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ABSTRACT 35	

BACKGROUND: Cardiac hypertrophy is an intermediate stage in the development of heart 36	

failure (HF). The structural and functional processes occurring in cardiac hypertrophy include 37	

extensive gene reprogramming which is dependent on epigenetic regulation and chromatin 38	

remodelling. However, the chromatin remodelers and their regulatory functions involved in 39	

the pathogenesis of cardiac hypertrophy are not well characterized. 40	

 41	

METHODS: Protein interaction was determined by immunoprecipitation assay in primary 42	

cardiomyocytes and mouse cardiac samples subjected or not to transverse aortic constriction 43	

(TAC) for one week. Chromatin Immunoprecipitation and DNA sequencing (ChIP-seq) 44	

experiments were performed on the chromatin of adult mouse cardiomyocytes.  45	

 46	

RESULTS: We report that the calcium-activated protein phosphatase Calcineurin, its 47	

endogenous inhibitory protein Carabin, the STE20-like protein kinase 3 (STK24) and the 48	

histone monomethyltransferase, Mixed Lineage Leukemia 3 (MLL3) form altogether a 49	

macromolecular complex at the chromatin of cardiomyocytes. Under basal conditions, 50	

Carabin prevents Calcineurin activation while the serine/threonine kinase STK24 maintains 51	

MLL3 inactive via phosphorylation. After one week of TAC, both Carabin and STK24 are 52	

released from the Calcineurin-MLL3 complex leading to the activation of Calcineurin, 53	

dephosphorylation of MLL3 and in turn histone H3 lysine 4 monomethylation. Selective 54	

cardiac MLL3 knock-down mitigates hypertrophy and ChIP-seq analysis demonstrates that 55	

MLL3 is de novo recruited at the transcriptional start site of genes implicated in 56	

cardiomyopathy in stress conditions. We also show that Calcineurin and MLL3 co-localize at 57	

chromatin and that Calcineurin activates MLL3 histone methyl transferase activity at distal 58	

intergenic regions under hypertrophic conditions.  59	

 60	

CONCLUSIONS: Our study reveals an unsuspected epigenetic mechanism of Calcineurin 61	

that directly regulates MLL3 histone methyl transferase activity to promote cardiac 62	

remodelling. 63	

 64	

Key Words: Histone methyltransferase ; Calcineurin ; cardiac hypertrophy ; gene 65	

reprogramming 66	

  67	
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INTRODUCTION 68	

When subjected to pathological stress such as myocardial infarction, the heart undergoes a 69	

dynamic process of ventricular remodelling, which includes morphological modifications of 70	

the ventricular wall associated with increased cardiomyocyte size1. Although this myocardial 71	

hypertrophic growth response is adaptative in the short term, sustained stress over time can 72	

promote cardiac contractile dysfunction leading to the development of heart failure (HF), a 73	

major cause of death worldwide with no curative treatment1–4. Maladaptive cardiac 74	

hypertrophy is associated with a reprogramming of gene expression, which consists of the re-75	

expression of foetal cardiac genes in adult cardiomyocytes and dysregulation of genes 76	

involved in metabolism, calcium handling and matrix remodelling5. These alterations of 77	

physiological gene expression play a causative role in pathological cardiac remodelling and 78	

the pathogenesis of HF5–7. 79	

Histone-modifying enzymes are important regulators of gene transcription regulation8. 80	

Although the role and molecular mechanisms of histone deacetylases (HDAC) have been well 81	

documented in pathological cardiac hypertrophy and HF9–11, the involvement of other 82	

epigenetic enzymes and their interaction with canonical pro-hypertrophic signalling pathways 83	

in cardiac disease conditions remain poorly studied. High-throughput protein-associated DNA 84	

fragment sequencing (ChIP-seq) analysis in human failing heart samples and in experimental 85	

rodent models of HF has revealed a specific epigenetic signature defined by histone 86	

acetylation and methylation at transcriptional regulatory elements associated with cardiac 87	

hypertrophy 12,13 . In particular, the H3K4 and H3K9 methylation profiles at genomic regions 88	

containing genes implicated in intracellular calcium regulation or cardiac contractility have 89	

been shown to be altered in response to cardiac stress13. Some of the enzymes involved in 90	

histone methylation profiling in response to hypertrophic cardiac stress have been identified. 91	

For instance, the H3K9 dimethyltransferase EHMT1/2 has been reported to prevent cardiac 92	
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hypertrophy development through the repression of cardiac fetal genes14. However, further 93	

studies are required to understand how the activity and recruitment of these histone-94	

modifying enzymes are regulated under cardiac stress. 95	

One of the major pro-hypertrophic signalling factors in cardiomyocytes is the serine/threonine 96	

phosphatase Calcineurin, which activates its downstream effector nuclear factor of activated T 97	

cells (NFAT) to regulate gene expression15,16. Here, we identified the histone 98	

methyltransferase (HMT) Mixed Lineage Leukemia 3 (MLL3) (also named KMT2C) as a 99	

molecular partner of Calcineurin and its endogenous inhibitory protein Carabin. We found 100	

that a macromolecular complex formed of Calcineurin, Carabin, MLL3 and the STE20-like 101	

protein kinase 3 (STK24) regulates cardiac remodelling through modulation of histone H3 102	

lysine 4 (H3K4) monomethylation at distal intergenic regions in response to cardiac stress.  103	

 104	

  105	
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METHODS 106	

Data Availability 107	

ChIP-seq raw data have been deposited to the ENA repository with accession number 108	

PRJEB50435. The other data that support the findings of this study are available in the 109	

