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50 Abstract

51

52  Background: Mutation of the PRDM16 gene has been associated with human
53 cardiomyopathy. The PRDM16 protein is a transcriptional regulator affecting cardiac
54  development via Thx5 and Handl regulating myocardial structure. Biallelic Prdm16
55 inactivation induces severe cardiac dysfunction with postnatal lethality and hypertrophy in
56  mice. Early pathological events upon Prdm16 inactivation have not been explored.

57

58 Methods: This study performed in depth pathophysiological and molecular analysis of male

59 and female Prdm16°P"

mice carrying systemic, monoallelic Prdm16 gene inactivation. We
60 systematically assessed early molecular changes with transcriptomics, proteomics, and
61 metabolomics. Kinetic modelling of the cardiac metabolism was undertaken in silico with
62  CARDIOKIN.

63

64  Results: Prdm16° P mice are viable up to 8 months, develop hypoplastic hearts, and
65 diminished systolic performance that is more pronounced in female mice. Prdm16°"** hearts
66 demonstrate moderate alterations of specific transcripts and protein levels with consistent
67  upregulation of pyridine nucleotide-disulphide oxidoreductase domain 2 (Pyroxd2) and the
68  transcriptional regulator pre B-cell leukemia transcription factor interacting protein 1 (Pbxipl).
69 The strongest concordant transcriptional upregulation was detected for Prdml6 itself

6P cardiac tissue showed reduction of

70  probably by an autoregulatory mechanism. Prdm1l
71  metabolites associated with amino acid as well as glycerol metabolism, glycolysis, and
72  tricarboxylic acid cycle. Global lipid metabolism was also affected with accumulation of

6°P™ cardiac

73 triacylglycerides detected in male Prdm16°P"™ hearts. In addition, Prdmi1
74  tissue revealed diminished glutathione (GSH) and increased inosine monophosphate (IMP)
75 levels indicating oxidative stress and a dysregulated energetics, respectively. Metabolic
76  modelling in silico suggested lowered fatty acid utilization in male and reduced glucose

6°PY" cardiac tissue.

77  utilization in female Prdm1
78

79  Conclusions: Monoallelic Prdm16 mutation restricts cardiac performance in Prdm16°sP*
80 mice. Metabolic alterations precede transcriptional dysregulation in Prdm16°P*** cardiac
81 tissue. Female Prdm16°"*" mice develop a more pronounced phenotype indicating a sexual
82 dimorphism at this early pathological window. This study suggests that metabolic
83  dysregulation is an early event in PRDM16 associated cardiac pathology.

84
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Novelty and Significance

What Is Known?

Mutation of the PRDM16 gene has been associated with human cardiomyopathy.
Biallelic inactivation of Prdm16 in mice induces severe cardiac dysfunction with early
postnatal lethality.

Prdm16 cooperates with transcription factors such as Tbhx5 and Hand1 to activate
transcriptional programs that define the development of the compacted myocardium.

What New Information Does This Article Contribute?

Systemic, monoallelic inactivation in Prdm16°"*** mice induces cardiac dysfunction
with normal survival.

Metabolic alterations are the leading pathophysiological consequences and induce
cardiac hypoplasia. On the molecular level this is associated with upregulation of
metabolic regulators Pyroxd2 and Pbxip1l.

Metabolic response after Prdm16 inactivation occurs in a sex specific manner.

Nonstandard Abbreviation and Acronyms

DCM dilated cardiomyopathy

LVNC left ventricular noncompaction cardiomyopathy

Pbxipl pre B-cell leukemia transcription factor interacting protein 1
PRDM16 human PR/SET domain 16 gene

PRDM16 human PR/SET domain 16 protein

Prdm16 mouse PR/SET domain 16 gene

Prdm16 mouse PR/SET domain 16 protein

Prdm16°sP mice carrying the cspl mutant allele heterozygous
Pyroxd2 pyridine nucleotide-disulphide oxidoreductase domain 2
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115 Background

116  Primary, genetically determined cardiomyopathies comprise a group of heterogenous cardiac
117  diseases that eventually result in heart failure or arrhythmia. Approximately 100 genes have
118 been linked to cardiomyopathy most frequently affecting the sarcomere, Z-disc,
119  mitochondria, or ion channel regulation.>? In addition to these disease circuits transcription
120  and splicing may be disturbed in cardiomyopathy. The PR/SET domain 16 (PRDM16) protein
121 is one such transcriptional regulator.® Mutation of the PRDM16 gene causes dilated (DCM)
122 and left ventricular noncompaction cardiomyopathy (LVNC) in patients.*” Recently, rare
123  variant association analysis linked LVNC to PRDM16 protein truncating variants.® Altogether,
124  this suggests that PRDM16 is a genetic factor critical for cardiac function either causing

125  monogenic cardiomyopathy or other myocardial phenotypes.

126  Germline homozygous inactivation of Prdm16 in Prdm16°sP/eset

mice results in a complex
127  phenotype involving several organs, cardiac hypoplasia, and early postnatal lethality.” More
128 recently, the role of Prdm16 in myocardial development and LVNC was assessed after
129 homozygous, cardiac-specific Prdm16 inactivation in Xmlc2Cre;Prdm16""* mice.*®
130  Homozygous Xmlc2Cre;Prdm16™"™"* mice develop cardiac dysfunction and die prematurely
131  before postnatal day 7. During cardiac development, Prdm16 cooperates with the
132 transcription factors T-box 5 (Tbx5) and heart and neural crest derivatives expressed 1
133 (Handl) to promote gene programs required for myocardial growth and compaction.™
134  Prdm16 also suppresses neural gene expression.'® Consequently, Prdm16 inactivation in
135  Xmlc2Cre;Prdm16"™ mice leads to biventricular hypertrabeculation and left ventricular
136 dilatation.’® Overall, this work established that Prdmi16 is critical for embryonic cardiac
137  development and postnatal function, orchestrating the transcriptional circuits determining

138  myocardial maturation.

139 Originally, PRDM16 was established as a determinant for differentiation, homeostasis, and
140  function of brown/beige adipocytes.* PRDM16 induces gene programs for the development
141 of brown adipocytes, represses muscle/white adipocyte specific genes, induces adaptive
142  thermogenesis, and increases energy expenditure.**™® On a molecular level these effects are
143  facilitated by physical interaction and coordination of key transcription factors such as
144  peroxisome proliferator activated receptor alpha, gamma (PPARA, PPARG), mediator
145  complex subunit 1 (MED1), or CCAAT enhancer binding protein delta (CEBPD).'%**" Of
146 note, a significant number of these PRDM16 associated proteins serve as critical regulators

147  of fatty acid (FA) metabolism, glucose utilization, and/or cellular respiration.

148  This study tests the hypothesis that PRDM16 orchestrates cardiac metabolism and
149 investigates its role beyond its known transcriptional functions in cardiac development and

150 homeostasis. We characterize the heart of heterozygous Prdmi16°P'* mice in depth to
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151  assess the impact of monoallelic germline Prdm16 inactivation, as is present in patients with
152 PRDM16 associated cardiomyopathy. We explore early molecular events upon Prdml6
153  inactivation and establish a preclinical animal model. Prdm16°"* mice show diminished
154  cardiac performance, normal survival, and altered body composition. Cardiac dysfunction is
155 explained on the molecular level by altered metabolism, redox balance, and FA/glucose
156 utilization. Overall, this study establishes heterozygous Prdm16°"** mice as a model for
157  early molecular pathomechanistic events in the development of the PRDM16 associated

158  cardiomyopathy.

