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16  Abstract

17 Adult mammalian cardiomyocytes (CMs) acquire powerful contractile function as they
18  mature, yet lose regenerative competence. Whether this functional transition actively
19  imposes regenerative arrest is unknown. Here we show that the postnatally induced
20  transcription factor KLF3 establishes contractile homeostasis as an intrinsic barrier to
21  CM regenerative competence. CM-specific KIf3 deletion enhances Ca®" cycling and
22 contraction, reactivates CM cell-cycle activity and improves cardiac repair after
23 myocardial infarction (MI). Integrated transcriptomic, CUT&Tag and lipidomic
24  analyses reveal that KLF3 represses contractile and Ca**-handling genes and limits
25  glycosphingolipid biosynthesis. Disruption of contractile homeostasis, by either K/f3
26  deficiency or pharmacological contractile stimulation, increases membrane mechanical
27  stress and activates neutral sphingomyelinase (nSMase)-dependent sphingolipid
28  remodeling; conversely, nSMase inhibition abolishes the proliferative response.
29  Lactosylceramide (LacCer), a major sphingolipid metabolite elevated in Klf3-deficient
30  hearts, is sufficient to stimulate CM cell-cycle re-entry and promote post-infarction
31  repair. These findings identify contractile homeostasis as an active maturation-linked
32 brake on mammalian cardiac regeneration and uncover a targetable mechanometabolic

33 pathway for cardiac repair.
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34  Introduction

35 The adult mammalian heart sustains lifelong contractile work but has little
36  capacity to regenerate after injury'. By contrast, neonatal CMs can re-enter the cell
37  cycle and rebuild damaged myocardium during a brief postnatal window, before this
38  regenerative competence is rapidly lost™®. This transition coincides with CM
39  maturation, during which cells acquire organized sarcomeres, efficient excitation—
40  contraction coupling, robust Ca®" cycling and increased contractile force’. Although
41  many molecular pathways have been implicated in CM proliferation>!*'®, why the
42 acquisition of mature cardiac function is coupled to regenerative arrest remains poorly
43 understood.

44 Contractility is one of the defining features of postnatal CM maturation'’. Mature
45 CMs continuously convert electrical excitation and Ca®" transients into mechanical
46  force, whereas regenerative CMs often display partial dedifferentiation, sarcomere
47  remodeling and altered Ca®" handling®'®. These observations raise a fundamental
48  question: does the mature contractile state merely mark the loss of regenerative capacity,
49  or does it actively restrain CM plasticity? Direct evidence that contractile homeostasis
50  functions as an instructive barrier to cardiac regeneration has been lacking.

51 Mechanical forces are increasingly recognized as regulators of cellular metabolism
52 and fate!®?!. In many tissues, mechanotransduction reshapes metabolic pathways to
53 control proliferation, differentiation, and adaptation®'. The heart is an especially force-
54  generating organ, and CM maturation is accompanied by coordinated changes in

55  contractile function and metabolism*%%

. However, whether contractile activity is
56  converted into specific metabolic signals that regulate CM regenerative competence

57  remains unknown.

58 Here we identify a KLF3-controlled mechanometabolic circuit that links CM
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59  contractile homeostasis to regenerative arrest. We show that KLF3 is induced during
60  postnatal maturation and directly represses genes involved in Ca®" handling and
61  excitation—contraction coupling. CM-specific KIf3 deletion enhances Ca*" cycling and
62  contractility, increases membrane mechanical stress, activates neutral
63  sphingomyelinase-dependent sphingolipid remodeling and promotes LacCer
64  accumulation. This pathway reactivates CM proliferation and improves cardiac repair
65 after MI. These findings establish contractile homeostasis as an active maturation-
66 linked barrier to mammalian heart regeneration and reveal a targetable
67  mechanometabolic pathway for cardiac repair.

68  Results

69  KLF3 restrains the postnatal contractile programme to maintain CM homeostasis
70 Transcriptional control is central to CM maturation®!°, but the factors that couple
71  maturation-associated contractile function to regenerative arrest remain incompletely
72 defined. To identify transcription factors underlying this transition, we first analyzed
73 the postnatal expression dynamics of genes involved in cardiac contraction and Ca?*"
74  handling (Extended Data Fig. l1a). Motif enrichment analysis nominated KLF3 as a
75  candidate regulator of the maturation-associated contractile programme (Extended Data
76 Fig. 1b, c). Consistent with this nomination, KIf3 mRNA and KLF3 protein increased
77  progressively during postnatal heart development, with marked enrichment in mature
78  myocardium compared with neonatal hearts (Fig. la,b). Together with previous
79  evidence that KLF3 is expressed in striated muscle and regulates muscle-specific gene

80  expression’*?

, these observations suggest that KLF3 may contribute to the
81 establishment of the mature CM state.

82 KLF3 has been characterized as a CtBP-associated transcriptional repressor?®, but

83 its function in postnatal CMs remains poorly understood. We next asked whether KLF3
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84  activates or restrains the maturation-associated contractile programme. We generated
85  CM-specific KIf3 knockout mice by crossing KIf3"" mice with Ckm-Cre transgenic
86  mice (Ckm<*",; KIf3"" hereafter KIf3-cKO), with littermate Ckm*"*; KIf3"" serving as
87  controls (Ctrl) (Fig. 1c). Efficient recombination was detected from P14 onward, and
88  resulted in robust reductions of KIf3 mRNA and KLF3 protein in adult CMs (Fig. 1d,e
89 and Extended Data Fig. 2a). KIf3-cKO mice developed normally, and histological
90 analyses from embryonic day 18 (E18) to adulthood (3M) revealed no overt
91  abnormalities in cardiac morphology, chamber structure or myocardial architecture (Fig.
92  1f and Extended Data Fig. 2b-e). Consistently, ECHO of 3-month-old mice showed
93  preserved left ventricular ejection fraction, fractional shortening, and wall thickness
94  under basal conditions (Fig. 1g,h and Extended Data Fig. 2f,g). Thus, KLF3 is
95  dispensable for gross cardiac development and resting systolic function.

96 Despite this apparently normal baseline phenotype, K/f3-cKO mice displayed a
97  significantly increased heart rate (Fig. 1i), suggesting altered regulation of CM
98  excitability or contractile activity. To investigate the underlying transcriptional changes,
99  we performed RNA sequencing of CMs isolated from adult control and K/f3-cKO hearts.
100 KIf3 deletion caused broad transcriptional remodeling (Fig. 1j and Extended Data Fig.
101 3a), with upregulation of genes involved in cardiac muscle contraction, sarcoplasmic
102 reticulum Ca?' transport, ATP metabolism, mitochondrial respiration, and oxidative
103 phosphorylation (Fig. 1k and Extended Data Fig. 3b,c). By contrast, genes associated
104  with extracellular matrix organization, cytoskeletal assembly and inflammatory
105  responses were reduced (Fig. 11). These data indicate that loss of K/f3 activates a
106  coordinated contractile, Ca*'-handling, and energetic programme in adult CMs.