Supplemental Data.  Some key data, uncropped gels and detailed descriptions of materials and 110	

methods are available in the Supplemental Data.  111	

Additional methods or data can be obtained from the corresponding authors upon reasonable 112	

request. 113	

 114	

Statistical analysis 115	

The statistical analyses were performed with GraphPad Prism 9.5. Results were expressed as 116	

mean±SEM. P-values less than 0.05 were considered significant. 117	

Non-parametric tests were employed to assess group differences in experiments with N<10 or 118	

showing dispersed data or heteroscedasticity. Mann-Whitney tests were used to compare 2 119	

conditions and Kruskal-Wallis or Friedman tests were used to compare respectively, paired 120	

and unpaired data for more than 2 compared groups. These tests were corrected using False 121	

Discovery Rate for multiple comparisons. 122	

For N>10 showing normality and homoscedasticity, ordinary one-way ANOVA tests 123	

corrected with Sidak’s or Tukey’s multiple comparisons tests were performed. 124	

  125	
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RESULTS 126	

Carabin interacts with MLL3 127	

We previously characterized Carabin, an endogenous inhibitor of Calcineurin that prevents 128	

maladaptive cardiac hypertrophy and progression to HF17. To better understand the molecular 129	

mechanisms underlying the cardioprotective effect of Carabin, we performed a yeast two-130	

hybrid (Y2H) screen using a human heart cDNA library and full-length Carabin as bait. 131	

Almost half of Carabin putative binding partners (22 out of 47) were nuclear proteins (Figure 132	

1A) and their clustering revealed that most of them (65%) corresponded to transcription 133	

factors (39%) and chromatin remodellers (26%) (Figure 1A, Supplemental Table 1). In line 134	

with its potential nuclear action, Carabin displayed a stronger nuclear localization in primary 135	

neonatal ventricular myocytes (NRVM) treated with the pro-hypertrophic stimulus, 136	

phenylephrine (PE) (10 µM, 24 h) compared with untreated cells (Figure S1A). In addition, 137	

Carabin interacted with histone H3 within chromatin, suggesting direct participation of 138	

Carabin in chromatin remodelling macromolecular complexes (Figure 1B). Accordingly, size-139	

exclusion chromatography showed that Carabin was eluted and detected in a high molecular 140	

weight fraction (>1.5 MDa) in unstimulated NRVM (Figure 1C). Notably, Carabin was 141	

identified in lower weight (0.3-0.7 MDa) molecular complexes under hypertrophic condition 142	

(Figure 1C) indicating that Carabin dissociated from a macromolecular complex in response 143	

to a stress signal.  144	

Immunoprecipitation experiments and immunoblot analysis demonstrated that the HMT 145	

MLL3 identified in the Y2H screen interacted with Carabin in mouse heart samples, isolated 146	

adult rat cardiomyocytes and NRVM (Figures 1D, S1B, S1C). Importantly, Carabin 147	

dissociated from the histone H3 and the interaction of Carabin with MLL3 complex decreased 148	

under hypertrophic conditions (PE treatment) in neonatal and adult rat cardiomyocytes (S1B, 149	

S1C, 1E). Similarly, the release of Carabin from MLL3 was also observed in mouse hearts 150	



	 	 CIRCRES/2023/323458D/R1						

7 
	

subjected to 1 week transaortic constriction (TAC) (Figure 1D), a time-point corresponding to 151	

the early phase of cardiac hypertrophy when the hypertrophic-specific epigenetic signature is 152	

present 12,18. As expected, Carabin also dissociated from a well-known sub-unit of MLL3, 153	

WD-40 repeat protein-5 (WDR5)19 after 1 week TAC (Figure 1D). 154	

Since MLL3 displays an H3K4 monomethylase activity 20,21, we measured H3K4 155	

monomethylation (H3K4Me1) level in hearts of control or failing patients. The expression of 156	

MLL3 and its partner WDR5 increased and correlated with the augmentation of H3K4Me1 157	

level in human failing hearts (Figures 1F, 1G, S1D, S1E). Myocardial MLL3 protein level 158	

was also augmented 4 weeks after TAC, a stage corresponding to pathological cardiac 159	

remodelling in mouse 18 (Figures 1H). Interestingly, an increase of H3K4Me1 level in one 160	

week post-TAC mouse hearts was observed while MLL3 protein expression was unchanged 161	

at this early stage of cardiac remodelling (Figure 1I, S1F). In addition, in vivo knock-down of 162	

MLL3 using a cardiotropic adeno-associated virus serotype 9 (AAV9) expressing mll3-163	

targeted shRNAs (AAV9-shMLL3) prevented 1 week TAC-induced H3K4Me1 increase 164	

(Figures 1I, S1G). These data indicate that MLL3 activity increases at the onset of cardiac 165	

hypertrophy and promotes a global augmentation of H3K4Me1 epigenetic mark.  166	

Altogether, these findings suggest a role of Carabin in the development of the 167	

hypertrophic epigenome which induces the expression of a pathological gene program at the 168	

onset of cardiac stress. 169	

 170	

Carabin and Calcineurin exert an antagonist effect on MLL3-induced H3K4Me1 171	

increase  172	

Next, we sought to determine the effect of Carabin on MLL3 HMT activity. Consistent with 173	

the results obtained in mouse hearts, both nuclear MLL3 expression and HMT activity were 174	

increased in hypertrophied cardiomyocytes (Figures 2A, S2A). Conversely, silencing MLL3 175	
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with a specific siRNA (siMLL3) prevented PE-induced H3K4Me1 in NRVM (Figures 2B, 176	

S2B). Interestingly, a siRNA against Carabin (siCarab) mimicked the stimulating effect of PE 177	

on H3K4Me1, as it induced a 2.5-fold increase in global H3K4Me1 in control condition 178	

(Figure 2B). In addition, siCarab-induced H3K4Me1 increase was prevented in siMLL3-179	

transfected NRVM, indicating that Carabin specifically blocked MLL3 HMT activity in 180	

unstimulated cardiomyocytes (Figure 2B). Finally, we determined the mechanisms by which 181	