159

160
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161 Methods

162  The high-throughput sequencing data and proteome data have been made publicly available
163  at the Gene Expression Omnibus (GEO accession No. ...) and the Proteomics Identification
164 Database (PRIDE accession No. ...). Other data and study materials are available from the
165 corresponding authors on reasonable request. Primer and antibodies used in this study are
166  available (Table | and Il in the Data Supplement). A detailed material and methods section is
167  provided in the Supplemental Material. The Prdm16°*** mice (FVB.C-Prdm16°"/J) were
168  received from Jackson Laboratories, USA (JAX stock #013100). The FVB.C-Prdm16°P!/J
169 strain was originally established by N-ethyl-N-nitrosourea (ENU) mutagenesis inducing a
170 missense C>A mutation at the intronic acceptor splice site of exon 7.° Maintenance,
171  physiological analysis and organ collection of Prdm16°sP**
172 Landesamt fur Gesundheit und Soziales Berlin (LAGeSo0), Germany (G0O070/17).

173

mice was approved by the
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174  Results
175  Germline, heterozygous inactivation of Prdm16 induces mild cardiac dysfunction

176  In human tissue RNA preparations PRDM16 transcripts are most abundant in lung, followed
177 by aorta, adipose tissues, and heart (Figure 1A). Consistently, murine tissue RNA extracts
178  show approx. 10-fold higher Prdm16 expression in lung compared to heart (Figure 1B).
179  Within different heart regions Prdm16 shows abundant expression in the right ventricle (RV),
180 left ventricle (LV), and septum but not in the atria (Figure 1C). Potassium voltage-gated
181  channel member 4 (Kcna4) and myosin light chain 2 (Myl2) confirmed atrial and ventricular
182  origin, respectively. To assess clinically relevant physiological and molecular impact of
183 Prdm16 in the heart, rather than the effects of biallelic Prdm16 gene inactivation, we
184  analyzed heterozygous FVB.C-Prdm16°"'/J mice (Prdm16°"*"").° PCR genotyping and
185  Sanger sequencing confirmed presence of the ¢.888-3C>A (ENSMUSG00000039410)
186  variant on DNA level (Figure 1D, Figure I_A-B in the Data Supplement). To further validate
187 the impact of the Prdml6 acceptor splice site variant ¢.888-3C>A
188 (ENSMUSTO00000030902.12) at the transcriptional level, we performed PCR and targeted
189  high throughput sequencing of total RNA isolated from different Prdm16"“"* and Prdm16°sP/""
190 tissues. These analyses suggest that the Prdm16 acceptor splice site variant ¢.888-3C>A
191  affects mRNA splicing, produces several splice products, and the most abundant splice
192  products truncate Prdm16 proteins after approx. 340 amino acids (Figure 1E-F, for detailed

193  Results see Data Supplement).

194  Next, we tested Prdm16 mutant transcript expression in the heart. Prdm16 mutant transcripts
195 are ~40% diminished compared to controls using primer sets targeting the mutated exon6-8
196  region (Figure 1G, Figure |_F in the Data Supplement). In contrast, primer sets measuring
197 the overall Prdm16 transcript level (exon3-4, exonl4-15) detect increased expression in
198  Prdmi16°P*™ hearts. This suggests that Prdm16 inactivation due to the c¢.888-3C>A variant
199  upregulates overall Prdm16 mRNA expression. The Prdm16 protein level was assessed with
200 a mass spectrometry-based targeted proteomics approach, measuring and quantifying the
201  abundance of the peptide Prdm16_V875-K883 (Figure 1H). As expected, a ~50% reduction
202 of the Prdm16_V875-K883 level was observed in Prdm16°"** Jung compared to controls
203  (Figure 1l). In cardiac tissue the Prdm16_V875-K883 detection limit was not reached.

204  The survival of Prdm16°"* mice is normal until 8 months (Figure 2A). Male and female
205  Prdm16°P™ mice exhibit body weight reduction by ~11% and ~20%, respectively (Figure
206 2B, Table Il in the Data Supplement). In female Prdm16°P*** mice diminished body weight
207  was associated with reduced fat content (~14%) and increased relative muscle tissue content
208 (~8%). The absolute and relative heart weight is diminished in both male and female

209  Prdm16°P"™ mice (Figure 2B). Transthoracic echocardiography was assed to characterize
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210 the cardiac physiology of Prdm16°" mice. Echocardiography illustrates mild cardiac
211  hypoplasia and reduced systolic functional parameters such as stroke volume, cardiac
212 output, and ejection fraction (EF) (Figure 2C-D, Table IV-VI in the Data Supplement). Other
213 cardiac parameters such as heart rate, systolic/diastolic blood pressure, or electrophysiology
214  are unaffected in Prdm16°P*** mice. Cardiac tissue organization assessed by histology and
215  hematoxylin/eosin staining appeared normal in Prdm16°P** hearts (Figure 2E). Fibrosis was
216  not detected, neither by Picro-Sirius red staining, nor by immunostaining of collagen 1 (Coll)
217  and alpha smooth muscle actin (aSma) (Figure 2F, Figure Il in the Data Supplement).

218  Further analysis of Prdm16°°'*

cardiac tissue with electron microscopy, morphometry,
219  guantitative PCR, and immunostaining identified no abnormalities of the sarcomere (Figure
220 IV in the Data Supplement, for detailed Results see Data Supplement). The relative
221  mitochondrial area in heart tissue was unaffected. Cardiomyocyte area was assessed
222 histomorphometrically in paraffin embedded heart tissue sections of comparable cross-
223  sectional level after wheat germ agglutinin (WGA) staining. Cardiomyocytes of female
224 Prdm16°P™™ mice demonstrate significant reduction of cross-sectional area explaining
225 reduced myocardial mass (Figure 2G). Normal viability, myocardial hypoplasia, and
226  diminished cardiac performance due to monoallelic Prdml16 inactivation suggests
227  Prdm16®P'™ mice as a suitable model to explore early pathophysiological changes in

228 PRDML16 associated cardiomyopathy.
229
230  Moderate transcriptional dysregulation in Prdm16°"** hearts

231  Prdm1l6 is a transcriptional regulator so we performed transcriptional profiling using RNAseq
232 of heart tissue comparing male and female Prdm16°"* mice with corresponding controls.
233  Comparing female to male control heart tissue, we found 51 up-regulated and 92 down-
234  regulated genes, applying an absolute log2 fold change (LFC) threshold >0.5 (Figure 3A).
235  Male Prdm16°P¥* mice showed 12 up-regulated and 16 down-regulated genes compared to
236 male controls. Female Prdm16°"** mice revealed 55 up-regulated and 35 down-regulated
237 genes, respectively. Transcriptional profiling identified most significant up-regulation of
238  Prdml6 in males and females suggesting an autoregulatory control of expression (Figure 3B-
239  C). Other transcripts of the PRDM gene family were not regulated (Figure V_A-B in the Data
240  Supplement).