107 We next asked whether these transcriptional changes altered intrinsic CM function.

108  Measurements of isolated adult CMs using the IonOptix system revealed increased
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109  sarcomere shortening and accelerated contraction and relaxation kinetics in K/f3-
110 deficient cells (Fig. 1m,n). Ca®" imaging further showed enhanced Ca®’ transient
111 amplitude together with faster Ca*>* release and decay (Fig. 10,p). In parallel, Seahorse
112 analyses revealed increased oxidative phosphorylation and glycolytic capacity
113 (Extended Data Fig. 3d-g), consistent with the higher energetic demand imposed by
114  enhanced contractile activity. Thus, K/f3 loss shifts adult CMs into a hypercontractile
115  and metabolically active state characterized by augmented Ca** cycling and contractile
116  output.

117 To determine whether KLF3 directly controls this programme, we performed
118  CUT&Tag profiling in adult CMs. KLF3 occupancy was enriched at promoter-proximal
119  regions surrounding transcription start sites (Fig. 1q). Differential binding analysis
120 between control and K/f3-cKO CMs identified high-confidence KLF3-dependent peaks
121  whose associated genes were strongly enriched for heart contraction, regulation of heart
122 rate, sarcomere organization, sarcoplasmic reticulum Ca*' transport and glycolytic
123 metabolism (Fig. 1r). KLF3 directly occupied regulatory regions of multiple genes
124 encoding contractile and Ca*"-handling components, including Myh6, Ttn, Tcap, Ryr2,
125 Cacnalc, Atp2a2, Pln, and Hre. Integration of CUT&Tag and RNA-seq further showed
126 that these KLF3-bound genes were upregulated after KIf3 deletion (Fig. Is,t and
127  Extended Data Fig. 3h-n). These findings indicate that KLF3 directly represses a
128  maturation-associated contractile and Ca*-handling gene module to maintain CM
129  contractile homeostasis. Thus, KLF3 is induced during maturation not to initiate the

130 contractile programme, but to constrain it within a homeostatic range.

131  KIf3 loss reactivates CM proliferative competence
132 Having shown that KLF3 is induced during postnatal CM maturation, we next

133 examined whether it is suppressed during regenerative activation. In neonatal hearts
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134 subjected to apical resection (AR), KLF3 protein abundance was markedly reduced in
135  CMs from the regenerative region compared with sham-operated controls (Extended
136 Data Fig. 4a-d). This reciprocal regulation suggested that KLF3 might function as a
137 maturation-linked brake on CM plasticity and proliferation.

138 To test this possibility, we used adenoviral shRNA to knock down KIf3 in primary
139 neonatal mouse CMs. KIf3 knockdown significantly increased the proportion of Ki67-
140  positive and Aurora B-positive CMs (Fig. 2a,b and Extended Data Fig. 5a), indicating
141 enhanced cell-cycle re-entry and mitotic progression. A similar response was observed
142 in neonatal rat CMs (Extended Data Fig. 5b-d), suggesting that the anti-proliferative
143 function of KLF3 is conserved across rodent CMs. Importantly, mosaic analysis with
144 double markers (MADM), a genetic approach in which single-labelled CMs mark
145  completed cytokinesis*’?®, further showed that KIf3 knockdown increased the fraction
146 of single-labelled CMs (Fig. 2¢). This genetic mosaic assay provides evidence for
147 completion of cytokinesis, distinguishing K1f3 knockdown from mere activation of cell-
148 cycle markers.

149 We next examined whether K/f3 deletion reactivates CM proliferation in vivo.
150  CMs were identified by cardiac troponin T (cTnT) staining, and proliferative events
151  were quantified only within cTnT-positive cells. In K/f3-cKO hearts, Ki67-positive and
152 Aurora B-positive CMs were significantly increased at postnatal day 24, a stage at
153 which CM proliferative activity is normally low (Fig. 2d and Extended Data Fig. 5e).
154 This proliferative response persisted into adulthood, as shown by the continued
155  presence of Ki67-positive CMs in 3-month-old K/f3-cKO hearts (Fig. 2¢). Thus, loss of
156 KIf3 is sufficient to sustain CM cell-cycle activity beyond the neonatal regenerative
157 window.

158 Despite increased CM proliferation, K/f3-cKO hearts did not show overt
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159  enlargement, suggesting that KIf3 loss might alter CM growth state rather than simply
160  increasing organ size. Consistent with this possibility, wheat germ agglutinin (WGA)
161  staining revealed a significant reduction in CM cross-sectional area in K/f3-cKO hearts
162  (Fig. 2f). Isolated adult Klf3-deficient CMs also showed significantly reduced cell
163 length and surface area, whereas cell width was slightly decreased (Fig. 2g,h and
164  Extended Data Fig. 5f). These findings indicate that K/f3 deletion shifts CMs away from
165  the hypertrophic growth state characteristic of mature myocardium.

166 Because postnatal CM maturation is associated with hypertrophic growth and

10.17 "we next assessed nucleation status and CM number. KIf3 deletion

167  multinucleation
168  increased the proportion of mononucleated CMs (Fig. 2i) and significantly increased
169  the total number of CMs per heart (Fig. 2j). These changes indicate that loss of Kif3
170 favors a less mature, proliferation-permissive CM state rather than merely inducing
171  transient cell-cycle marker expression. In agreement with this interpretation, adult K/f3-
172 cKO hearts showed sporadic re-expression of smooth muscle actin (Fig. 2k), a marker
173 normally suppressed in mature CMs. Western blot analysis further revealed increased
174 Cyclin E1 and reduced p21 (also known as CDKN1A), whereas Cyclin A2, Cyclin B1
175  and CDKI1 were largely unchanged (Fig. 21 and Extended Data Fig. 5g), suggesting
176  preferential activation of G1/S entry.

177 Together, these findings identify KLF3 as a maturation-associated suppressor of
178  CM plasticity. Loss of KIf3 partially reverses features of the mature CM state, reduces

179 hypertrophic growth, increases the mononucleated CM population and reactivates

180  proliferative competence in vivo.

181  KIf3 suppression enhances post-infarction cardiac repair
182 Having shown that K/f3 loss reactivates CM proliferative competence, we next

183 asked whether this response improves cardiac repair after injury. We induced MI in 3-
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184  month-old K/f3-cKO mice and littermate controls by permanent ligation of the left
185  anterior descending (LAD) coronary artery (Fig. 3a and Extended Data Fig. 6a). ECHO
186 performed 7 days after infarction showed comparable reductions in ejection fraction
187  and fractional shortening in control and K/f3-cKO mice, indicating similar initial injury
188  severity (Fig. 3b,c). By 30 days after MI, however, control mice showed progressive
189  deterioration of cardiac function, whereas K/f3-cKO mice maintained significantly
190  better systolic performance (Fig. 3b,c). This functional benefit persisted at 67 days after
191  injury (Fig. 3b,c and Extended Data Fig. 6b). Consistently, Masson’s trichrome staining
192 revealed reduced left ventricular fibrotic area in K/f3-cKO hearts, indicating attenuated
193 adverse remodeling after MI (Fig. 3d,e).