Carabin decreased MLL3 HMT activity. Because Carabin interacts with Calcineurin and 182	

inhibits its activity17,22, we assessed whether Calcineurin could regulate MLL3 HMT activity. 183	

As expected, a potent pharmacological inhibitor of Calcineurin, cyclosporine (CsA), 184	

prevented PE-induced H3K4Me1 level in NRVM (Figure 2C). Carabin overexpression 185	

reproduced the effect of CsA on H3K4Me1 while CsA and Carabin had no synergistic action 186	

(Figure 2C). In addition, knock-down of Calcineurin with a siRNA (siCaN) prevented MLL3-187	

dependent increase of H3K4Me1 induced by PE (Figures S2C, S2D). These results indicate 188	

that Carabin and Calcineurin display antagonist effects on MLL3 HMT activity in 189	

cardiomyocytes. Finally, we demonstrated that siMLL3 decreased various cardiomyocyte 190	

hypertrophic markers including cardiomyocyte size, nppb and acta1 expression in NRVM 191	

treated with either PE or the prohypertrophic peptide, Angiotensin II (Ang II) (Figures 2 D-F, 192	

S2E).  193	

 194	

MLL3 promotes cardiac hypertrophy 195	

Next, we investigated the impact of MLL3 knock-down in the development of cardiac 196	

hypertrophy using an AAV9-based gene transfer approach (Figures S1G-H, S2F). 197	

Echocardiography analysis showed that cardiac function in one-week TAC mice was 198	

comparable with Sham operated mice treated with either an AAV9 encoding an untargeted 199	

shRNA control (AAV9-shCT) or AAV9-shMLL3 (Table 1). However, the increase in left 200	



	 	 CIRCRES/2023/323458D/R1						

9 
	

ventricular anterior wall thickness (LVAW) observed in the TAC group was significantly 201	

reduced in AAV9-shMLL3 injected-mice (Table 1). Consistently, MLL3 knock-down 202	

decreased cardiomyocyte cross-sectional area and the expression of the cardiac foetal genes, 203	

nppb, acta1 and myh-7 after TAC (Figures 3A, B). Importantly, cardiac MLL3 knock-down 204	

reduced cardiac hypertrophy and lung oedema in 6 weeks post-TAC mouse hearts compared 205	

to TAC mice treated with AAV9-shCT (Figures 3C-D, S1H, Table 2). Consistently, cardiac 206	

function was ameliorated in post-TAC mouse hearts treated with AAV9-shMLL3 (Figure 207	

3E). These results indicate that decreased MLL3 expression prevents TAC-induced cardiac 208	

hypertrophy and HF development. 209	

 210	

To further understand the mechanism of MLL3 induced cardiac hypertrophy, MLL3-211	

targeted Chromatin Immunoprecipitation and DNA sequencing (ChIP-seq) experiments were 212	

performed on chromatin of cardiomyocytes isolated from one-week Sham or TAC mouse 213	

hearts (Figure 4A). We found an increase of MLL3 recruitment on chromatin of 214	

cardiomyocytes isolated from TAC mice (Figure 4B). Indeed, 205 and 375 genomic regions 215	

were targeted by MLL3 in Sham and TAC conditions, respectively while 122 genomic 216	

regions were targeted in both conditions showing a redistribution of MLL3 recruitment in 217	

response to cardiac stress (Figures 4B, S3A-B, Supplemental Table 2) (p-value from the 218	

hypergeometric test for Sham and TAC overlapping = 0). Notably, while the chromatin 219	

recruitment of MLL3 was mainly observed in distal intergenic regions under basal condition, 220	

it was predominantly increased in the transcriptional start site (TSS) regions (<1 kb) (p-value 221	

in TAC condition = 7.5e-45, p-value in sham condition = 0.1039578 using hypergeometric 222	

tests) and represented 38.4% of the targeted regions at the onset of hypertrophy (Figures 4C, 223	

S3C-E). In addition, the overlaps of MLL3 genomic loci with ATAC- and histone marks 224	

ChIP-seq published data23 showed that 193 out of the 375 (51.47%) TAC-specific MLL3 225	
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bound genomic regions corresponding mainly to promoter targeted regions (123 out of 193) 226	

were located in opened chromatin (Figures 4D, Supplemental Table 2). Interestingly, 21 of 227	

the 124 genes targeted by MLL3 on their promoter regions were dysregulated in TAC 228	

condition (Figure 4E). Among them, 14 genes were upregulated suggesting that MLL3 229	

recruitment at promoters is correlated with an increased transcriptional activation of its target 230	

genes (p=0.027) (Figure 4E). Under basal conditions, only 27 out of the 205 (13.17%) 231	

specific MLL3 bound genomic regions were found localized in opened chromatin. 232	

Interestingly, some TAC-specific MLL3 bound intergenic regions or located in gene bodies 233	

showed an increase of DNA accessibility in response to cardiac stress (Figures 4D, 234	

Supplemental Table 2), thus suggesting a potential role of MLL3 in chromatin opening. 235	

Gene set enrichment analysis of MLL3 ChIP-seq data obtained in TAC condition 236	

showed an enrichment of MLL3 recruitment in proximity of or at various genes implicated in 237	

cardiomyopathy and cardiac sarcomerogenesis including atp2a2, atp5j, HDAC7 Myh6, Ttn, 238	

and Tnnt2 (Figures 4F, S3F). ChIP-qPCR experiments further confirmed an increased MLL3 239	

binding at the TSS of atp5j and tnnt2 (Figures 4G-H).  240	

Altogether, these data suggest that MLL3 promotes cardiac hypertrophy through its de 241	

novo recruitment at the TSS leading to transcriptional activation of genes involved in 242	

cardiomyopathy.  243	

 244	

The Ser/Thr kinase STK24 counteracts Calcineurin-dependent activation of MLL3 245	

