk5 and a decrease in
phospho-p38 in Tg8b ventricular lysates and, counterintuitively, an increase in Erk2 in Tg8a lysates.

The decreased abundance and organization of T-tubules within cardiomyocytes of Tg8a and Tg8b
epicardia at between 3- and 9-weeks of age indicate that Cdk8 overexpression inhibits the maturation of
T-tubules that is normally established by 20 days of age (34). A reduced or disorganized T-tubule network
is common in rodent models of heart disease and in human hearts from patients with HCM, DCM, and
ischemic HF (reviewed in ref. 48). As T-tubules are critical for efficient Ca?*-induced Ca?* release respon-
sible for excitation-contraction coupling, the abnormal Ca?* dynamics we found for Tg8a hearts may be
due to the primary defects in T-tubule formation. We previously reported that T-tubular degeneration is a
predictor of cardiac decline that begins prior to a reduction in EF and continues to diminish as hearts pro-
gressed into advanced HF (49, 50). The progressive decline in cardiac function within Cdk8-Tg8a animals
and the shorter lifespan of Tg8a mice compared with Tg8b is consistent with this hypothesis.

Our RNA-seq data pointed to significant changes in sarcomere-associated transcripts that undoubted-
ly affect contractility. We found greater enrichment of differentially expressed genes in structural genes,
including reductions in T-tubule factors Dysf, Trim72, Obscn, Trdn, and Tcap, than for Ca**-handling or ion
channel pathway genes (Figure 6). Reexpression of embryonically expressed myosins, actins, and troponins
is common in failing hearts, and forced expression of these isoforms in mature cardiomyocytes generally
perturbs contractility (51). The majority of heritable HCM and DCM cases are due to mutations within sar-
comeric genes that affect cardiomyocyte sarcomeric organization, contractile properties, and/or Ca?* sensi-
tivity. Many of the most significantly upregulated genes from our RNA-seq data were sarcomeric genes that
were not highly expressed in the adult myocardium (e.g., Myh7, Myl4, Tnnil, Tnntl), while their respective
adult paralogs (e.g., Myh6, Myl2, Tnni3, Tnnt2) and genes encoding interacting partners of myofilament
proteins (e.g., Tcap, Myom2, Myoz2) were downregulated (Figure 2D and Figure 6A), resulting in sarcomer-
ic ultrastructure abnormalities (Figure 4F). Both male and female Tg8a mice developed progressive cardiac
dysfunction and succumbed to Cdk8 overexpression at the same age (Figure 1E). While the RNA-seq data
were derived from male hearts, subsequent qRT-PCR and immunoblotting results were derived from both
male and female Tg8a and Tg8b samples and did not readily show sex differences.

Although not assessed in this study, we anticipate individual Cdk8-transgenic myocytes will have
decreased contractility. Davis and colleagues (52) recently developed a tension-based model to reliably
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predict whether a given sarcomeric gene mutation would lead to HCM or DCM based on its effects on
myofilament tension over time. Mutations that decrease sarcomeric work efficiency result in dilatation,
while mutations that increase the tension-time integral promote concentric hypertrophy. Since Cdk8-trans-
genic cardiomyocytes reexpress fetal myofilament genes, have compromised sarcomeric structure, exhibit
systolic and diastolic dysfunction, and eventually dilate, it would be interesting to study whether the ten-
sion-based model would predict DCM if applied to our animals. A primary defect in transcriptional regula-
tion, as occurs from Cdk8 overexpression, may impart as much predictive power for pathology as a primary
sarcomeric defect and suggests that a bidirectional coupling exists between cytosolic and nuclear events. As
discussed above, failing cardiomyocytes with the PLN*“/* mutation shared considerable expression over-
lap with Cdk8-transgenic samples. Humans with this mutation develop DCM, and patient-derived iPSC
cardiomyocytes have a negative tension-time integral consistent with other DCM-causing mutations (52).

In summary, we provide temporal and transcriptional insight into the development of DCM and HF.
The induction of the Cdk8 Mediator kinase subunit reprograms structural gene expression involved in myo-
filament and T-tubular constitution, while downregulating postnatal metabolic transcripts. Before significant
cardiac dysfunction becomes detectable, cardiomyocytes dramatically elongate, T-tubules fail to adequately
mature, and Ca** handling becomes compromised. These characteristics of HF physiology appear to be suf-
ficient to lead the heart down the road toward ventricular chamber dilatation and eventual death.