241  Next, the top 20 up- and down-regulated genes for males and females were evaluated. In
242  male Prdm16°P* mice we observed upregulation for MBL associated serine protease 2
243 (Masp2), synapsin Il (Syn2) a coat protein of clathrin-coated vesicles, and UbiA
244  prenyltransferase domain containing 1 (Ubiadl) controlling coenzyme Q10 synthesis (Figure

245  3D). We detected decreased levels of transcripts for synuclein alpha (Snca), hemoglobin
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246 alpha adult chain 1 (Hba-al), and hemoglobin subunit beta (Hbb-ba), which both
247  supply/control intracellular oxygen. Female Prdm16°P*™ cardiac tissue showed up-regulation
248  of the extra cellular matrix CUB domain containing protein 1 (Cdcpl), ladinin (Ladl) involved
249  in basement membrane organization, the cell adhesion protein spondin 2 (Spon2), nuclear
250  receptor subfamily 1, group D, member 1 (Nrldl) a transcriptional repressor coordinating
251  metabolic pathways, and nicotinamide riboside kinase 2 (Nmrk2) regulating laminin matrix
252  deposition. Aldehyde dehydrogenase family 3, subfamily Al (Aldh3al) and gastrokine 3

6<:sp1/Wt

253  (Gkn3) showed strongest down-regulation in female Prdm1 cardiac tissue. The top 20

254  genes were tested for their cellular expression in heart tissue (www.proteinatlas.org). Most

255 genes showed a broad expression in cardiomyocytes, endothelial cells, fibroblasts, immune
256  cells, and smooth muscle cells. Thus, no enrichment of cell lineage specific genes was

6P cardiac tissue

257  found. The majority of dysregulated genes in male and female Prdml
258  are associated with transcription (T), metabolism (M), and indirect/direct immune response

259 (I).

260 Concordant and discordant changes in males vs. females were assessed with LFC
261  significance threshold of >0.25 and <-0.25, respectively. Strongest concordant up-regulated
262 genes in Prdm16°""™ hearts were Prdm16, Ladl, Ubiadl, and the pre B-cell leukemia
263  transcription factor interacting protein 1 (Pbxipl) (Figure 3E). Systematic dysregulation of
264  critical cardiac genes was tested using the harmonizome gene set congenital heart disease.
265  Evaluation did not identify consistent, significant dysregulation of cardiac specific transcripts
266  (Figure V_C in the Data Supplement). Differentially expressed genes from Prdm16°sP™
267 hearts (TOP5 up- and down-regulated genes) and known PRDM16 interacting genes
268  (physical interaction, transcriptional targets, transcriptional complex component) were tested
269  for dysregulation in a human DCM patients dataset.*® From more than 60 known PRDM16
270 targets PPARA, MED1, and CEBPD were dysregulated in the human DCM screen (Table VI
271 in the Data Supplement). Moreover, the chemotactic factor 2 (Ccl2) was dysregulated in
272 DCM patients and in male Prdm16°"*** mice. Sex specific gene expression validated correct

273 technical procedures of RNAseq Prdm16°°*"

mice analysis (Figure V_D in the Data
274  Supplement). Next, we generated a gene ontology (GO) network using the male and female
275  TOP20 up- and down-regulated genes in Prdm16°P"™ hearts (GOnet).'® Strongest functional
276  association of dysregulated genes in Prdm16°"™ hearts was found for the GO terms
277  response to lipids and response to oxygen-containing compounds (Figure 3F, Figure V_E in
278  the Data Supplement). Thus, Prdm16° """ hearts show moderate, sex specific transcriptional
279  dysregulation with the strongest regulated transcripts being Prdm16, Ladl, Ubiadl, and
280  Pbxipl. GO and individual transcript evaluation suggest an impact on metabolic processes

281 after monoallelic Prdm16 inactivation.

282
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283  Proteome analysis of Prdm16°P¥* hearts reveals upregulation of Pbxip1 and Pyroxd2

284 In order to verify findings from the transcriptional analysis and to assess cardiac tissue
285  protein expression, we performed a global proteomic analysis of cardiac tissue. Consistent
286  with RNAseq, male Prdm16°P** cardiac tissue showed less variation from control than
287 female samples. Of the 3,847 proteins identified in total, 3,314 were used for quantitation.
288  Sample identity was confirmed by expression level of the male-specific DEAD box helicase
289 3, Y-linked (Ddx3y) and eukaryotic translation initiation factor 2, subunit 3, structural gene Y-
290 linked (Eif2s3y). The Prdm16 protein was not detected, which can be explained by very low
291 abundance below the limit of detection. Most significant differences in protein expression
292  were observed between male and female cardiac tissue (165 proteins with FDR <5%, data

293  not shown). Pairwise evaluation of control and Prdm16°sP*™!

proteome data from male
294  cardiac tissue using a p-value cutoff 0.01 showed upregulation of fermitin family member 2
295 (Fermt2), coatomer protein complex, subunit zeta 2 (Copz2), and pyridine nucleotide-
296  disulphide oxidoreductase domain 2 (Pyroxd2) (Figure 4A). Substantial downregulation was
297  observed for c-src tyrosine kinase (Csk), translocase of inner mitochondrial membrane 10B
298 (Timm10b), and collagen type XVIII, alpha 1 (Coll8al) proteins. Pairwise evaluation of
299 proteome data from female cardiac tissue showed strongest upregulation of Pyroxd2,
300 pyruvate dehydrogenase kinase, isoenzyme 4 (Pdk4), and pre B cell leukemia transcription
301 factor interacting protein 1 (Pbxipl) in Prdm16°P™ mice (Figure 4B). Strongest
302 downregulation was detected for cystic fibrosis transmembrane conductance regulator (Cftr),

303 WNK lysine deficient protein kinase 1 (Wnk1), and huntingtin interacting protein 1 (Hipl).

304 To further assess Prdml6 genotype driven differences, we performed also pairwise
305 evaluation of combined male and female groups (p-value cutoff 0.01). In total we identified
306 53 up- or downregulated proteins (Figure 4C, Figure VI in the Data Supplement). Pyroxd2,
307 Pbxipl, and ribosomal protein L30 (Rpl30) appeared as the strongest concordantly

6csp1/wt

308 upregulated proteins in Prdml cardiac tissue. Furthermore, the strongest concordant

6°PYM cardiac

309 downregulation was found for Cftr, Col18al, and hexokinase 1 (Hk1) in Prdm1
310 tissue. By adding an additional filter (abs log2 ratio >0.5), the top regulated proteins (n=18)
311 were selected (Figure 4D). Among these, Pyroxd2 and Pbxipl represent the two most

312 significantly regulated candidates in Prdm16°P*"

cardiac tissue (p-value<0.0001). Pyroxd2 is
313  a critical regulator of hepatic mitochondrial function, interacts with mitochondrial complex IV,
314  and appears consistently upregulated in Prdm16°P*" hearts on transcript as well as protein
315 level.?® Pbxipl interacts with transport as well as regulatory proteins and indirectly affects
316  transcription.”* Proteome data did not show differential expression of mitochondrial transport
317 proteins and respiratory chain complexes (Figure VIl in the Data Supplement). Proteome
318 data for sarcomere components, glycolysis, and amino acid metabolism did not show