Interestingly, MLL3 interacted with Carabin mainly under basal condition whereas it 246	

associated with Calcineurin, but not its downstream classical target, NFAT under normal and 247	

hypertrophic conditions in NRVM as well as in adult rat cardiomyocytes and mouse hearts 248	

(Figures 5A, S1B-C, S4A, S4C). This suggests that, in basal state, Carabin interacts with the 249	

Calcineurin-MLL3 complex and maintains MLL3 inactive via its inhibitory action on 250	
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Calcineurin in cardiomyocytes. On the contrary, under hypertrophic condition Carabin was 251	

released from the Calcineurin-MLL3 complex (Figures 5A, S4A, S4C), and relieved its tonic 252	

inhibition on the phosphatase Calcineurin, thus enhancing MLL3 activity (Figures 2B-C, 253	

S2D).  254	

In line with this, hypertrophic stress decreased MLL3 serine-specific phosphorylation 255	

(Figures 5B, S4B), which was prevented by CsA treatment (Figure 5C). Of particular 256	

importance, the Carabin Y2H screen revealed a STE20-like protein kinase 3 kinase named 257	

MST3 or STK24 (Supplemental Table 1), which is highly enriched in both rat 258	

cardiomyocytes and human hearts24. In response to PE treatment, STK24 protein level 259	

remained unchanged (Figure S5A). However, a strong decrease in STK24 260	

autophosphorylation level which is indicative of STK24 activity 25 was observed in PE-261	

stimulated NRVM, (Figure S5A). 262	

Immunoprecipitation experiments showed that indeed STK24 interacted with Carabin and 263	

MLL3 in NRVM, adult rat cardiomyocytes and mouse hearts (Figures 5A, S4A, S4C). 264	

Strikingly, the interaction of STK24 with MLL3 observed in basal condition was highly 265	

reduced in PE-stimulated cardiomyocytes and in TAC hearts (Figures 5A, S4A, S4C, S4E) 266	

while the autophosphorylation level of the MLL3-interacting STK24 remained unchanged 267	

(Figures S4C, S4F). Silencing STK24 expression with a specific siRNA (siSTK24) 268	

diminished MLL3 phosphorylation and activated foetal gene expression in unstimulated 269	

NRVM without affecting Calcineurin or Carabin protein levels (Figures 5D, S5C, S5D). 270	

Importantly, the effect of siSTK24 on MLL3 phosphorylation translated on its HMT activity 271	

since siSTK24 transfected cells displayed a 2.5-fold increase in MLL3-induced H3K4Me1 272	

under basal condition, while STK24 knock-down did not influence H3K4Me1 levels in PE-273	

treated NRVM (Figure 5E). Finally, consistent with an anti-hypertrophic action of STK24, 274	
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Calyculin, a potent STK24 pharmacological activator26  reduced the expression of 275	

hypertrophic markers and H3K4Me1 in PE treated NRVM (Figure S5E, S5F) . 276	

Altogether, these results show that, under basal condition, STK24, Calcineurin, Carabin and 277	

MLL3 form a macromolecular complex in which Carabin blocks Calcineurin activation and 278	

STK24 maintains MLL3 inactive via phosphorylation. In response to hypertrophic stress, 279	

Carabin and STK24 are released from MLL3-Calcineurin complex leading to Calcineurin 280	

phosphatase activation, which dephosphorylates MLL3 to promote MLL3 HMT activation 281	

(Figure 5F).  282	

 283	

Calcineurin activates MLL3 HMT activity at distal intergenic regions 284	

ChIP-seq experiments demonstrated that Calcineurin bound to chromatin in cardiomyocytes 285	

isolated from one-week Sham or TAC hearts (Figure 6A). Specifically, Calcineurin was more 286	

abundant in chromatin in basal condition than in TAC group (448 genomic regions in Sham 287	

versus 169 in TAC) and its localization was redistributed in response to cardiac stress 288	

(Figures 6A, S6A-C) (p-value from the hypergeometric test for Sham and TAC overlapping = 289	

0). Under basal condition, Calcineurin was mainly located at distal intergenic regions in 290	

proximity of genes implicated in calcium transport (Figures 6B-C). Importantly, de novo 291	

MEME motif discovery analysis of enriched DNA sequences within the Calcineurin binding 292	

regions in Sham or TAC conditions revealed specific DNA motifs showing similarities with 293	

binding sites of some transcription factors known to be involved in Calcineurin signalling 294	

(Figure 6D). Among them, we identified ETS2 (a member of the E26 transformation-specific 295	

sequence [ETS] domain family), Interferon regulatory factor 8 (IRF8) or NFatc4, which were 296	

previously reported to functionally interact with Calcineurin signalling during cardiac 297	

development and remodelling27–29 (Figure 6D).  298	

Heatmap visualization of the MLL3 binding at the Calcineurin binding sites showed a 299	
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stronger degree of MLL3 and Calcineurin co-bound regions in TAC (48%) than in Sham 300	

(31%) condition indicating that the interaction Calcineurin-MLL3 at their common loci was 301	

increased in cardiac hypertrophy (Figures 7A-B, S6D-F).   302	

Of particular interest, we revealed a significant colocalization of MLL3 and Calcineurin 303	

(70 regions, p-value = 8.03e-303 in the hypergeometric test) on genomic regions targeted 304	

under both conditions (Figure 7C). These regions were mainly located in distal intergenic 305	

regions located near genes implicated in catabolic processes (ddo, got2), membrane 306	

repolarisation (kcnj5) or cardiac cell differentiation as well as atrial fibrillation (nkx2-6) 307	

(Figures 7D, S6G). To illustrate the impact of Calcineurin on MLL3 activity in response to 308	

hypertrophic stress, we measured H3K4Me1 level on two co-targeted sites at intergenic 309	

regions 6 and 17 (Figures 7E-F). As expected, the recruitment of the Calcineurin-MLL3 310	

complex was associated with an increase of H3K4Me1 level under hypertrophic conditions 311	

when compared to control (Figures 7E-F). Altogether, these results showed that Calcineurin 312	

recruitment on chromatin is largely redistributed in response to cardiac hypertrophic stress 313	

indicating that Calcineurin is directly implicated in gene regulation under basal and cardiac 314	

stress condition. In addition, MLL3 and Calcineurin co-binding sites showed an increase of 315	