Methods

Human explanted heart samples. Human explanted heart samples were collected as part of the Human
Explanted Heart Program at the Mazankowski Alberta Heart Institute and the Human Organ Procure-
ment and Exchange program at the University of Alberta Hospital. Explanted hearts with DCM (n = 3; 2
female/1 male; age = 35-60 years; EF = 33.8% + 2.4%) and nonfailing control hearts (z = 3; 1 female/2
male; age = 27-68 years; EF =50%) were used. Our protocol enables dissection and the snap freezing of
tissues in liquid nitrogen within 15 minutes of explantation.

Animals. Cardiomyocyte-specific Cdk§-overexpressing mice were generated by the University of Iowa
Genome Editing Facility by pronuclear injection into B6 x SJL F, eggs. The coding region of Cdk8 (NCBI
accession NM_001260) with a C-terminal FLAG tag is driven by the mouse Myh6 promoter and termi-
nates with the human GHI (hGH) poly-A sequence. Founders were identified by genotyping with primers
specific for the hGH polyA sequence (forward, 5'-GTCTATTCGGGAACCAAGCTGGAGT-3'; reverse,
5-AACAGGCATCTACTGAGTGGACCCAA-3") and backcrossed to C57BL/6 mice (Charles River Lab-
oratories, strain code 027) for at least 4 generations for all studies. Mice were fed standard chow and given
water ad libitum. Unless otherwise stated, at least 3 transgenic and 3 WT littermate mice were used for all
experiments. Similar results were obtained between male and female animals unless otherwise stated.

Tissue processing and immunoblotting. Hearts were harvested and rinsed with PBS. Ventricles were dis-
sected from atria, flash frozen, and kept at —80°C until processing for total protein. Ventricular tissue was
pulverized with a Bessman tissue pulverizer (Spectrum Labs) and homogenized in RIPA buffer (25 mM
Tris-HCI pH 7.6, 150 mM NacCl, 1% NP-40, 1% Na-deoxycholate, 0.1% SDS; Thermo Fisher Scientif-
ic) containing cOmplete Mini protease inhibitors (Roche) and PhosSTOP phosphatase inhibitors (Roche)
using a Potter-Elvehjem tissue grinder (Kontes). Samples were sonicated on ice for 10 seconds with an
ultrasonic liquid processor (Qsonica) and centrifuged at 20,000 g at 4°C to pellet insoluble debris. The
NE-PER nuclear and cytoplasmic extraction kit (Thermo Fisher Scientific) was used for cellular fraction-
ation experiments according to the manufacturer’s directions using freshly isolated ventricles (~100 mg).
Protein concentrations were determined by the bicinchoninic acid assay method (Thermo Fisher Scientif-
ic). Samples were separate for immunodetection using standard sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) or by capillary electrophoresis. For SDS-PAGE, 10 pg lysate per lane was
separated on 4%—-20% Tris-glycine SDS gels (Bio-Rad Laboratories) and transferred to 0.45 um polyvinyl
difluoride membranes (EMD Millipore). Membranes were blocked in blocking buffer (10 mM Tris-HCL
pH7.4, 150 mM NacCl, 0.05% Tween-20, 3% BSA, or 5% nonfat dry milk), incubated in blocking buffer
with primary antibodies overnight at 4°C, washed, and incubated with HRP-linked secondary antibodies
(Jackson ImmunoResearch) for 1 to 2 hours at room temperature. Antibodies were obtained from Cell Sig-
naling Technology for Cdk8 (catalog 4101), Erk1/2 (catalog 4695), phospho-Erk1/2 (catalog 4370), Erk5
(catalog 12590), phospho-Erk5 (catalog 3371), Gapdh (catalog 2118), Med12 (catalog 4529), phospho-Ser-
Pro (catalog 2325), phospho-ThrPro (catalog 9391), p38 (catalog 8690), phospho p38 (catalog 4511), RNA
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Pol-1I (catalog 2629), Smad2 (catalog 5339), Statl (catalog 9172), Stat3 (catalog 9139), and Tcf3 (catalog
2883); from Santa Cruz Biotechnology for Cdk8 (catalog sc-1521), Erro (catalog sc-32972), Erry (catalog
sc-66883), Pgcl (catalog sc-13067), and phospho-Smad?2 (sc-135644); from Sigma-Aldrich for FLAG (cata-
log F1804); from Fisher Scientific for OxPhos complexes (catalog MS604); from EMD Millipore for phos-
pho-Statl (catalog 07-714); and from the University of Iowa Developmental Studies Hybridoma Bank for
Troponin-I (TI-4). Blots were developed with ECL or ECL-Prime reagent (GE Healthcare) using chemilu-
minescent-sensitive X-ray film (Fisher Scientific). Films were scanned using an Epson Perfection V600 flat-
bed scanner, and signals were quantified using ImageJ (NIH). Similar results were observed for both male
and female lysates within a given genotype (see complete unedited blots in the supplemental material).