319 differential expression (Figure VIII in the Data Supplement). Altogether protein expression
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320 analysis identifies specific dysregulation of the mitochondrial protein Pyroxd2 and the

321  transcriptional regulator Pbxipl.
322
323  Altered metabolism in Prdm16°PY™ cardiac tissue

324  As expression analysis pointed towards a metabolic impact of Prdm16 in cardiac tissue, we
325 also analyzed central carbon metabolites in Prdm16°P"™ cardiac tissue with gas
326  chromatography mass spectrometry (GC-MS). Measured values are presented as log2 from
327 ratio of mean of the normalized peak areas Prdm16°"**/controls (values >0.2, blue and
328 values <-0.2, red). Overall, we detected several diminished metabolites (log2 ratios
329  Prdm16°P*/controls) for all assessed metabolic processes (Figure 5A). In Prdm16°sP™
330 cardiac tissue, amino acid, glycerol, pentose phosphate pathway (PPP), glycolysis,
331 tricarboxylic acid cycle (TCA), and nucleobase metabolism were all reduced. Individual

332 metabolite analysis of female Prdm16°°'*"

cardiac tissue revealed statistically significant
333  reductions for glycerol-3-phosphate, phosphoenolpyruvic acid, succinic acid, and 3-hydroxy
334  butanoic acid. Combined female and male cardiac tissue analysis identified significant
335  reduction of phosphoenolpyruvic acid, pyruvic acid, and ribose-5-phosphate in Prdm16°sP*
336 hearts. As interpretation of individual metabolites is difficult, we assessed the designated
337  pathway profiles of central carbon metabolites with univariate analysis. Univariate analysis
338 counts each increased/diminished metabolite as ordinary number. Combined pathways
339 analysis using female and male values identified significant reduction of amino acid,

340  glycolysis, glycerol, and TCA metabolism in Prdm16°P"" hearts (Figure 5B).

341  The adult heart mainly relies on FA oxidation as its primary substrate, so we next explored
342  lipid metabolism with liquid chromatography-mass spectrometry (LC-MS) in depth. Values
343  are presented as log2 from ratio Prdm16°"Y*/controls (values >0.2, blue and values <-0.2,
344  red). Evaluation of lipid classes did not reveal significant dysregulation. The strongest
345 alterations were observed in male Prdm16°"*" hearts for triacylglycerol compounds (TAG;
346  increase), dihydroceramides (DCER; reduction), and hexosylceramides (HCER; reduction)
347  (Figure 5C). Currently, there is little known about dysregulation of individual lipid classes in

348 early cardiac dysfunction.?>?®

Individual lipids are presented as log2 of ratio
349  Prdm16°P*/controls. Although accumulated lipid classes appear widely normal a minority of
350 individual lipids were dysregulated (Figure IX_A in the Data Supplement). Important FA such
351 as oleic, linoleic, a-linolenic, and arachidonic acid show moderate alteration (Figure 5D).
352 Several diacylglycerols (DAG) appear strongly reduced in Prdm16°P** hearts for instance
353 DAG(16:1/18:0), which was altered in a study assessing lipid profiles in human heart
354 failure.”® DAG(18:1/20:4), which was significantly altered on lipidomic profiling of murine

355 hearts after exercise or pressure overload, was normal in Prdm16°"*" hearts.?> Enrichment
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356 of individual TAG was significant for TAG47:2-FA18:2, TAG50:4-FA20:4, and TAG51:4-
357  FA18:3 in male and to lesser degree in female Prdm16°"*™ cardiac tissue. The sphingolipids
358  sphingomyelin SM(14:0), dihydroceramide DCER(16:0), and ceramide CER(22:1) show
359  strongest reduction in male Prdm16°P"™ cardiac tissue. The hexosylceramide,
360 HCER(d18:1/16:0) appeared diminished in hearts of both Prdm16°"" sexes. Several
361 protective and risk predictive sphingolipids identified by Wittenbecher et al. # were
362 unaffected in Prdm16°P*™ mice. The global levels of the cardiac phospholipids
363  phosphatidylcholine (PC) and phosphatidylethanolamine (PE) were unaffected (Figure 5C).
364 Individual PC and PE species appeared consistently enhanced (e.g. PC(18:2/18:3),
365 PE(17:0/22:5), PE(P-18:0/18:0)) or decreased (e.g. PC(18:1/16:1), PE(P-18:1/18:1), PE(P-
366  18:1/18:2)) in Prdm16°P*" hearts of both sexes (Figure IX_B in the Data Supplement). The
367 level of cardiolipin (CA(18:2(4)), a phospholipid critical for mitochondrial function, appeared
368  moderately elevated in male Prdm16°"*"" hearts (Figure 5D). Thus, global lipid metabolism

369 s altered in male Prdm16°P*™ hearts with accumulation of TAG.

370  Cardiac metabolism is controlled by the mitogen-activated protein kinase (MAPK) and
371  mechanistic target of Rapamycin (mMTOR) pathways. Using the Milliplex phosphoprotein
372  magnetic bead system we tested the phosphorylation level of key proteins from relevant
373  pathways. Female Prdm16°P*™ hearts showed significant inactivation of insulin receptor
374  (Insr_Tyrl162-1163), phosphatase and tensin homolog (Pten_Ser380), and Akt
375  serine/threonine kinase 2 (Akt_Ser473) phosphorylation (Figure 5E). mTOR phosphorylation
376  activation at Mtor_Ser2448 and tuberin (Tsc2_Ser939) showed increased phosphorylation
377  without reaching statistical significance. Thus, diminished phosphorylation of the Insr/Akt
378 pathway activates mTOR signaling and cardiac metabolism adapts accordingly. Altogether,
379  Prdm16°P*™ hearts show multiple, substantial metabolic alterations suggesting that

380 monoallelic Prdm16 inactivation affects cardiac metabolism.
381
382  Tissue energetics and production of protective lipids in Prdm16°"** hearts

383  To further explore the consequences of the imbalanced cardiac metabolism in Prdm16°sP*
384 mice, we tested the steady-state levels of important cardiac metabolic intermediates, redox
385 molecules, and eicosanoids. Global adenosine triphosphate (ATP) levels were unaffected in
386  Prdm16°P™™ cardiac tissue (Figure 6A, Table VIII in the Data Supplement). However, the
387 ratio of adenosine monophosphate to ATP (AMP/ATP) was significantly increased in female
388 Prdm16°P™ hearts. AMP is a critical molecule for sensing metabolic stress conditions and
389 the increased AMP/ATP ratio suggests an abnormal energy state in the Prdm16°"** cardiac
390 tissue. We also detected increased absolute and relative inosine monophosphate (IMP)

391 values in both male and female Prdm16°"*"" hearts (Figure 6B). IMP is the key molecule in
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392 purine metabolism and a sensitive measure of the ATP turnover.** The level of hypoxanthine,
393  which serves as precursor and degradation product of IMP, was elevated in male
394  Prdm16°P*™ hearts. The ratio of reduced to oxidized nicotinamide adenine dinucleotide
395 (NADH/NAD+), serving as central hydride donor for oxidative phosphorylation and in many
396  other redox reactions®, was increased in female Prdm16°"**" hearts (Figure 6C). The ratio
397  of reduced to oxidized glutathione (GSH/GSSG) was diminished in female Prdm16°P¥*
398  hearts suggesting accelerated cellular GSH consumption and redox imbalance (Figure 6D).
399 The levels of creatine, phosphor-creatine/creatine, and acetyl-CoA appeared normal. The
400 level of 4-hydroxynonenal (4-HNE), a marker of lipid peroxidation, was unaffected. These
401 findings suggest accelerated ATP turnover and oxidative stress but no lipid peroxidation on