H3K4Me1 level under hypertrophic condition (Figures 7E-F). These data together with the 316	

stimulating effect of Calcineurin on MLL3 HMT activity indicate that this phosphatase can 317	

directly regulate chromatin remodelling through epigenetic enzyme activation.  318	

  319	
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DISCUSSION 320	

Our study identified a novel molecular complex including MLL3, Calcineurin and 321	

Carabin, which regulates cardiac hypertrophy development leading to HF. The kinase STK24 322	

phosphorylates MLL3 causing its inactivation while the inhibitory effect of Carabin on 323	

Calcineurin prevents MLL3 dephosphorylation in basal condition. Under cardiac stress the 324	

release of Carabin and STK24 from the Calcineurin-MLL3 complex relieves inhibition of 325	

Calcineurin phosphatase activity. Subsequent MLL3 dephosphorylation switches on MLL3 326	

HMT activity that leads to an increase in H3K4Me1 levels and consequently the expression of 327	

cardiac hypertrophy regulatory genes.  328	

Previous studies demonstrated that MLL3 is involved in oncogenesis30. Here, we disclose a 329	

novel role for MLL3 in cardiac remodelling. Consistent with our finding on MLL3 pro-330	

hypertrophic action, Jiang and Colleagues (2017) reported that MLL3 expression, but not that 331	

of other MLL members such as MLL2 and MLL4, was specifically increased in human 332	

dilated cardiomyopathy hearts and mouse cardiac samples subjected to TAC31. In addition, 333	

we found that MLL3 knock-down improves cardiac function in a mouse model of myocardial 334	

pressure overload. The effect of MLL3 correlates with its HMT activity and this translates on 335	

an overall increase in H3K4Me1 mark, which is most often associated with enhancer 336	

activation.  337	

MLL3 is known as one of the major H3K4Me1 methyltransferases responsible for H3K4Me1 338	

deposition at enhancers, which are essential in regulating cell-type-specific gene 339	

expression32,33. We found that MLL3 bound to DNA inaccessible intergenic regions under 340	

basal conditions. Interestingly, differential chromatin accessibility landscape revealed a TAC-341	

induced increase of chromatin accessibility at some MLL3 bound-regions located in gene 342	

bodies or intergenic regions. These results suggest that MLL3 could cooperatively open 343	

chromatin at enhancers in response to cardiac stress. This is consistent with the identification 344	
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of an ATP-dependent chromatin remodeler, CHD8, in the Carabin Y2H and previous 345	

published data showing the presence of CHD8 in MLL complexes34. In contrast to 346	

physiological conditions, MLL3 was largely localised at the promoters (32%) in opened 347	

chromatin associated with typical opened chromatin histone marks (H3K4Me3, H3KAc) after 348	

TAC-induced myocardial pressure overload. The MLL3-dependent H3K4Me1 deposition on 349	

promoters is known to silence genes35. However, MLL3 can also enhance RNA pol II 350	

recruitment independent of its HMT activity36. Consistent with this, 21 of the MLL3 351	

promoter-targeted genes were dysregulated and among them 14 were upregulated after TAC. 352	

These data suggest that MLL3 could act as a transcriptional activator when recruited on TSS 353	

in response to cardiac stress. 354	

Calcineurin and its endogenous inhibitor, Carabin are key proteins involved in the 355	

development of cardiac hypertrophy leading to HF17,37. Their mechanisms of action have been 356	

mainly described in the cytosolic compartment where they regulate the phosphorylation state 357	

of the transcription factor NFAT and its subsequent nuclear translocation. However, 358	

Calcineurin has also been found in the nucleus and its nuclear import regulates cardiac 359	

hypertrophy development 38,39. Our data demonstrate that Carabin is also present in a nuclear 360	

macromolecular chromatin complex in cardiomyocytes and interacts with the histone H3, a 361	

canonical component of nucleosomes. In line with this finding, Carabin was reported to 362	

associate with histone H4 in human promyelocytic leukaemia NB4 cells40. Importantly, the 363	

release of Carabin from the nuclear MLL3-Calcineurin complex leads to Calcineurin-364	

dependent MLL3 activation and thus increases the H3K4Me1 mark at the onset of cardiac 365	

hypertrophy, which then leads to cardiac dysfunction.  Besides its Calcineurin-interacting site 366	

that prevents Calcineurin activation, Carabin contains a functional Ras-GTPase activating 367	

protein (Ras-GAP) domain which inactivates Ras activity and, in turn, impairs downstream 368	

MAPK and ERK pro-hypertrophic signalling17,22. Whether the Ras-GAP domain of Carabin 369	
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influences histone post-translational modifications and chromatin activation has yet to be 370	

investigated.  371	

Calcineurin ChIP-seq analyses revealed that the calcium-sensitive phosphatase was 372	

mainly enriched at intergenic regions, suggesting its involvement in gene enhancer regulation. 373	

Interestingly, GO analysis of genes located near Calcineurin bound sites showed molecular 374	

processes associated with calcium signalling. NFATC4 binding motif was significantly 375	

present in Calcineurin targeted regions in TAC hearts, suggesting that NFAT could be 376	

implicated in Calcineurin recruitment on chromatin. In addition, ChIP-seq analyses revealed 377	

that Calcineurin and MLL3 co-localized at 70 common regions in basal and stress conditions, 378	

which were mainly intergenic. However, Calcineurin but not NFAT interacted with MLL3 at 379	

chromatin and regulated MLL3 HMT activity under hypertrophic stimulus strengthening our 380	

assumption that MLL3 and Calcineurin cooperatively act in a novel NFAT-independent 381	

signalling pathway to regulate enhancer activity33. Of note, this novel function for Calcineurin 382	

in chromatin remodelling in cardiomyocytes is in line with the recent observation that this 383	

phosphatase promotes activation of Brg1, an enzymatic subunit of the mammalian SWI/SNF 384	