Immunodetection by capillary electrophoresis. For sensitive quantitative analysis of protein levels, capil-
lary electrophoresis and immunodetection was performed using a Wes Simple Western System (Protein
Simple). Ventricular lysates from both male and female mice were processed as above and further pre-
pared using components of the Wes 12-230 kDa 25-capillary Master Kit (Protein Simple) according to the
manufacturer’s directions. Lysates were diluted to 0.2 mg/ml in 0.1x sample buffer supplemented with
fluorescently labeled standard markers, heated to 95°C for 5 minutes, and chilled to 4°C in a PCR machine.
Primary antibodies were diluted 1:25 to 1:50 in antibody diluent II buffer. Prefilled microplates were loaded
with biotinylated protein ladder reference, sample lysates, primary and secondary antibodies, luminol/
peroxide reagent, and wash buffers and centrifuged at 1,000 g for 5 minutes. Microplates and capillary
cartridges were placed into the Wes Simple Western system for electrophoresis, detection, and analysis
using Compass software (Protein Simple, version 2.7.1) with default settings (load times: 200 seconds sep-
aration matrix, 15 seconds stacking matrix, 9 seconds sample; 375 V separation voltage, 4-second standard
exposure time, 200-second EE immobilization time, 230-second matrix removal time, 3 matrix washes
with 150-second soak and wash times, 5-minute antibody diluent time, 30-minutes primary and secondary
antibody incubations, with 2 washes of 150 seconds for primary and 1 wash of 150 seconds for secondary).
Luminescence was detected with exposures of 5, 15, 30, 60, 120, 240, and 480 seconds. Postrun monitoring
ensured fluorescent standards separated similarly and assigned correctly for all capillaries. Exposures were
surveyed for evidence of saturation and/or reagent depletion. Multiimage analysis was used for quantifi-
cation of peaks, except in the case of strong signals, in which shorter exposures were used prior to reagent
depletion. For data presentation, luminescence was plotted as electropherograms or as lane views that pres-
ent data similar to that of traditional Western blotting. Immunoreactive bands typically migrated with an
apparent molecular weight approximately 10% larger than those for traditional immunoblotting analysis.
Peaks in the electropherograms were fitted and quantified using the Gaussian fit option and analyzed in
Prism (GraphPad Software, v7). Similar results were observed for both male and female lysates within a
given genotype (see complete unedited blots in the supplemental material).

Histology. For histological staining, whole hearts were isolated, rinsed in PBS, and fixed in 10% forma-
lin. After 30 minutes, hearts were cut in half, digitally scanned using a flatbed scanner, and placed into fresh
formalin prior to paraffin embedment. Sections (5 um) were cut and stained with hematoxylin and eosin
and Masson’s trichrome. All staining was performed in at least 3 hearts/group, with 3 or more sections/
heart. For transient electron microscopy, hearts were fixed in glutaraldehyde and diced into approximately
1-mm?® pieces. Ultrastructural examination of left ventricular tissue fixed with osmium tetroxide/uranyl
acetate staining (90 nm) was performed with a Jeol electron microscope (JEM-1230) at x1,500-x30,000
direct magnification (Jeol USA Inc.) by the University of Iowa Central Microscopy Core Facility. Individu-
al mitochondria were traced manually in a blinded fashion within ImageJ and quantified using the Measure
Particles function for number, size parameters, and density.

Echocardiography and ECG. Cardiac function was evaluated at the University of Iowa Cardiology ani-
mal phenotyping core laboratory. Left-sided chest hair was removed, and male and female mice were mild-
ly sedated with Midazolam (5 mg/kg, sq). Parasternal long- and short-axis views were obtained using a
high-frequency echocardiography (30 MHz) linear array transducer (Vevo 2100, Visual Sonics). Measure-
ments performed were performed in a blinded manner with respect to age and genotype. For ECG, record-
ings (LabChart 8 software, ADInstruments) were taken serially at between 3 and 14 weeks of age of female
mice under anesthesia using a Vetamac VAD Compact II Isoflurane respirator. ECG traces were quantified
my measuring R-R and P-R interval, QRS width, and T wave amplitude from baseline and analyzed with
Prism (GraphPad Software, v7).