402  Prdm16 inactivation in particular in female Prdm16°"*"" hearts.

403  Apart from their function as nutritional source FA serve as reactant for biosynthesis of
404  hydroxyeicosatetraenoic acids (HETE) and epoxyeicosatrienoic acids (EET)**?’. All HETE
405 species, which are synthesized from arachidonic acid, FA(20:4) by lipoxygenases (LOX),
406 were normal in male Prdm16°*"
407  Supplement). 20-HETE, which is synthesized from FA(20:4) by cytochrome P450 (CYP), was

408 also unaffected. All tested individual EET, which originate from CYP activity, and summed

cardiac tissue (Figure 6E, Table IX in the Data

409 EET were significantly increased. Consistently, also the water soluble
410 dihydroxyeicosatrienoic acids (DHET), representing the corresponding EET hydrolyzation
411  products, were significantly increased. The anti-inflammatory 19,20-epoxydocosapentaenoic
412  acid (19,20-EDP) and 17,18-epoxyeicosatetraenoic acid (17,18-EEQ) were also significantly
413 increased. These observations suggest activation of CYP mediated bioactive, lipid
414  production (EETs and 19,20-EDP) in male Prdm16°"*™ cardiac tissue.

415 To assess the global metabolism of Prdm16°PY™ cardiac tissue, we modelled major
416  metabolic pathways with CARDIOKINL in silico. As input data we used quantitative protein
417  expression data of metabolically important proteins measured with LC-MS/MS (Figure 4).
418  The calculated maximal utilization rates of the given metabolic condition are upper estimates
419 that will probably not be reached under physiological conditions. However, these maximal
420  utilization rates allow estimation of the physiological capacity. The maximal FA and glucose
421  utilization rates were different between cardiac the tissue of male and female control hearts.
422  Females had lower FA but higher glucose utilization capacity compared to male controls
423  (Figure 6F). In addition, the maximal lactate utilization rate was lower in female controls. In
424  male Prdm16°"™ cardiac tissue the maximal FA utilization was decreased but unaffected in

425 females. In contrast, female Prdm16°sP*™

cardiac tissue had a diminished maximal glucose
426 utilization, while the males were unaffected. Maximal lactate utilization was increased in
427 female Prdm16®""™ cardiac tissue. Maximal ATP production and O, consumption were

428 modelled under fasting and postprandial conditions. Under both conditions the cardiac tissue
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429 of female controls showed diminished maximal ATP production and O, consumption
430 compared to male controls (Figure X in the Data Supplement). The maximal utilization rate
431 gives a net measure involving several members of the given metabolic pathway. Thus, we
432  aimed to identify enzymes critical for FA and glucose metabolism in Prdm16°"*" cardiac
433  tissue. For this purpose, the metabolic utilization and protein abundance was correlated for
434  each protein and animal. The strongest correlations, indicated by low p-values, were
435 identified for carnitine palmitoyltransferase 2 (Cpt2), acetyl-CoA acyltransferase 2 (Acaa2),
436  hexokinase 1 (Hk1), and others (Figure 6G, Figure Xl in the Data Supplement). In controls,
437 Cpt2 and Acaa?2, two determinants of the mitochondrial beta-oxidation activity, showed lower
438 maximal capacity in females supporting their diminished FA metabolism (Figure 6G, Figure

439  Xll in the Data Supplement). Lower Cpt2 capacity in male Prdm16°sP*

cardiac tissue partly
440  explains diminished male FA metabolism. Consistent with protein expression data, female
441  and male Prdm16° """ cardiac tissue showed diminished Hk1 utilization. Hk1 mediates
442  phosphorylation of D-glucose to D-glucose 6-phosphate and represents the initial step of
443  glycolysis. Altogether, these findings support imbalanced substrate metabolism and oxidative

444  stress on monoallelic Prdm16 inactivation.
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445 Discussion

446  Our study suggests that metabolic dysregulation is an early event in Prdm16 associated
447  cardiac dysfunction and precedes substantial transcriptional dysregulation. Metabolic
448 changes upon Prdm16 inactivation appear to contribute to induce early and late-stage
449  cardiac pathologies, which may result in cardiac hypoplasia® and hypertrophy?®, respectively.
450 Pyroxd2 and Pbxipl are novel modulators of cardiac function, reflecting the central role of
451  metabolism in the Prdm16 associated cardiac phenotype. Moreover, our study detects a
452  more pronounced molecular and structural phenotype in Prdm16°P*** females than males,
453  with sex having a larger effect than the Prdm16 genotype. The differential response in
454 maximal FA and glucose utilization of male and female Prdm16°PY** hearts suggest a

455  diminished capacity of females to scope with metabolic challenges.
456
457  PRDM16 cardiomyopathy.

458  Mutation of PRDM16 is a cause of cardiomyopathy associated with DCM and LVNC.* More

459  recently, truncating variants in PRDM16 were identified by in silico analysis as one of three

60$pl/wt

460  specific LVNC variant classes.® These genetic observations and the Prdm1 phenotype

461 reinforce the human genetic case that heterozygous PRDM16 inactivation/truncation is

462  sufficient to cause cardiomyopathy. Functional evidence from Prdmi16°P¥

mice, mirroring
463  the genotype of patients with PRDM16 mutation, will increase the ClinGen evidence from
464 limited to moderate for the association of PRDM16 with cardiomyopathy

465 (www.clinicalgenome.orq).

466  In mice, homozygous Prdm16 inactivation induces discordant phenotypes in different genetic
467  backgrounds resulting in either early postnatal lethality (Xmlc2Cre;Prdm16""®) or cardiac
468  dysfunction with fibrosis at adult stages (Mespi1Cre;Prdm16"/fx,
469  Myh6Cre;Prdm16"/1) 102829 ym|c2Cre and MesplCre strains are expected to inactivate
470  Prdm16 upon very early heart development®® Discrepancies in penetrance of the
471  phenotypes could be attributed to incomplete spatial Cre-mediated Prdm16 inactivation and
472  residual Prdm16 levels in early cardiomyocyte progenitor cells, endothelia, or cardiac
473  fibroblasts. Consistent with neuronal studies, it is likely that Prdm16 has additional effects on
474 cardiac stem and progenitor cell function compared with differentiated, adult
475  cardiomyocytes.®® Indeed, adult Prdm16 inactivation using a tamoxifen-inducible mouse
476  model (eMHC-MerCreMer;Prdm16""*) resulted in viable mice without an overt cardiac
477  phenotype.'® Homozygous PRDM16 mutation has not been identified in patients so far but

10,28,29

478 based on animal studies , biallelic PRDM16 inactivation likely induces a highly

479  penetrant, severe cardiac phenotype in humans that may not survive to birth. In Prdm16°°*""
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480 hearts we did not observe alterations in myocardial compaction or alterations of the gene
481  circuit involving Tbx5 and Hand1.*® This is possibly due to the heterozygous nature of the
482  Prdml6 inactivation in our model. Another important feature is that Prdm16°P*** hearts do
483  not show perturbation of the sarcomere at either a structural or a molecular level. This
484  suggests that contractile dysfunction in the PRDM16 cardiomyopathy originates from other
485 mechanisms such as energy restriction or metabolic stress affecting contractility and/or ion
486  homeostasis.