194 We next examined whether improved repair was associated with increased CM
195  cell-cycle activity. At 67 days after MI, K/f3-cKO hearts contained significantly more
196  Ki67-positive and phospho-histone H3 (pH3)-positive CMs than control hearts (Fig.
197 3f,g). These findings indicate that K/f3 deletion sustains CM cell-cycle re-entry and
198  mitotic activity after injury, coinciding with improved structural and functional
199  recovery.

200 To determine whether acute K/f3 inactivation in the adult heart is sufficient to
201  induce a regenerative-like state, we generated tamoxifen (TAM)-inducible CM-specific
202 KIf3 knockout (K/f3-iIKO) mice (Fig. 3h). TAM administration in 3-month-old mice
203  efficiently deleted K/f3 without causing overt changes in cardiac morphology, heart size
204  or resting systolic function, although heart rate was also modestly increased (Fig. 31,]
205 and Extended Data Fig. 6¢c-j). Adult-onset KIf3 deletion reduced CM cross-sectional
206  area and induced sporadic re-expression of smooth muscle actin (Fig. 3k,I), consistent
207  with partial relaxation of the mature CM state. Importantly, inducible K/f3 deletion

208 increased the number of Ki67-positive and pH3-positive CMs (Fig. 3m,n),
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209  demonstrating that suppression of KLF3 in mature CMs is sufficient to reactivate cell-
210  cycle activity in vivo.

211 Finally, we tested whether KIf3 inhibition after established injury could improve
212 cardiac repair. TAM was injected i.p. 4 days after MI (Fig. 30), allowing K/f3 deletion
213 to occur after the onset of adverse remodeling. Post-injury induction of K/f3 deletion
214  partially preserved systolic function after MI, with a consistent trend in ejection fraction
215 and significant improvement in fractional shortening at later time points (Fig. 3p,q and
216  Extended Data Fig. 6k). This was accompanied by a significant reduction in fibrotic
217 scar formation (Fig. 3r and Extended Data Fig. 61). These results indicate that adult-
218  onset suppression of KLF3 can enhance recovery even when initiated after myocardial
219  injury. Together, our data identify KLF3 as a CM-intrinsic brake on post-infarction
220  repair and support transient KLF3 inhibition as a potential strategy to promote

221  regenerative cardiac recovery.

222 Klif3 loss promotes a LacCer-enriched glycosphingolipid programme

223 The ability of KIf3 loss to enhance contractile activity, energetic demand and CM
224  proliferation raised the possibility that metabolic pathways may transduce changes in
225  functional state into regenerative signals. To identify such downstream programmes,
226  we integrated RNA-seq with untargeted metabolomic profiling of isolated adult CMs
227  from control and K/f3-cKO hearts. Consistent with significant upregulation of genes
228  involved in precursor metabolite generation, energy production, and mitochondrial

229  metabolism, a broad metabolic shift was observed after K/f3 deletion (Fig. 4a, b).

230  Pathway analysis of differentially abundant metabolites, together with transcriptome—
231  metabolome integration, identified sphingolipid metabolism as the most prominent
232 metabolic programme altered by KIf3 loss (Fig. 4c-e). Similarly, sphingolipid

233 metabolism was also significantly changed in K/f3-iIKO hearts (Extended Data Fig. 7a-
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234 d).

235 Because sphingolipid metabolism has been implicated in neonatal cardiac
236  regeneration”’, we examined individual lipid species altered in KIf3-deficient CMs.
237  Untargeted metabolomics identified LacCer as a prominently enriched metabolite
238  (Extended Data Fig. 8a), and targeted lipidomic analysis confirmed a significant
239  increase in LacCer abundance in adult K/f3-deficient CMs (Fig. 4f). These findings
240  indicate that KLF3 loss prominently enhances glycosphingolipid accumulation, with
241  LacCer representing a major lipid species induced in Klf3-deficient CMs.

242 To understand how KLF3 controls LacCer production, we first analyzed genes
243 involved in sphingolipid metabolism. K/f3 deletion was associated with coordinated
244  upregulation of sphingolipid biosynthetic genes and reduced expression of genes
245 involved in sphingolipid degradation (Extended Data Fig. 8b,c). Thus, KLF3 loss drives
246  sphingolipid metabolism towards an anabolic glycosphingolipid programme.

247 We next asked whether this metabolic shift involved direct transcriptional
248  regulation by KLF3. Interrogation of the KLF3 CUT&Tag dataset revealed KLF3
249  occupancy at the promoter region of B4galt6 (Fig. 4g), which encodes a
250  glycosyltransferase that converts glucosylceramide to LacCer®°. Consistent with direct
251  repression, B4GALT6 protein abundance was markedly increased in K/f3-deficient
252 CMs (Fig. 4h,1). These results suggest that KLF3 may limit LacCer biosynthesis in part
253 by repressing B4galt6.

254 Notably, LacCer accumulated at the plasma membrane of K/f3-deficient CMs and
255  was accompanied by increased ERK1 phosphorylation (Fig. 4j and Extended Data Fig.
256 8d), consistent with previous reports that LacCer can activate ERK-associated
257  mitogenic signaling®'*2. We then tested whether LacCer is sufficient to promote CM

258  proliferative activity. Exogenous LacCer treatment increased Aurora B-positive and
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259 Ki67-positive CMs in a dose-dependent manner, with 0.5 uM producing the strongest
260  response (Fig. 4k,1). Together, these findings identify LacCer as a bioactive downstream
261  effector of KLF3 loss that is sufficient to promote CM cell-cycle re-entry.

262 Collectively, these data show that KLF3 restrains a pro-regenerative sphingolipid

263  programme in CMs.

264  Contractile stress activates nSMase-dependent sphingolipid signaling

265 KIf3 loss increased Ca®" cycling and contractile activity while promoting LacCer
266  accumulation, raising the possibility that altered mechanical activity contributes to
267  sphingolipid remodeling. Neutral sphingomyelinase (nSMase) responds to membrane
268  mechanical stress and catalyses the conversion of sphingomyelin to ceramide (Cer)>*3*,
269  an upstream precursor for complex sphingolipid synthesis. Consistent with this, Cer
270  was significantly increased in KIf3-cKO CMs (Fig. 5a). We therefore asked whether the
271  hypercontractile state induced by KIf3 deletion activates nSMase-dependent
272 sphingolipid signaling in CMs.