ATP-dependent chromatin remodelling enzyme in C2C12 myoblast line41. Since Calcineurin 385	

has been implicated in several other extra-cardiac biological function, its effect on chromatin 386	

remodelling might have more general implications in other cellular systems and diseases. 387	

Epigenetics plays a central role in pathological cardiac remodeling leading to HF. Many 388	

studies are nowadays focusing on potential modulators of these pathways to slowdown or 389	

prevent the development of several cardiovascular disease42. In our study we identified a 390	

novel epigenetic mechanism through MLL3 that contributes to HF progression. Thus, this 391	

molecular complex could be an interesting target to develop novel therapeutic approaches.  392	
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A, Cluster Maps of Carabin molecular partners identified by Y2H. B, ChIP followed by immunoblot showing Carabin (Carab) interaction with 
histone H3 in NRVM (n=3). C, Immunoblot analysis of Carabin in five fractions (F1-F5) obtained after size exclusion chromatography of protein 
extract from NRVM treated or not with PE (10 µM, 24 h) (n=3). Size of the protein complexes in the five fractions is shown on the right. D, 
Representative immunoblot after immunoprecipitation (IP) showing the interaction of Carabin with MLL3, WDR5 and histone H3 in mouse 
cardiac samples subjected or not (Sham) to one week TAC (TAC1w). Input is total lysates of tissue. Vinculin is a marker of the cytosolic 
compartment, H3 is a marker of chromatin. Histogram shows the ratio of immunoprecipitated Carabin to immunoprecipitated MLL3 in 4 
independant experiments. E, Schematic representation of the impact of hypertrophic stress on the Carabin-MLL3-WDR5 complex in 
cardiomyocytes. F-G, Quantification of MLL3 protein expression (F) and H3K4Me1 levels (G)  in left ventricular myocardium from patients with 
dilated cardiomyopathy (DCM, n=7) or non-failing (NF, n=4) control. H, Quantification of MLL3 protein expression in cardiac samples from 
mice subjected or not to 4-weeks TAC (n=6 in Sham and n=7 in TAC). I, Immunoblot analysis of H3K4Me1 levels in cardiac samples from mice 
injected with either AAV9-shCT or AAV9-shMLL3 and subjected or not to 1 week TAC (n=7 in both TAC groups ; n= 5 and 4 in sham mice 
injected with AAV9.shCT and AAV9.shMLL3 respectively).  
Results are expressed as mean ± SEM relative to non-failing heart (Sham or NF) (D-H) and expressing ShCT (I). Differences between groups 
were analyzed by a Mann-Whitney U test (D, F, G, H). For (I), statistics analyses were performed on log-transformed values. Differences between 
groups were analyzed by a one-way ANOVA with Sidak's multiple comparisons test. Black lines indicate compared groups with the corresponding 
p-value. Differences were considered significant when P<0.05. 

Figure 1. Carabin interacts with the histone methyl transferase MLL3.  
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A, Quantification of H3K4Me1 level in NRVMs treated with PE (10 µM) for the indicated times (n=7). Representative immunoblots are shown. 
B-C, Immunoblot analysis showing the effect of siRNA against Carabin (SiCarabin) or MLL3 (siMLL3), CsA (1 µM, 1 h), Carabin 
overexpression or pcDNA3 control vector on H3K4Me1 level in NRVMs treated or not with PE (10 µM, 3 h). (B, n=9 ; C n=8). Values are 
normalised to the siCT, -PE condition. D, top, Immunofluorescence staining of sarcomeric α-actinin (red) in siCT or siMLL3-transfected NRVM 
treated (+PE) or not (-PE) with PE (10 µM, 24 h). DNA is stained with DAPI (blue), Scale Bar: 10 µm. bottom, quantification of cardiomyocyte 
area. >250 NRVM per condition from 4 independent cell culture preparations were analysed. Values are normalised to the siCT, -PE condition. 
Each point represents an individual cell. Differences between groups were analyzed by a nested one-way ANOVA. E-F, Relative expression of 
cardiomyocyte hypertrophy gene markers (acta1, nppb) in siCT or siMLL3-transfected NRVMs treated (+PE) or not (-PE) with PE (10 µM, 24 h) 
(n= 6). Results are expressed as mean ± SEM. Differences between groups were analyzed by a Friedman test with a two-stage linear step-up 
procedure of Benjamini, Krieger and Yekutieli (A) and a Krukal-Wallis test with a two-stage linear step-up procedure of Benjamini, Krieger and 
Yekutieli (B, C, E, F). Black lines indicate compared groups with the corresponding p-value. Differences were considered significant when 
P<0.05. 

Figure 2. MLL3 promotes cardiac hypertrophy. 
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A, Representative images of vinculin stained heart sections (Scale bar: 50 µm) of AAV9-shCT or AAV9-shMLL3 treated mice subjected or not to 
1 week TAC. The bar graphs on the right show the quantification of cardiomyocyte cross-sectional areas. >80 cardiomyocytes per mouse were 
analysed (n=5 mice per Sham group and n=6 mice per TAC group). Each point represents an individual cell. Differences between groups were 
analyzed by a nested one-way ANOVA. B, Relative expression of cardiac hypertrophy gene markers (nppb, acta1, myh-7) in control AAV9-shCT 
or AAV9-shRNA MLL3 treated mice subjected or not to TAC surgery for 1 week (n=5 per Sham group ; n= 8 and 9 mice in TAC AAV9.shCT and 
AAV9.shMLL3 respectively). Results are expressed relative to AAV9.shCT Sham mice.  C-E, Heart weight (HW) normalized to tibia length (TL) 
(C), lung weight (LW) normalized to tibia length (TL) (D), Fractional Shortening (E) of control AAV9-shCT or AAV9-shRNA MLL3 treated mice 
subjected or not to TAC surgery for 6 weeks (n=7 mice/group).  
Results are expressed as mean ± SEM. Statistics analyses were performed on log-transformed values (B). Differences between groups were 
analyzed by a one-way ANOVA (B-E). Black lines indicate compared groups with the corresponding p-value. Differences were considered 
significant when P<0.05. 
 