487
488  Prdml6 differentially compromises metabolism in early and late stage cardiac pathology.

489  Studies from adipose tissue show that PRDM16 orchestrates adipocyte differentiation via
490 interaction with proteins such as PPARA, PPARG, MED1, CEBPD, peroxisome proliferator-
491  activated receptor gamma coactivator 1l-alpha, beta (PPARGC1A, PPARGC1B), or
492  uncoupling protein 1 (UCP1).3'21315173233 consequently, we explored a selection of
493  validated PRDM16 targets in Prdm16°"** hearts and in a transcriptomic screen of human
494  adult DCM (Table VII in the Data Supplement).’® We found only three PRDM16 targets,
495 namely PPARA, MED1, and CEBPD dysregulated in this DCM transcriptomic screen.
496  Moreover, the transcriptional targets Thx5, Hand1 identified in Xmlc2Cre;Prdm16""* hearts
497  appeared not be regulated in Prdm16°"*" hearts.'® This suggests: i) in cardiomyocytes
498 PRDML16 steers diverse regulatory programs compared to other differentiated cell types, ii)
499  expression changes are time sensitive and depend on the progenitor or differentiation stage,
500 and iii) early molecular changes or adaptations in PRDM16 cardiac pathology are not
501 associated with broad, significant expression changes. In the absence of major

502 transcriptional effects in our model, we investigated possible metabolic alterations.

503 The initial evidence that metabolic alteration may be associated with the cardiac PRDM16
504 phenotype came from a study analyzing homozygous Mesp1Cre;Prdm16""* mice. These
505 mice develop cardiac hypertrophy, diminished heart function, fibrosis, reduced mitochondrial
506 content, and diminished acylcarnitine levels at 12 months of age.?® Mesp1Cre;Prdm16"/"
507 hearts show upregulation of transcripts involved in glucose metabolism, transcriptional
508 downregulation of lipid metabolism, and oxidative stress gene expression. Metabolic high-fat

509 diet challenge of young Mespl1Cre;Prdm16"1°

mice induced cardiac dysfunction as well as
510 hypertrophy already at 3 months of age compared to a later phenotype onset at 9 months
511  without high-fat diet. This suggests that complete Prdm16 inactivation in the heart leads to
512  diminished mitochondrial volume and sensitivity to substrate availability ultimately resulting in
513  cardiomyocyte hypertrophy by activating distinctive gene programs.?® Exploration of the heart

6flox/ﬂox

514  phenotype in Xmlc2Cre;Prdml mice also detected downregulation of transcripts

515  associated with mitochondrial biogenesis/function and FA metabolism.*® Together, both
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516  models analyzing homozygous Prdm16 inactivation demonstrate cardiac phenotypes that are
517 associated with diminished metabolic capacity eventually leading to cardiac growth and
518  hypertrophy. In contrast, heterozygous Prdm16°P*" hearts are hypoplastic with no evidence
519  of mitochondrial volume changes, demonstrating that metabolic alterations are early events

520 in Prdm16 inactivation.

521 A differential response in maximal FA or glucose utilization of male and female Prdm16°°*™
522 is supported by sex-specific transcriptional dysregulation. In male Prdm16°***" hearts the
523  strongest up- and downregulation was observed for Ubiadl and hemoglobin’s (Hba-al, Hbb-
524  bs), respectively. Ubiadl is a prenyltransferase that is involved in ubiquinone (CoQ10)
525  synthesis, thus, increasing redox tolerance and providing cardiovascular protection.®
526  Cellular downregulation of Hba-al and Hbb-ba diminishes oxygen supply and may blunt
527 cardiac oxidative stress in the setting of restricted FA oxidation. Female Prdm16°°**" hearts
528  show strongest up- and downregulation of the metabolism associated transcripts Nrldl and
529  Aldh3al, respectively. NR1D1 is a ligand-regulated transcriptional repressor impacting

530 metabolic regulation, cellular differentiation, or circadian rhythm control.*®

Upon
531 adipogenesis, Nrldl gene silencing affects brown adipocyte differentiation and attenuates
532 Prdm16 expression suggesting an interaction of both.>* A recent study exploring the impact
533  of shift work on cardiac reperfusion injury demonstrated diminished myocardial Nrldl
534  expression suggesting a more general role of Nrld1 in cardiomyocyte function.®* Aldh3al is
535 involved in oxidation and detoxification of lipid peroxids. Genetic inactivation of Aldh3al in
536  zebrafish increases 4-HNE levels and impairs glucose homeostasis.*” Thus, Aldh3al
537  reduction is likely associated with metabolic adaptation of female Prdm16°P* glucose
538 utilization. Overall, early transcriptional changes in Prdm16°P'" hearts are distinct from

539 those observed in later stage pathology.
540
541  Pyroxd2 and Pbxipl are novel modulators of cardiac function.

542 In line with a central role of metabolism for PRDM16-associated cardiac phenotypes, we
543  found concordant upregulation of Pyroxd2 and Pbxipl both of which have been implicated in
544  the regulation of energy metabolism. PBXIP1 interacts with several proteins such as the
545  transcription factor Pre-B cell leukemia factor 1 (PBX1)*, microtubules®, estrogen receptors
546 1 and 2 (ESR1, ESR2)*, and AMP-activated protein kinase (AMPK).*° Moreover, PBXIP1
547  regulates the activity of MAPK and mTOR signaling.?* The function of Pbxip1 in the heart is
548 largely unknown. In a prior genetic screen, the inhibition of MAPK signaling pathway proteins
549  increased PBXIP1 phosphorylation.** In contrast, activation of the MAPK signaling cascade
550 increased PBXIP1 protein expression and murine PBXIP1 overexpression stimulated cardiac

551  hypertrophy.** In Prdm16°"* hearts we found Pbxipl upregulation associated with
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552  diminished MAPK signaling activity. Mutation of PBXIP1 has not been associated with
553  human heart disease; however, mutation of its interacting transcription factor PBX1 has been
554  linked to syndromic congenital heart defects.*” An interesting aspect of PBXIP1 is its
555 interaction and activation of ESR1 and ESR2, a potential mechanisms of sex specific
556  effects.® Our data implicate PBXIP1 in cardiac growth, metabolism, and hypertrophy which
557 await further characterization under healthy and diseased conditions. In the context of
558  Prdml6 heterozygous mutants, Pbxipl may orchestrate the adaptive responses of important
559  signaling cascades like AMPK, mTOR, or MAPK.