273 To assess membrane mechanical stress, we used the mechanosensitive probe
274  Flipper-TR**. Fluorescence lifetime imaging revealed increased Flipper-TR lifetime in
275  Klf3-deficient CMs (Fig. 5b), indicating elevated plasma membrane tension after Kif3
276  deletion. We next monitored nSMase activity using BODIPY-labelled sphingomyelin.
277 In control CMs, BODIPY fluorescence was mainly retained at the plasma membrane
278  (Fig. 5¢). By contrast, Klf3-deficient CMs showed redistribution of the signal from the
279  membrane to the cytoplasm, consistent with enhanced conversion of membrane-
280  associated sphingomyelin to ceramide®® (Fig. 5c). This redistribution was prevented by
281  the nSMase inhibitor GW4869 or by lowering extracellular Ca*" (Fig. 5¢), indicating
282  that nSMase activation depends on Ca**-driven contractile activity. Targeted lipid

283  analysis further showed that K/f3 deletion increased Cer abundance under physiological
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284  Ca’' conditions, whereas this increase was largely abolished by GW4869 or low- Ca**
285  treatment (Fig. 5d).

286 We next tested whether nSMase activation is required for the proliferative response
287  induced by KIf3 loss. KIf3 deletion increased the proportion of Aurora B-positive and
288  Ki67-positive CMs, but both responses were abolished by GW4869 or low-Ca**
289  conditions (Fig. 5e,f). These results indicate that Ca**-dependent contractile activity
290  and nSMase-mediated sphingomyelin hydrolysis are required for CM cell-cycle re-
291  entry after KLF3 loss.

292 To determine whether enhanced contractile activity is sufficient to engage this
293  pathway independent of KI/f3 deletion, we pharmacologically manipulated CM
294  contraction®’. Isoproterenol increased membrane mechanical stress, activated nSMase,
295  and increased Aurora B-positive and Ki67-positive CMs (Fig. 5g-j). These effects were
296  abolished by GW4869, indicating that the proliferative response to contractile
297  stimulation requires nSMase activity. Thus, perturbing contractile homeostasis is
298  sufficient to activate an nSMase-dependent sphingolipid programme that promotes CM

299  cell-cycle re-entry.

300 LacCer is sufficient to enhance post-infarction cardiac repair

301 Having identified LacCer as a downstream effector of K/f3 loss and contractility-
302  dependent sphingolipid signaling, we next asked whether LacCer is sufficient to
303  improve cardiac repair after injury. To this end, we administered LacCer at multiple
304 time points after MI and monitored cardiac function by serial ECHO (Fig. 6a).
305 Compared with vehicle-treated mice, LacCer-treated mice showed attenuated
306  deterioration of systolic function after infarction, with improved ejection fraction and
307  fractional shortening (Fig. 6b-d). LacCer treatment also reduced left ventricular dilation,

308 indicating mitigation of adverse post-infarction remodeling (Fig. 6e,f).
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309 Histological analysis further supported a protective effect of LacCer after injury.
310  Masson’s trichrome staining revealed reduced fibrotic remodeling in LacCer-treated
311  hearts compared with vehicle-treated controls (Fig. 6g,h). Together with the ability of
312 LacCer to stimulate CM cell-cycle re-entry in vitro, these findings indicate that LacCer
313 is sufficient to enhance post-infarction cardiac repair. Thus, the KLF3-regulated
314  mechanometabolic pathway converges on a bioactive sphingolipid signal that can be

315  pharmacologically supplied to improve cardiac recovery after MI.

316  Discussion

317 In this study, we identify contractile homeostasis as an active, cell-intrinsic barrier
318  to mammalian cardiac regeneration. KLF3 is induced during postnatal CM maturation
319  and maintains the mature contractile state by repressing genes involved in Ca*" handling
320 and excitation—contraction coupling. Its loss enhances Ca** cycling and contraction,
321  increases membrane mechanical stress, activates neutral sphingomyelinase-dependent
322 sphingolipid remodeling and promotes LacCer accumulation. These changes reactivate
323 CM proliferative competence and improve cardiac repair after MI. Thus, mature
324  contractile function is not simply a consequence of CM maturation, but an instructive
325  state that limits regenerative plasticity through a mechanometabolic circuit.

326 This finding reframes the link between CM maturation and regenerative arrest.
327  The postnatal heart becomes optimized for continuous mechanical work, but this
328  specialization coincides with cell-cycle withdrawal. Our data suggest that these
329  processes are mechanistically coupled: the contractile programme that enables adult
330 pump function also establishes a lipid-metabolic state that restrains regenerative
331  plasticity. KLF3 provides a molecular entry point into this checkpoint by maintaining
332 Ca*'—contractile homeostasis and repressing glycosphingolipid biosynthesis. Its loss

333 relaxes the mature CM state through two convergent mechanisms: increased contractile
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334  stress, which activates nSMase, and a transcriptional shift in glycosphingolipid
335  biosynthesis marked by B4galt6 derepression and LacCer accumulation. Sphingolipid
336  metabolism has recently been implicated in mammalian heart regeneration through the
337  SphK2-SI1P branch®. Our study identifies contractile activity and membrane tension
338  as upstream inputs into a distinct nSMase—LacCer branch, thereby linking excitation—
339  contraction homeostasis to regenerative lipid signaling.

340 The identification of LacCer as a bioactive output of this circuit links functional
341  maturation to atargetable metabolic signal. Exogenous LacCer promoted CM cell-cycle
342 re-entry and improved post-infarction cardiac repair, suggesting that transient activation
343 of contractility-linked sphingolipid signaling may be sufficient to enhance cardiac
344  recovery. More broadly, this work raises the possibility that specialized physiological
345  functions can impose metabolic barriers to regeneration in mature mammalian tissues.
346  Whether similar function-coupled mechanometabolic checkpoints operate in other low-
347  regenerative tissues remains an important question.

348 Several issues remain unresolved. The molecular mechanism by which nSMase
349  senses contractile membrane stress is unknown, and LacCer probably acts together with
350  ceramide and other sphingolipid species rather than as an isolated signal. It will also be
351  important to determine whether transient relaxation of contractile homeostasis can be
352 achieved safely without compromising long-term myocardial function. Nevertheless,
353 our findings provide a framework connecting functional maturation,
354  mechanotransduction, lipid metabolism and regenerative competence, and suggest a

355  strategy for promoting cardiac repair by targeting the contractility—sphingolipid axis.
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356  Methods

357  Animals and ethical approval

358  All animal experiments were performed in accordance with institutional guidelines and
359  were approved by the Animal Care and Use Committee of Peking University, Beijing,
360  China, under protocol number [IMM-WangY M-1]. Mice were maintained in a specific

361  pathogen-free animal facility under a 12 h light/dark cycle at 20-26°C and humidity of
362  30-70%, with free access to standard chow and water. Both male and female animals