Figure 3. MLL3 binds to the transcriptional start site (TSS) of genes associated to cardiomyopathy.  
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A, Schematic of the ChIP-seq experimental workflow. B, Overlap of MLL3 binding in Sham and TAC conditions revealed by ChIP-seq. The 
numbers and percentages of peaks are shown on the diagram. C, Distribution of MLL3 Sham-specific, TAC-specific and Sham and TAC- cobound 
loci relative to TSS. D, DNA accessibility and histone post-translational profile of TAC- and Sham-specific MLL3 bound genomic regions. E, 
Heatmap representing the expression levels of the TAC-specific MLL3-targeted genes differentially regulated in 3 days- and 3 weeks-post TAC 
mouse hearts. Green and red coloring represent respectively increase and decrease expression level. F, Gene ontology analysis showing the 
diseases associated with the genes located closest to the TAC-specific MLL3 binding sites. G-H, MLL3 ChIP-qPCR on atp5j and tnnt2 
Transcription Start Site (TSS) on isolated cardiomyocytes from sham or TAC mice. Data were normalized over Input. Data are represented as 
mean ± SEM of 3 independent experiments. The distribution of reads obtained by ChIP-seq is shown below the ChIP-qPCR quantification graph. 
Results are expressed as mean ± SEM and normalised to Sham condition. Differences between groups were analyzed by a Mann-Whitney U test 
on log-transformed data (G-H). Black lines indicate compared groups with the corresponding p-value. Differences were considered significant 
when P<0.05. 
 

Figure 4. MLL3 binds to the transcriptional start site (TSS) of genes associated to cardiomyopathy.  
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A, Left- Representative immunoblot of Immunoprecipitation (IP) experiments showing the interaction of Carabin (Carab) or MLL3 with MLL3, 
Carabin (Carab), calcineurin (CaN), and STK24 in NVRM stimulated or not with PE (10 µM, 30 min) (n=4). Right- Histogram showing the ratio 
of immunoprecipitated STK24 to immunoprecipitated MLL3 in NRVMs treated or not with PE (10 µM, 30 min). B, Representative immunoblot 
and quantification histogram of MLL3 immunoprecipitation experiments showing MLL3 phosphorylation state in NRVMs treated or not with PE 
(10 µM, 30 min) (n=4). C, Immunoprecipitation experiments showing that cyclosporin A (CsA, 1 µM, 1 h) prevented MLL3 phosphorylation at 
serine residue in NRVMs treated with PE (10 µM, 30 min) (n=3). D, Immunoprecipitation analysis showing the effect of siRNA against STK24 
(siSTK24) or siRNA control (siCT) on MLL3 phosphorylation in NRVMs stimulated or not with PE (10 µM, 30 min) (n=3). E, Effect of siMLL3 
or siSTK24 on H3K4Me1 levels in NRVMs in the absence or presence of PE (10 µM, 3h). The bar graphs represent the quantification of 
H3K4Me1 (n=6). Input, cell lysates. Results are expressed as mean ± SEM and normalised to –PE (A, B) and siCT (E). Differences between 
groups were analyzed by a Mann-Whitney U test (A, B), a Krukal-Wallis test with two-stage linear step-up procedure of Benjamini, Krieger and 
Yekutieli (E). Black lines indicate compared groups with the corresponding p-value. Differences were considered significant when P<0.05. F, 
Schematic representation of the molecular mechanisms regulating MLL3 histone methyl transferase (HMT) activity. In basal condition, MLL3 is 
bound to a molecular complex containing STK24, Carabin and calcineurin. Within this complex, Carabin exerts a negative action on calcineurin 
Ser/Thr phosphatase activity and STK24 maintains MLL3 phosphorylated at Ser residue. Under hypertrophic stress, Carabin and STK24 are 
released from the complex leading to calcineurin activation and the subsequent dephosphorylation of MLL3 promotes MLL3 HMT activity.  

Figure 5. Calcineurin and STK24 display opposite action on MLL3 HMT activity.  
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A, Overlap of calcineurin binding in Sham and TAC conditions revealed by ChIP-seq analysis. The number and percentage of peaks within each 
category are shown on the diagram. B, Distribution of calcineurin Sham-specific, TAC-specific and Sham and TAC- cobound loci relative to TSS. 
C, Gene Ontology analysis showing the biological processes associated with the genes located closest to the sham-specific calcineurin binding 
sites. D, De novo MEME motif discovery analysis of calcineurin binding sites in Sham and TAC conditions. Motif analysis revealed enrichment in 
the indicated transcription factors.  

Figure 6. Calcineurin is recruited on chromatin at intergenic regions 
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A-B. Heatmap of Calcineurin binding regions showing binding signal intensity for MLL3 in Sham (A) and TAC (B) conditions. Binding is ranked 
from the strongest to the weakest binding sites. C, Venn diagram showing the overlap of calcineurin and MLL3 binding in sham and TAC 
conditions revealed by ChIP-seq. The numbers of peaks within each category are shown on the diagram. D, Genomic distribution of MLL3 and 
calcineurin 70 co-bound peaks in sham and TAC conditions. Genomic regions are color coded according to the labels on the right. E-F, MLL3, 
calcineurin and H3K4me1 ChIP-qPCR quantification of two intergenic regions bound by the MLL3-calcineurin complex in adult cardiomyocytes 
isolated from Sham or TAC mice (n=3). Data were normalized over Input. Results are expressed relative to sham condition and as mean ± SEM 
(E, F). Differences between groups were analyzed by Krukal-Wallis test with two-stage linear step-up procedure of Benjamini, Krieger and 
Yekutieli. The distribution of reads obtained by ChIP-seq is shown below the ChIP-qPCR quantification graph. Black lines indicate compared 
groups with the corresponding p-value. 