560 The cardiac function of Pyroxd2 is unknown. PYROXD?2 is an oxidoreductase of the inner
561  mitochondrial membrane/matrix that interacts with mitochondrial complex IV.?° Genetic
562 inactivation of PYROXD2 in hepatic cell lines decreased the mitochondrial membrane
563 potential, complex IV activity, ATP content, and mitochondrial DNA copy number.?
564 PYROXD2 inactivation also increased mitochondrial reactive oxygen species and the
565 number of immature mitochondria.?’> Compound heterozygous genetic variants in PYROXD2
566 were detected in a single patient with a severe infantile metabolic disorder.”* Molecular
567 workup in patient fibroblasts demonstrated a mito-ribosomal defect characterized by
568 increased mitochondrial superoxide levels, elevated sensitivity to metabolic stress,
569 decreased complex | subunit proteins, and diminished mitochondrial ribosome levels.*
570  Mutation of a related human oxidoreductase, PYROXD1, results in early-onset skeletal
571  myopathy.** Another study, investigating molecular signatures in skeletal muscle from heart
572 failure patients, detected upregulation of PYROXD?2 transcripts.” These data suggest that
573  Pyroxd2 upregulation in Prdm16°P*" hearts may compensate for metabolic and oxidative

574  stress conditions.
575
576  Sex specific aspects of Prdm16 inactivation in cardiac metabolism.

577  Our study detects a more pronounced cardiac and molecular phenotype in Prdm16°P*
578 females compared to males. The original cytogenetic association of PRDM16 inactivation
579  with cardiomyopathy was described in 18 patients with 1p36 syndrome.* Among these, 16
580 individuals were females and only two were males.* This may point to a sex specific

6cspl/wt mice

581 penetrance of the PRDM16 cardiomyopathy. Apparently, female Prdml
582 compensate the cardiac metabolic disturbance less efficiently than males. Metabolic
583  modelling with CARDIOKIN1 revealed diminished FA, increased glucose, and reduced

6""™ mice.** This

584 lactate utilization in the hearts of female compared with male Prdml
585  establishes clear sexual dimorphism for cardiac metabolism under basal healthy conditions.*’
586 Under normal conditions the heart generates ATP mainly via FA oxidation and glucose

587 utilization (glycolysis, pyruvate supply to TCA).*® Female Prdm16°** hearts show
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588 diminished maximal glucose and unaffected FA utilization. The increase in the maximal
589 lactate utilization capacity in female Prdm16°P*™ hearts likely reflects an adaptation to
590 metabolic stress conditions. Male Prdm16°P™ hearts show diminished maximal FA
591 utilization, which is in line with the TAG accumulation we observed. Male Prdm16°**** hearts
592  expose elevated EET levels, which is in line with a recent study demonstrating increased
593  EET levels/turnover in LV biopsies from DCM patients.*® This supports distinct mechanisms
594  of lipid metabolism in male hearts. Whether hormonal differences are the cause of
595  systemically reduced fat content and the more advanced pathology in female Prdm16°sP*™
596 mice is unclear. The known association of Pbxipl and Esrl/Esr2 activity as well as Nrldl
597 provides a potential explanation for the sexual dimorphism in the regulation of substrate
598 utilization. Transcript as well as protein level of Prdm16°P™ hearts demonstrate significant
599 sex effects. Indeed, sex has a larger effect on metabolic parameters than the Prdm16
600 genotype at least during this investigated early pathological window. Our findings suggest a
601  sexual dimorphism for the PRDM16 associated cardiomyopathy with probably earlier, more

602  penetrant phenotype expression in females.
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603  Study Limitations