363  were used unless otherwise stated. KIf3"" mice were generated by inserting loxP sites
364  flanking exons 3 and 4 of the KIf3 locus using CRISPR-Cas9-mediated genome editing.
365 CM-specific KIf3 knockout mice were generated by crossing KIf3"" mice with Ckm-
366  Cre mice (Ckm™")*8. Ckm<®";KIf3"" mice are referred to as KIf3-cKO mice, and
367  littermate Ckm™";KIf3"" mice were used as controls. Inducible CM-specific KIf3
368  knockout mice were generated by crossing KIf3"" mice with Myh6-MerCreMer mice®”.
369 Myh6MM*KIf3" mice are referred to as KIf3-iKO mice, and Myh6MM*;K[f3*
370  littermates were used as controls where indicated. For inducible deletion, TAM was
371  dissolved in corn oil and administered by intraperitoneal (i.p.) injection at 75 mg kg™!
372 for seven doses. The injection schedule was daily for 7 consecutive days. Mice were
373  analyzed at the indicated time points after TAM withdrawal. MADM-ML-117%°T mice
374  were generated by crossing homozygous MADM-ML-1179"¢ and MADM-ML-11°7T
375  mice’”*. Wild-type C57BL/6J mice and Sprague-Dawley rats were purchased from
376 ~ Beijing Vital River Laboratory Animal Technology (Beijing). Genotyping was
377  performed using genomic DNA extracted from tail biopsies. PCR primers and expected

378  product sizes are listed in Supplementary Table 1.

379
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380 Randomization, blinding and exclusion criteria

381  For animal treatment studies, mice were randomly assigned to experimental groups
382  after genotype confirmation. For MI and LacCer treatment experiments, allocation to
383  treatment groups was performed using cage-balanced randomization. Investigators
384  performing echocardiography, histological quantification, immunofluorescence (IF)
385  imaging and image analysis were blinded to genotype and treatment whenever possible.
386  Pre-established exclusion criteria for MI experiments included perioperative death,
387  failed coronary ligation, absence of left ventricular wall-motion abnormality after
388  surgery, lack of myocardial blanching during ligation, poor echocardiographic image
389  quality, or technical failure during tissue processing. Exact numbers of animals included,
390  excluded, and lost after surgery are reported in Supplementary Table 2. No statistical
391  methods were used to predetermine sample size. Sample sizes were chosen based on
392 previous studies, pilot experiments and expected variability of MI and CM proliferation

393  assays.

394  Neonatal CM isolation
395  Neonatal mouse and rat CMs were isolated from postnatal day P6 hearts and P2 hearts.
396  Neonates were sterilized with 75% ethanol, and hearts were rapidly excised after

397  thoracic incision. Ventricular tissue was minced into~1 mm® fragments and digested

398  in 0.5 ml of D-Hanks buffer (Solarbio, H1040) containing 0.1% trypsin and 0.05% type
399  1I collagenase (Sigma, V900892) at 37°C for 5 min. After natural sedimentation, the
400  supernatant was discarded. Fresh enzyme solution was added, gently agitated, and
401  incubated for 6 min with inversion every 2 min. Digestion was repeated for 10 times.
402  The cell suspension was collected into equal volume of medium containing 10% FBS
403  (Gibco, 10099141) to terminate enzymatic activity. All collected cell suspensions were

404  filtered through a 100 um mesh, centrifuged at 170 g for 5 min, and resuspended in
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405  culture medium. To reduce non-CM contamination, cells were pre-plated for 120 min
406  at 37°C. The non-adherent CM-enriched fraction was collected and cultured for 48 h in
407  plating medium consisting of DMEM medium containing 7% FBS. 20 uM cytosine
408  arabinoside (TargetMol, T1272) was added to suppress non-myocyte proliferation. All
409  CMs, except those used for the nSMase activity assay, were cultured in culture medium
410  consisting of DMEM supplemented with 2% FBS, 1XNEAA (ThermoFisher, 11140050),
411  1xGlutamax (ThermoFisher, 35050061) and 1xPenicillin/Streptomycin (Sigma,

412 P4333).

413 Adult CM isolation

414  Adult CMs were isolated using a modified Langendorff-free enzymatic dissociation
415  method as described previously*!, with minor modifications. Three-month-old mice
416  were anesthetized with 1.25% tribromoethanol (20 ml kg™!, i.p.), disinfected with 75%
417  ethanol, and transferred to a biosafety cabinet. After thoracotomy, the descending aorta
418  was severed, and the heart was perfused through the right ventricle with 10 ml of EDTA
419  buffer containing 5 mM KCIl, 130 mM NaCl, 10 mM HEPES, 0.5 mM NaH;POs, 10
420 mM 2, 3-butanedione monoxime (BDM, Sigma-Aldrich, 31550), 5 mM EDTA, 10 mM
421  glucose, and 10 mM taurine (Sigma-Aldrich, V900296). The cardiac apex was then
422  clamped, and the heart was excised and sequentially perfused through the left ventricle
423 with 5 ml EDTA buffer followed by 5 ml perfusion buffer of identical composition
424  except for the omission of EDTA. Enzymatic digestion was performed using pre-
425  warmed collagenase buffer containing 0.05% collagenase II, 0.05% collagenase IV,
426 0.005% protease XIV until the myocardium became visibly softened. Ventricular tissue
427  was minced, gently triturated, and filtered through a 150 pm mesh. Digestion was
428  terminated by adding an equal volume of perfusion buffer containing 5% FBS. CMs

429  were collected by centrifugation at 20 g for 2 min, gradually reintroduced to Ca**, and
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430  resuspended in plating medium consisting of M 199 supplemented with 5% FBS and 10
431  mM BDM. CMs were then seeded onto Laminin (Thermo Fisher, 23017-015) -coated
432 plates (10 pg ml™"). After 12 h, the medium was replaced with culture medium of M199
433 supplemented with 5% BSA, 1x ITS, 1x CD lipid, and 10 mM BDM. For RNA-seq,
434  CUT&Tag and metabolomics analyses, freshly isolated CMs were subjected to two
435  rounds of low-speed centrifugation (20 g for 2 min each) to obtain highly purified, rod-

436  shaped adult CMs.

437  Neonatal apical resection

438  Neonatal mouse heart AR was performed within 1~2 days after birth as described

439  previously®, with minor modifications. Pups were placed on ice for 2 min to induce
440  hypothermic anesthesia. After complete cessation of movement, the chest and abdomen
441  were disinfected with 75% ethanol. A small left thoracotomy was made at the fourth

442  intercostal space using fine scissors to expose the beating heart. Approximately 10-15%

443 of the ventricular apex was excised with micro-scissors under a stereomicroscope.
444  Hemostasis was achieved by gentle compression with a sterile cotton swab until

445  bleeding stopped. The ribs, muscle, and skin were closed sequentially with 6-0

446  absorbable sutures. After surgery, pups were placed on a 37°C-heating pad for recovery
447  and returned to their mothers once spontaneous movement resumed. Sham-operated

448  pups underwent the same procedure without apical resection.