Figure 7. Calcineurin colocalises with MLL3 on chomatin. 



TABLES  



      Sham-AAV9.shCt (n=13) 
 

  TAC-AAV9.shCt (n=18) 
 

Sham-AAV9.shMLL3 (n=12) 
 

  TAC-AAV9.shMLL3 (n=19) 
 

 LVIDd, mm 
 

3.49 ± 0.07 3.40 ± 0.04 
 

3.34 ± 0.05 3.26 ± 0.05 
 

 LVIDs, mm 
 

2.1 ± 0.06 
 

2.0 ± 0.07 
 

1.95 ± 0.06 
 

1.96 ± 0.06 
 

 FS, % 39.69 ± 0.81 
 

39.74 ± 1.79 
 

41.58 ± 1.42 
 

39.21 ± 1.35 
 

Heart rate, 
min-1 

 

587.00 ± 21.00 
 

595.10 ± 12.16 
 

586.00 ± 9.55 
 

578.10 ± 15.06 
 

Pseudomass 
 

87.07 ± 3.53 
 

115.26 ± 4.07 6E-6 
 

77.25 ± 2.00 
 

95.89 ± 3.53 5E-3	7E-4 
 

LVAWd, mm 0.83 ± 0.02 
 

1.04 ± 0.02 6E-8 
 

0.79 ± 0.02 
 

0.93 ± 0.03 1E-3	1E--3 

LVPWd, mm 0.74 ± 0.02 0.90 ± 0.03 5E-4 
 

0.71 ± 0.01 0.87 ± 0.03 0.001 

Table	1 



LVIDd indicates left ventricular end-diastolic internal diameter; LVIDs, left ventricular end-systolic internal diameter; FS, fractional shortening; 
LVAWd, left ventricular anterior wall in diastole; LVPWd, left ventricular posterior wall in diastole; TAC, transverse aortic constriction. 
Pseudomass was derived from echocardiography analyses, LV mass was calculated from short axis M-mode view according to the formula, which 
gives estimated heart weight values in mg: (LVID,d + LVAW,d + LVPW,d)^3 – LVID,d^3. 
Results are expressed as mean ± SEM. Statistical significance was determined by one-way ANOVA tests with Tukey's multiple comparisons test. 
p-values are indicated using superscripts for TAC-AAV9.shCt vs  Sham-AAV9.shCt, superscripts in italics for TAC-AAV9.shMLL3 vs  Sham-
AAV9.shMLL3 and bold superscripts for TAC-AAV9.shCt vs TAC-AAV9.shMLL3 comparisons. Differences were considered significant at 
p<0.05.  
 

Table 1. Echocardiographic Analysis of Sham and 1 week post TAC  mice injected with AAV9.shCT and AAV9.shMLL3 
  



      Sham-AAV9.shCt (n=7) 
 

  TAC-AAV9.shCt (n=7) 
 

Sham-AAV9.shMLL3 (n=7) 
 

  TAC-AAV9.shMLL3 (n=7) 
 

 LVIDd, mm 
 

3.47 ± 0.09 3.35 ± 0.08 
 

3.38 ± 0.06 3.11 ± 0.06 
 

 LVIDs, mm 
 

2.07 ± 0.09 
 

2.09 ± 0.15 
 

2.01 ± 0.08 
 

1.90 ± 0.05 
 

 FS, % 43.43 ± 1.13 
 

26.86 ± 2.06 5E-5 44.00 ± 1.02 
 

34.86 ± 3.2 0.021;	 0.049 
 

Heart rate, 
min-1 

 

569.43 ± 24.28 
 

550.29 ± 20.76 
 

541.57 ± 17.36 
 

530.29 ± 26.43 
 

Pseudomass 
 

86.43 ± 5.28 
 

125.14 ± 7.90 6E-4 
 

77.86 ± 1.84 
 

91.00 ± 6.99 0.002 

 

LVAWd, mm 0.82 ± 0.04 
 

1.04 ± 0.06 0.007 
 
 

0.78 ± 0.03 
 

0.94 ± 0.04  

LVPWd, mm 
 

0.76 ± 0.04 
 

1.00 ± 0.05 0.002 
 
 

0.72 ± 0.03 
 

0.87 ± 0.05 
 

Table	2 



LVIDd indicates left ventricular end-diastolic internal diameter; LVIDs, left ventricular end-systolic internal diameter; FS, fractional shortening; 
LVAWd, left ventricular anterior wall in diastole; LVPWd, left ventricular posterior wall in diastole; TAC, transverse aortic constriction. 
Pseudomass was derived from echocardiography analyses, LV mass was calculated from short axis M-mode view according to the formula, which 
gives estimated heart weight values in mg: (LVID,d + LVAW,d + LVPW,d)^3 – LVID,d^3. 
Results are expressed as mean ± SEM. Statistical significance was determined by one-way ANOVA tests with Tukey's multiple comparisons test.  
p-values are indicated using superscripts for TAC-AAV9.shCt vs  Sham-AAV9.shCt, superscripts in italics for TAC-AAV9.shMLL3 vs  Sham-
AAV9.shMLL3 and bold superscripts for TAC-AAV9.shCt vs TAC-AAV9.shMLL3 comparisons. Differences were considered significant at 
p<0.05. 

Table 2. Echocardiographic Analysis of Sham and 6 weeks post-TAC  mice injected with AAV9.shCT and AAV9.shMLL3 
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