604 Female Prdm16°"* mice have diminished relative total body fat content and increased
605 relative muscle content. This mirrors either the female tissue specific metabolism and/or
606  points towards a systemic factor affecting tissue development. Identification of such factor
607 would be important to understand the systemic (endocrine) role of Prdm16 and to test
608 therapeutic approaches targeting adipose tissue. Our study does not assess early metabolic
609 changes in cardiac progenitor cells. Analysis of Prdm16°**** hearts with in silico tools and
610 individual metabolite measurements suggest an accelerated metabolism. However, we did
611  not perform kinetic experiments to demonstrate accelerated turnover of selected metabolic
612  pathways.
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Figure 1. Expression of Prdm16 in the heart of Prdm16°P*' mice. (A) Expression
analysis reveals high PRDM16 transcript levels in human lung, aorta, adipose tissue
(adip.t.), and heart. Liver, skeletal muscle (sk.m.), and smooth muscle (sm.m.) show low
PRDM16 expression. (B) Prdm16 is highly expressed in murine lung tissue, shows robust
levels in the left ventricle (LV) but low expression in skeletal muscle (sm). (C) Prdm16 is
robustly expressed in LV, right ventricle (RV), and the septum. The left (LA) and right
atrium (RA) does not show considerable Prdm16 expression. Kcna4 and Myl2 transcripts
demonstrate atrial and ventricular tissue origin. (D) The murine Prdm16 gene comprises
17 exons and Prdmi16°P*™ mice carry the point mutation c.888-3C>A affecting the
acceptor splice site of intron_6-7. (E) PCR genotyping with heart cDNA from heterozygous
Prdm16°""™ mice generates 3 products: a) wild-type fragment (807 bp), b) unknown
mutant product (~780 bp, *), and ¢) mutant product without exon 7 (658 bp). (F) The wild-
type Prdm16 protein is 1275 amino acids (aa) long. Targeted high-throughput sequencing
of the different PCR products identifies four main Prdm16 mutant proteins in Prdm16°P/"
mice including truncation (mutl, mut2) and in-frame deletion (mut3, mut4) variants (Figure
| and 1l in the Data Supplement, for detailed Results see Data Supplement). (G)
Quantitative detection of Prdm16 transcript levels with gPCR detectors targeting the exon
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7 deletion region shows approx. 40-50% reduced expression. In contrast, PCR detectors
targeting exon3-4 and exonl4-15 identifies increased Prdm16 levels. Analysis was
performed on female Prdm16°P*™ heart tissue. (H) Detection of Prdm16 protein was
achieved by PRM (parallel-reaction monitoring) using the Prdm16 derived peptide V875-
K883. (I) Quantitation of Prdm16 peptide in control and Prdm16°P¥*|ung tissue. The ratio
of endogenous (light) and standard spike-in (heavy) peptide is shown. Statistical analysis
was performed with unpaired t-test (p<0.05).
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Figure 2. Diminished cardiac performance after Prdm16 inactivation. (A) Survival of
male and female Prdm16°"*** mice is normal until the age of 8 month. (B) 8-month-old
Prdm16°"*™ mice of both sexes have a reduced absolute body weight. Normalization
against tibia length demonstrated a diminished relative heart and LV weight in Prdm16°P**
mutants. (C) M-mode images illustrate the heart phenotype in Prdm16°P*™ mice as
assessed with echocardiography. (D) At the age of 8 months Prdm16°""* mice of both
sexes have diminished cardiac function as illustrated by stroke volume, cardiac output, and
ejection fraction (EF). Full echocardiography data are available Tables IV-VI in the Data
Supplement. (E) Histological analysis with H&E staining reveals normal tissue organization
in female Prdm16°P*"* hearts. Scale bars in E and F are 500 pm (full heart) and 50 um
(inset). (F) Histological staining for fibrosis with Picro-Sirius red is negative in female
Prdm16°P*™ heart tissue. (G) The cell area of female heart muscle (cross sections) stained
with wheat-germ agglutinin (WGA, green) is significantly reduced. Nuclei were stained with
DAPI (blue). Scale bar is 20 um. Statistical analysis was performed with unpaired t-test
(p<0.05).
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Figure 3. Transcriptome analysis of Prdm16°P"™ heart tissue. (A) Transcriptome
analysis with RNAseq of Prdm16°PY™ LV shows in male 28 and in female 90 differentially
regulated genes compared to controls. Analysis of male vs. female control hearts identifies
143 differentially regulated transcripts. (B-C) Bioinformatic filtering ranked the normalized
log2 cpk according the absolute log2 fold change (LFC) after elimination of regulated
targets with an adjusted p-value (padj) <102. Scatterplots show the LFC against mean
expression for the contrast Prdm16°""™ (het) vs controls (wt) in male (B) or female (C)
heart. The top 10 differentially regulated genes (adj. p < 0.01) are highlighted in green and
labeled. (D) Summary of top 20 up- and down-regulated genes in male (upper panel) and
female (lower panel) hearts. Expression of selected genes in cardiac cell types is
annotated according to the color code. Functional association with transcription (T),
metabolism (M), and immune response (l) is shown for relevant genes. (E) Scatterplot
shows the LFC detected in A and B against each other. Genes with concordant changes
(abs LFC > 0.25) are highlighted in green, genes with discordant changes (top 10; adj. p <
0.01) are highlighted in red. The overall correlation is R=-0.11 (n=21276). (F) Gene
ontology (GO) network was constructed with GOnet™ by using the male and female TOP20
up- and down-regulated genes in Prdm16°PY" hearts. GO terms response to lipids and
response to oxygen-containing compounds show strongest association.
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Figure 4. Proteome comparison of Prdm16°P"™!' cardiac tissue. Volcano plots for
Prdm16°P*"Ycontrol pairwise comparisons with log2 ratio (x-axis) and p-value (y-axis) of
male hearts (A), female hearts (B), and combined analysis of male+female hearts (C). Red
coloring indicates significantly altered proteins (threshold dashed grey line, p-value <0.01)
and * highlights highly significantly different proteins with p-value <0.0001. (D) Heat map of
all regulated proteins (p-value <0.01, abs log2 ratio >0.5) using z-scored values of group
median intensity. Pre B-cell leukemia transcription factor interacting protein 1 (Pbxipl) and
pyridine nucleotide-disulphide oxidoreductase domain 2 (Pyroxd2) are consistently
increased in male and female Prdm16°"""" mice with p-value <0.0001.
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Figure 5. Altered metabolism in Prdm16°P™! cardiac tissue. (A) Normalized central
carbon metabolite counts are presented as log2 value of the mean of normalized peak
area ratio Prdm16°"**/controls of males, females, and combination of both sexes. In
female Prdm16°P*™ LV tissue, broad suppression of several metabolic pathways was
observed. In male Prdm16°P*™ LV tissue, a similar but less pronounced reduction was
detected. Statistical analysis of individual metabolites was performed with non-parametric
Wilcoxon Rank Sum test, *indicates p<0.05. (B) Univariate analysis reveals in cardiac
tissue of Prdm16°"™ mice significant reduction of the amino acid, glycolysis, glycerol, and
tricarboxylic acid cycle (TCA) metabolism using combined male and female data.
Divergent metabolism of male and female animals was observed for amino acid
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metabolism, glycolysis, and TCA cycle. (C) Lipid analysis was performed with LC-MS
using the lipidizer kit (Sciex). Global lipid analysis and evaluation as log2 value of the
intensity ratio Prdm16°P*"/controls reveals normal levels for most lipid classes. Strongest
regulation was observed for triacylglycerol (TAG) in male Prdm16°P™ hearts. The number
(n) of validly detected lipids per class is indicated. (D) Selected neutral lipids and
sphingolipids critical for the heart, lipids altered in Prdm16°"**" mice, and lipids previously
associated with heart function ("'Tham et al. ?*, *Wittenbecher et al. %) are presented for
Prdm16°"™ cardiac tissue of both sexes and in combination. Values for phospholipids are
available in Figure IX in the Data Supplement. (E) Signaling activity of the mitogen-
activated protein kinase (MAPK) and mTOR pathway was assessed with the Milliplex
phosphoprotein magnetic bead system and revealed diminished phosphorylation of insulin
receptor (Insr_Tyrl162-1163), phosphatase and tensin homolog (Pten_Ser380), and Akt
serine/threonine kinase 2 (Akt_Ser473) in female Prdm16°"P* mice. Statistical analysis of
selected lipids was performed with non-parametric Wilcoxon Sum Rank test, * indicates
p<0.05. Coloring indicates reduction (red) or increase (blue) of the log2 of ratio by -0.2 or
0.2, respectively.
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Figure 6. Nutrient metabolism in Prdm16°P™! cardiac tissue. (A) Assessment of
metabolites critical for energy metabolism using LV tissue and LC-MS. Normalized values
are shown for adenosine triphosphate (ATP) and the ratio of adenosine monophosphate
(AMP) vs. ATP (AMP/ATP). (B) The ratio of inosine monophosphate (IMP) vs. ATP
(IMP/ATP) is increased in Prdm16°P*™ hearts. (C) The ratio of reduced vs. oxidized
nicotinamide adenine dinucleotide (NADH/NAD+) is increased in female Prdm16°P/™
hearts. (D) Oxidative capacity of cardiac tissues was assessed with the ratio of reduced vs.
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oxidized glutathione (GSH/GSSG). Female Prdmi16°P"™ hearts show a significantly
reduced GSH/GSSG ratio. (E) Eicosanoids were measured in male Prdm16°"** hearts
with LC/ESI-MS-MS. Data are presented as log2 Prdm16°"P*"controls ratio with down- or
up-regulation as black or grey bars, respectively. All epoxyeicosatrienoic (EET) and
dihydroxyeicosatrienoic (DHET) acids are increased in Prdm16°PY" cardiac tissue.
Corresponding absolute measurements are available in Table VIII in the Data Supplement.
(F) Modelling of major cardiac metabolic processes occurred with CARDIOKIN1 “® using
protein expression data. Differences in maximal substrate utilization for fatty acids (FA),
glucose, lactate, and branched chain amino acids (bcaa). Box plots show median and 25%
guartile. Red dots depict maximal capacities for individual animals. (G) Individual protein
impact for FA and glucose metabolism was correlated for carnitine palmitoyltransferase 2
(Cpt2), acetyl-CoA acyltransferase 2 (Acaa2), and hexokinase 1 (Hk1) using linear
regression analysis of the maximal substrate utilization vs. protein abundance (red dashed
line indicates confidence interval, 95%). Box plots show median and 25% quartile. Red
dots depict Cpt2, Acaa2, and Hk1l maximal capacities for individual animals. Statistical
analysis of individual metabolites and processes was performed with unpaired t-test, *
indicates p<0.05.
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Figure 7. Prdm16 is an early regulator of cardiac metabolism. Assessing different
mouse models for the PRDM16 associated cardiomyopathy reveals distinct cardiac
phenotypes after mono- or biallelic Prdm16 inactivation. Metabolism is differentially
affected at early (Prdm16°P"™) and late pathology stage (Xmlc2Cre;Prdm16"/"
Mesp1Cre;Prdm16"°¥/Mx) 10.28
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