449  Myocardial infarction
450  MI was induced in 3-month-old mice by permanent ligation of the left anterior
)42

451  descending coronary artery (LAD)*. Mice were anesthetized via i.p. injection of 1.25%

452 tribromoethanol (20 ml kg™). The chest and neck were disinfected with 75% ethanol,

453  and mice were secured in a supine position. A ~2 cm incision was made along the
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454  neck and the left side of the chest to expose the trachea and thoracic cavity. After blunt
455  dissection of the overlying muscle, mice were orally intubated and connected to a small-
456  animal ventilator. Adequate ventilation was confirmed by synchronized thoracic
457  excursion. Electrocardiogram (ECG) electrodes were attached to the left forelimb, left
458  hindlimb, and right hindlimb for continuous monitoring. Left thoracotomy was
459  performed by separating the intercostal muscles between the second and third ribs, and
460  the thoracic cavity was opened using a chest expander to expose the heart. After

461  removal of the pericardium, the LAD was permanently ligated using a 6-0 non-

462  absorbable suture. Successful ligation was verified by immediate ST-segment elevation

463  onthe ECG. The thoracic cavity was closed in layers with 5-0 sutures. Residual air was

464  evacuated to restore negative intrathoracic pressure, and the muscle and skin were
465  sutured to complete the procedure. Mice were maintained on a warming pad until
466  recovery and monitored postoperatively. Sham-operated mice underwent the same
467  procedure except that the LAD was not ligated. Mice with perioperative death, failed
468 LAD ligation or poor postoperative recovery were excluded according to pre-

469  established criteria and reported in Supplementary Table 2.

470  CM number, nucleation, and size
471  Dissected adult hearts were rinsed in ice-cold PBS and fixed overnight in 4%

472  paraformaldehyde (PFA) for CM number quantification. After washing with PBS,
473 hearts were minced into 1-3 mm® fragments and subjected to enzymatic digestion at
474  37°C in digestion buffer (PBS containing 0.05% collagenase II and 0.05% collagenase
475  IV) with constant agitation. At 12 h intervals, dissociated CMs were collected by
476  centrifugation at 20 g for 2 min, and the remaining tissue fragments were replenished

477  with fresh digestion buffer until complete dissociation. Collected CMs were then



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.08.26.000319. This version posted August 26, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

478  pelleted at 20 g for 2 min and counted using a hemocytometer. Following cell counting,
479  isolated adult CMs were immunostained for cTnT and DAPI to assess CM nucleation.

480  CM length and width were measured using Fiji (ImagelJ, NIH).

481  Quantitative RT-PCR

482  Total RNA was extracted using TRNzol reagent (TTANGEN, DP424) according to the
483  manufacturer’s instructions. RNA was reverse-transcribed using HiScript I1II Q RT
484  SuperMix (Vazyme, R323). Quantitative PCR was performed using SYBR Green
485  Master Mix (Vazyme, Q141). Relative gene expression was calculated using the AACt

486  method and normalized to Actb. Primer sequences are listed in Supplementary Table 1.

487  Western blot assays

488  Fresh mouse heart tissue was minced into ~1 mm?® fragments and lysed in RIPA buffer

489  supplemented with protease inhibitors. Samples were homogenized using a tissue
490  grinder and incubated on a low-temperature rotator for 1 h to ensure complete protein
491  extraction. Lysates were centrifuged at 13,000 rpm for 5 min at 4°C, and the supernatant
492  was collected after removal of any floating lipid layer. Protein concentration was
493  measured using a BCA Protein Assay Kit (Invitrogen, A65453). For SDS—-PAGE,
494  approximately 30 pg of total protein was mixed with SDS loading buffer and denatured
495 at 99°C for 5 min. Proteins were separated by SDS—PAGE, transferred to PVDF
496  membranes, and incubated with specific primary antibodies followed by corresponding
497  secondary antibodies. Primary antibodies included anti-KLF3 (homemade rabbit

498  polyclonal antibody produced by Biodragon, targeting mouse 14~231aa)**, anti-KLF3

499  (Invitrogen, PA5111293), anti-HSP90B (Beyotime, AF0192), anti-ERK (CST, 9102),
500  anti-Phospho-ERK (CST, 9101), anti-B4AGALT6 (Novus, NBP1-69019), anti-CDK1

501  (Proteintech, 10762-1-AP), anti-Cyclin B1 (Proteintech, 67686-1-1g), anti-Cyclin D1
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502  (CST, 55506), anti-Cyclin A2 (CST, 4656), anti-Cyclin E1 (CST, 20808), and anti-
503 p21"@1/Crl (Beyotime, AF5252). Signals were acquired using a two-color infrared

504  imaging system (Odyssey, LI-COR) and quantified using ImageJ (1.49v).

505  Histology and immunofluorescence

506  Mouse hearts were fixed in 4% PFA for 48 h, embedded in paraffin and cut into six
507  transverse segments from the infarct site to the apex. Each block was sectioned at 8 um.
508  Paraffin sections were stained with Masson’s trichrome and hematoxylin and eosin
509  (H&E) using standard protocols. Cardiac scar size was quantified by ImagelJ using the
510  infarct midline-length method as described previously®. For IF, paraffin sections were
511  incubated at 58°C for 30 min, deparaffinized, and subjected to microwave antigen
512 retrieval in trisodium citrate buffer. After cooling to room temperature (RT), sections
513 were permeabilized with PBST containing 0.5% Triton X-100 for 10 min and blocked
514 with 4% FBS and 1% BSA for 1 h. Sections were incubated overnight at 4°C with
515  primary antibodies diluted in blocking buffer. Primary antibodies included anti-cTnT
516  (Invitrogen, MAS5-12960), anti-Ki67 (Abcam, ab15580), anti-Aurora B (Abcam,
517  ab2254), WGA-AF488 (Invitrogen, W11261), anti-aSMA (Abcam, ab124964), anti-
518  phospho-Histone H3 (CST 9701), anti-Sarcomeric-a-Actinin (Abcam, ab317695), and
519  anti-LacCer (Novus, NBP2-45291). Sections were then incubated with species-
520  appropriate fluorescent secondary antibodies for 1 h at RT in the dark. Secondary
521  antibodies included Alexa Fluor 488 Goat anti-rabbit (Invitrogen, A11008), Alexa
522 Fluor 594 Goat anti-mouse (Invitrogen, A11005), and Alexa Fluor 647 Goat anti-mouse
523  (Invitrogen, A21235). Nuclei were counterstained with DAPI (Sigma, D9542), and
524  slides were mounted using antifade mounting medium. Images were acquired using a

525  Leica high-speed spinning-disk confocal microscope and analyzed with Imagel.
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526  Echocardiography (ECHO)

527 ECHO was performed at defined time points before and after MI. Mice were
528  anesthetized with 1% isoflurane following chest and abdominal hair removal. Cardiac
529  structure and function were assessed using a Vevo 2100 high-resolution
530  echocardiography (VisualSonics). B-mode imaging was used to evaluate left
531  ventricular wall integrity and chamber dilation. M-mode imaging was used to measure
532 ejection fraction, fractional shortening, left ventricular anterior and posterior wall
533 thickness (LVAW, LVPW), and left ventricular internal diameter (LVID) during diastole
534  and systole. All measurements, including heart rate, were obtained from three
535  consecutive cardiac cycles, and averaged for analysis. EF and FS were calculated using
536  standard equations as previously described**. All ECHO acquisition and analyses were

537  performed in a blinded manner.