In situ confocal imaging of intact hearts. Imaging of intact hearts was performed as previously described
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Table 2. Primers used for qRT-PCR

Gene
Acsl1
Actal
Actb
Atp5g1
Cdk8
Cox5b
Cpt2

Cs
Esrra
Esrrg
Idh2
Myh6
Myh7
Myl2
Myl4
Myom2
Myoz2
Ndufb7
Nppa
Nppb
Pfkm
Ppara
Ppargcla
Ppargcib
Rpl711
Sdhb
Tcap
Tnnil
Tnni3
Tnnt1
Tnnt2

CTCTTCTGCCTCTCGTTCCAT
AGCTCATTTTGGGGGCTACC
AACATCATGCACTTTGGAGGGT

TCTGCCAACTACCGAGCCTAT
CGGAGTTTCATCTCCCGACC
GGCCTTCTCTCTCAGTTGGT

Forward primer (5'-3) Reverse primer (5'-3') Reference
AAAGATGGCTGGTTACACACG CGATAATCTTCAAGGTGCCATT
CGACATCAGGAAGGACCTGTATGCC AGCCTCGTCGTACTCCTGCTTGG 55
CGGTTCCGATGCCCTGAGGCTCTT CGTCACACTTCATGATGGAATTGA
CCAGAGGCCCCATCTAAGC CCCCAGAATGGCATAGGAGAAG
GACTATCAGCGTTCCAATCCAC TAGCTGAGTATCCCATGCTGC
GGAAGTGCATCTGCTTGTCTC TAGGGACACCACCTCCAGAA
CACAGCATCGTACCCACCAT TCCTTCCCAATGCCGTTCTC 24
CGGAACAAGGGCTCAGGAAT ATGAGAAGAAGGCCCCAAGC 24
CTCTACCCAAACGCCTCTGC GGACAGCTGTACTCGATGCT
ATGCTGAAAGAAGGGGTCCG TTCAGCCACCAACAAATGCG
TCAAGTCTTCCGGTGGCTTT ACAGATGTCATCAGGCCGAG
ACATTCTTCAGGATTCTCTG CTCCTTGTCATCAGGCAC 55
TTCCTTACTTGCTACCCTC CTTCTCAGACTTCCGCAG 56
ATGCTGACCACACAAGCAGA GGATGGAGAGTGGGCTGTG
GCCCAATCAGCCATCCTAAC CGGGTTTCTTGGGAGGCAT
CTGGCTCTTCTCCTTTGGGAAC CCAGGAGGTACCTGGTTTGGA
GCCCAAGTGCCGTCATATTC CATGCCGTCAACATCATGTCC
CCCGAGAAGATACCCAGCTT GGCATCCATCATCTCTTGTTG
CCAGGCCATATTGGAGCAAA GAAGCTGTTGCAGCCTAGTC 55
GCTGCTTTGGGCACAAGATAG GCAGCCAGGAGGTCTTCCTA 24
TTCCCCAAGGACAATCTGCAA TGACGGCAGCATTCATACCT
GTATCTCACCGGGAGGCGT AGATGGGGCTCTCTGTGTCC
GTAAATCTGCGGGATGATGG AGCAGGGTCAAAATCGTCTG 24
GCCTTCCCAGAACTGGATGAA TCAGAGCTTGCTGTTGGGGA 24
ACGGTGGAGCCTTATGTGAC TCCGTCAGAGGGACTGTCTT 54
CTGAATAAGTGCGGACCTATGG AGTATTGCCTCCGTTGATGTTC 8
CCGGAAGAGGGATGCTCCT CTGGTACGGCAGCTGGTATT
CACGAGGACTAAACTAGGCACTT CATGAGTTTACGGGAGGCAGT 8
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(34, 49). Briefly, male mice were heparinized (100 IU i.p.) and euthanized by pentobarbital (120 mg/kg,
i.p.). Hearts were Langendorff perfused at room temperature with Ca?*-free Tyrode’s solution (137 mmol/1
Na(l, 5.4 mmol/1 KCl, 10 mmol/1 HEPES, 10 mmol/1 glucose, 1 mmol/1 MgCl,, 0.33 mmol/1 NaH,PO,,
pH adjusted to 7.4 with NaOH, oxygenated with 95% O, and 5% CO, during experiments), containing 2.5
uM FM 4-64, a lipophilic fluorescence indicator of membrane structure (Invitrogen Inc.) for 20 minutes. The
hearts were placed in the perfusion chamber attached on the stage of a confocal microscope and perfused
with indicator free/Ca?*-free solution (with oxygenation). The membrane structure of ventricular epicardial
myocytes was analyzed in situ with a LSM510 confocal microscope (Carl Zeiss Microlmaging Inc.). The
microscope was equipped with x63 (NA = 1.4) oil immersion lens. The optical pinhole was set to 1 airy disc
(<1 um axial resolution) during confocal imaging. Images from 3 hearts/group, with at least 8 images/heart,
were acquired. Intact myocytes within images were analyzed in ImageJ by measuring the width at 3 posi-
tions along each myocyte and its length. Average widths were divided by length to determine length/width
ratios and analyzed with GraphPad Prism. T-tubule power analysis was performed as previously described
with Interactive Data Language (IDL) (49). For Ca?* imaging experiments, excised hearts were perfused with
Rhod-2 AM (10 mM, AAT Bioquest) containing Kreb-Henseleit solution (120 mM NaCl, 24 mM NaHCO,,
11.1 mM glucose, 5.4 mM KCI, 1.8 mM CaCl,, 1 mM MgCl,, 0.42 mM KH,PO,, oxygenated with 95% O,
and 5% CO,) at room temperature for 40-60 minutes via retrograde Langendorff perfusion system. Hearts
were later transferred to another Langendorff apparatus (37°C) attached to the confocal microscope system
after Rhod-2 loading was completed. The hearts were placed onto a recording chamber for in situ confocal
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imaging (line scan) of Ca?* signals from epicardial myocytes under sinus rhythm. To avoid motion artefacts
in Ca?" imaging, blebbistatin (10 mM, Sigma-Aldrich) was added to the perfusion solution. The confocal
line scan images were acquired at a rate of 3.86 ms per line. Ca** transients were recorded either under
autonomous beating (elicited by electrical signals from sinoatrial node) or under electrical pacing at 8§ Hz
(by placing a platinum electrode onto the surface of atrium). Analysis of Ca?* imaging data was performed
offline using custom-compiled routines in IDL, as previously described (53).