538  RNA sequencing and analysis
539  Adult mouse CMs were isolated using a Langendorft-free method, and total RNA was
540  extracted using TRNzol. RNA integrity was assessed using an Agilent 2100

541  Bioanalyzer (Agilent), and only samples with an RNA integrity number = 7.0 were

542  used for library preparation. For each sample, 500 ng RNA was used for library
543  preparation with the Ribo-off rRNA Depletion Kit (Vazyme, N406). Libraries were
544  sequenced on an Illumina NovaSeq 6000 (Novogene, China) platform to generate
545  paired-end 150 nt reads, with an average of ~50 million reads per sample. Sequencing
546  reads were processed using Trim Galore (v0.6.7) to remove low quality bases and
547  adapter sequences. Processed reads were aligned to the mouse genome (mm10) using
548  STAR (v2.7.10a) with GENCODE vM25 annotation. Raw counts were quantified using
549  featureCounts from Subread v2.0.1. Differential expression analysis was performed

550  using DESeq2 v1.36.0. Differentially expressed genes were defined as genes with
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551  adjusted P < 0.05 and |Log, fold change| > 1. Gene ontology (GO) enrichment and
552 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were

553  performed using clusterProfiler v4.7.1.3, with significance defined as adjusted P <0.05.

554  Motif enrichment analysis

555 To identify transcription factors associated with postnatal contractile and Ca**-handling
556  genes, publicly available RNA-seq data were downloaded from the Gene Expression
557  Omnibus (GEO; accession number GSE95762)*%. Genes exhibiting postnatal
558  maturation-associated expression changes were identified, and genomic regions
559  spanning 2 kb around TSS were subjected to motif enrichment analysis using HOMER.
560  Enriched transcription factor motifs were ranked according to enrichment P values.
561  Only transcription factors with average TPM > 1 were included in analysis. Genes
562  related to postnatal contractile and Ca?* handling programme and their expression

563  levels are listed in Supplementary Table 3.

564 CUT&Tag and data analysis

565  Adult mouse CMs were isolated via Langendorff-free perfusion and proceeded for
566 ~ CUT&Tag library construction using the Hyperactive Universal CUT &Tag Assay Kit
567  for Illumina Pro (Vazyme, TD904). A total of 1x10° CMs were used for nuclear
568  isolation in Nuclei Extraction (NE) buffer. Isolated nuclei were subsequently incubated
569  with Concanavalin A (ConA)-coated magnetic beads and a homemade anti-KLF3
570  antibody (1:50 dilution) overnight at 4°C. After primary antibody binding, nuclei—
571  ConA bead complexes were incubated with secondary antibody and pA/G—Tn5
572 transposase. Tagmented DNA fragments were PCR-amplified and purified using a
573  bead-based method. Library quality was assessed using a Bioanalyzer. Sequencing was

574  performed on an Illumina platform to generate paired-end reads. Sequencing reads were
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575  first processed using Trim Galore v0.6.7 and subsequently aligned to the mouse
576  reference genome mml0 using Bowtie2 v2.4.5. Unmapped reads, non-uniquely
577  mapped reads, and PCR duplicates were removed using Picard v2.27.4 and Samtools
578  vl1.15.1. KLF3 binding peaks were identified using MACS2 v2.2.6 callpeak with the
579  following parameters: -B --nomodel --nolambda --extsize 200. Differential binding
580  analysis was performed using DiffBind v3.8.4 to identify significant changes in KLF3—
581  DNA interactions. Peak annotation was conducted using ChIPseeker v1.31.4. Genome

582  browser tracks were generated using the Integrative Genomics Viewer (IGV, v2.16.1).

583  Adenoviral and AAV transduction

584  The shRNA-miR-30 cassette was cloned into the pAV-cTnT-IFP vector to drive cardiac-
585  specific expression under the control of the cTnT promoter. The resulting construct was
586  packaged into adenovirus or the cardiotropic AAV9 serotype as indicated. Primary CMs
587  were infected with adenovirus at an MOI of 200 and harvested 72 h post-infection or
588  with AAV9 at an MOI of 10° and harvested 9 days post-infection for further analysis.
589  The shRNA sequences used to knock down KIf3 are included in Supplementary Table

590 4.

591  MADM analysis

592 Primary CMs isolated from P6 MADM-ML-117%“T mice were infected with a cTnT-Cre
593 adenovirus to induce mosaic labelling and then transduced with AAV9 expressing c7nT-
594  Klf3-shRNA or control shRNA. GFP- and RFP-labelled CMs were imaged using a
595  Nikon fluorescence microscope. Complete cytokinesis was inferred from the generation
596  of single-labelled GFP" or RFP" CMs among total MADM-labelled CMs.

597  Quantification was performed by investigators blinded to treatment.
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598  Seahorse extracellular flux analysis

599  OCR and ECAR were measured using a Seahorse XFe24 Analyzer (Agilent) according
600  to the manufacturer’s instructions. Seahorse XFe24 plates were coated with laminin (10
601  ug ml') before cell seeding. Primary CMs were isolated from 3-month-old wild-type
602 or KIf3"" mice, gradually reintroduced to Ca>" and counted using a hemocytometer.
603  CMs were resuspended in plating medium and seeded at 5,000 cells per well. After
604  attachment for 1 h at 37°C in 5% COa, cells were infected with ¢TnT-Cre adenovirus at
605  an MOI of 200 for 72 h to induce KIf3 deletion. Mitochondrial respiratory function was
606  assessed using the XF Cell Mito Stress Test Kit (Agilent, 103015-100). Sensor
607  cartridges were hydrated overnight in XF calibrant before the assay. On the day of
608  measurement, assay medium was freshly prepared, and OCR was measured after
609  sequential injection of oligomycin (2 uM), FCCP (2 uM) and rotenone/antimycin A (1
610  uM). Glycolytic function was evaluated using the XF Glycolysis Stress Test Kit
611  (Agilent, 103020-100), and ECAR was measured after sequential injection of glucose
612 (10 mM), oligomycin (1 uM) and 2-deoxyglucose (50 mM). OCR and ECAR values
613  were normalized to total protein per well, determined by BCA assay. Data were

614  analyzed using Wave software (Agilent).