RNA isolation and gRT-PCR. Ventricles from were flash frozen and pulverized with a Bessman tissue
pulverizer (Spectrum Labs) prior to homogenization. Total RNA was extracted in TRIzol reagent (Invitro-
gen) using a Potter-elvehjem tissue grinder (Kontes). Reverse transcription of cDNA was performed using
SuperScript IIT (Invitrogen) and random hexamers according to the manufacturer’s directions. For qRT-
PCR, 25 ng cDNA was used for each reaction with iTaq Universal SyberGreen reagent (Bio-Rad Laborato-
ries) using the QuantStudio 6 Flex system (Applied Biosystems). Sequences for the primers used are listed
in Table 2. Gene expression was analyzed using the AACT method, and relative expression was normalized
to Rpl7I1 (54). Similar results were obtained for ventricles from both male and female mice within a given
group based on age and genotype.

RNA-seq analysis. The University of Iowa Institute of Human Genetics, Genomics Division, generated
polyA-enriched stranded RNA libraries from RNA isolated from 5 male WT and 5 male Tg8a ventricles,
followed by RNA-seq using the Illumina HiSeq platform. Raw sequence reads were uploaded and ana-
lyzed with BaseSpace (Illumina) by aligning reads to the Mus musculus mm10 genome using the TopHat
Alignment app. Transcripts were assembled, and significant differentially expressed genes were determined
with the Cufflinks Assembly and DE app using a false discovery rate < 0.05. Data have been deposited
into GEO (accession GSE97027). Significantly differentially regulated gene lists with expression of >5
fragments per kilobase per million reads in either WT or Tg8a samples and >1.5-fold change in expression
were analyzed for biological function enrichment analysis, upstream regulator analysis, and network con-
nectivity with Ingenuity Pathway Analysis (QLIAGEN); enriched functional classification by gene ontology
analysis using Panther (http://pantherdb.org/); and enriched KEGG pathways and promoter TF-binding
sites using WebGestalt (web-based gene set analysis toolkit, http://www.webgestalt.org).

Statistics. Results are expressed as mean + SEM, except for those in Table 1, in which data are mean *
SD, and assumed normal distribution. GraphPad Prism7 (GraphPad Software Inc.) was used to perform
statistical analyses using an unpaired 2-tailed Student’s ¢ test to determine statistical significance of samples
where two groups were compared and 1-way or 2-way ANOVA analysis with appropriate post-hoc multiple
correction tests when three or more groups were compared. Outliers, when excluded, were first identified
in Prism using robust regression and outlier removal (ROUT, Q = 1). If not otherwise indicated in figure
legends, a P value of less than 0.05 was considered statistically significant.

Study approval. Human explanted heart samples were collected in accordance with University of Alberta
institutional guidelines and approved by the University of Alberta Health Research Ethics Board (study ID
Pro00011739). Written informed consent was obtained from all participants. The University of Iowa Insti-
tutional Animal Care and Use Committee approved all animal procedures (protocols 6011627, 5101529).
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