615  Untargeted metabolomics

616  Adult CMs were isolated from control and K/f3-cKO mice, washed with ice-cold PBS
617 and snap-frozen. Metabolites were extracted using methanol-acetonitrile—water,
618  followed by vertexing, sonication, and protein precipitation at —20°C. After
619  centrifugation, supernatants were dried under vacuum and reconstituted in 50%
620  acetonitrile. Protein pellets were retained for BCA-based normalization. LC-MS
621  analysis was conducted using an ACQUITY UPLC I-Class system (Waters) coupled to

622  a Synapt G2-Si QTOF mass spectrometer (Waters). Samples (2 pL) were separated on
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623  an HSS T3 column (1.7 um, 2.1 x 150 mm; Waters) at 30°C using water (0.1% formic
624  acid) and acetonitrile with a linear gradient (0-100% acetonitrile over 0—23 min). Data
625  were acquired in both positive and negative ESI modes (m/z 50-1200). QC samples
626  were intermittently injected to ensure stability. Raw data were processed using MS-
627  DIAL. Metabolite annotation was performed by matching experimental data against the
628  Human Metabolome Database (HMDB) and other relevant metabolite databases using
629  accurate mass, retention time and MS/MS spectral information. Data were normalized
630  to protein content and log-transformed. Differential metabolites were identified using
631  multivariate and univariate statistical analyses with FDR correction. Metabolites with
632  an adjusted P value < 0.05 and an absolute fold change > 1.5 were considered

633 significantly altered. Pathway enrichment analyses were performed using KEGG.

634  Targeted lipidomic analysis

635  Targeted lipidomic analysis was performed using an ACQUITY UPLC I-Class system
636  coupled to a Xevo TQ-S micro triple quadrupole mass spectrometer (Waters). Lipids
637  were extracted from isolated CMs using an MTBE-based protocol in the presence of
638  isotope-labelled internal standards. Cer and LacCer species were separated on an
639 ACQUITY UPLC BEH Amide column (1.7 um, 2.1x100 mm; Waters) and detected in
640  positive ESI mode using multiple reaction monitoring (MRM). Authentic standards of
641  Cer (d18:1/20:0) (MCE, HY-112016), LacCer (d18:1/16:0) (MCE, HY-153830) and
642  LacCer (d18:1/20:0) (MCE, HY-153860) were used to confirm metabolite identity and
643  optimize MRM transitions. Relative lipid abundances were normalized to isotope-

644  labelled internal standards.

645 Integrated transcriptome—metabolome analysis

646  Pathways enriched in the RNA-seq and metabolomics datasets were integrated at the
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647  KEGG pathway level. Shared pathways were identified by intersecting significantly
648  enriched KEGG pathways from both datasets (FDR-adjusted P < 0.05 for each analysis).
649  Pathway impact values for metabolomic data were calculated using MetaboAnalyst
650  based on pathway topology analysis. Integrated pathway plots were generated using

651  GraphPad Prism 9.

652  CM contractility and Ca** transient

653  Adult CM contractility was measured using the IonOptix system (IonOptix). Isolated
654  CMs were placed in Tyrode’s solution (Solarbio, T1426) at 37°C and field-stimulated
655 (5 V, 4 ms) at a frequency of 1 Hz. Sarcomere shortening, contraction velocity and
656  relaxation velocity were recorded and analyzed using lonWizard software. Only rod-
657  shaped CMs with clear sarcomeres and stable pacing responses were included. For Ca**
658  transient measurements, isolated CMs were loaded with 5 uM Fura-2 AM (Invitrogen,
659  65-0858-39) for 30 min at RT, followed by a 20 min de-esterification period.
660  Fluorescence signals were collected at 340/385 nm and expressed as F/Fo. Data were
661  analyzed using lonWizard software, with parameters including Ca*" transient amplitude
662  and time to peak determined by single-exponential fitting. Investigators were blinded

663  to genotype during analysis.

664  Flipper-TR membrane mechanical stress imaging

665  Membrane mechanical stress was assessed using the mechanosensitive fluorescent
666  probe Flipper-TR (Spirochrome, SC020). Primary CMs were isolated from P6 wild-
667  type and KIf3"" mice as described above and plated onto laminin-coated glass-bottom
668  dishes. To induce KIf3 deletion, KIf3"" CMs were infected with adenoviruses
669  expressing cTnT-Cre for 72 h. For pharmacological studies, CMs were treated with

670  DMSO or 2 uM (-)-isoproterenol hydrochloride (ISO; MCE, HY-B1670A) for 48 h
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671  before imaging. CMs were incubated with 1 uM Flipper-TR in complete culture
672  medium for 15 min at 37°C. CMs were then washed twice with HBSS and maintained
673  in phenol red-free imaging medium during acquisition. Fluorescence lifetime imaging
674  microscopy (FLIM) was performed immediately after probe loading using a Leica TCS
675  SP8 STED 3X microscope equipped with a FALCON FLIM module. Flipper-TR was
676  excited with a pulsed white-light laser at 488 nm, and emission was collected between
677 575 and 625 nm. Mean fluorescence lifetime values (T mean) were quantified from
678  manually delineated regions of interest corresponding to the CM plasma membrane.
679  Image acquisition and analysis settings were kept identical across all groups within each

680  experiment.

681 nSMase activity assay

682  nSMase activity was assessed using BODIPY FL Ciz-sphingomyelin (BODIPY-SM)
683  (Invitrogen, D7711) with minor modifications. Primary CMs were isolated from P6 Wt
684  and KIf3"" mice. CMs were infected with cTnT-Cre adenovirus to induce KIf3 deletion
685  and with ¢TnT-IFP-AAVO to fluorescently label CMs, and were analyzed 7 days after
686  infection. To modulate contractile activity, CMs were incubated for 48 h in D-Hanks’
687  solution containing physiological Ca** (1.8 mM), low Ca®" (0.1 mM), or ISO (2 uM).
688  The nSMase inhibitor GW4869 (20 uM) was added during the final 4 h before
689  BODIPY-SM loading. Cells were then incubated with 5 uM BODIPY-SM in D-Hanks’
690  solution supplemented with 5 uM BSA and 10 mM HEPES for 30 min at 4 °C in the
691  dark, allowing probe incorporation into the plasma membrane while minimizing
692  endocytosis. After three washes with pre-cooled HEPES/D-Hanks’ solution, cells were
693  transferred to 37 °C and incubated for 30 min in the dark to allow enzymatic hydrolysis.
694  nSMase-mediated cleavage of BODIPY-SM generates fluorescent Cer, leading to

695  redistribution of fluorescence from the plasma membrane to intracellular membrane
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696  compartments. Fluorescence images were acquired using identical settings across

697  experimental groups.

698  Pharmacological treatments in cultured CMs

699  For LacCer treatment, primary CMs were treated with LacCer (d18:1/16:0) at 0.1, 0.25,
700 0.5, 1and 3 uM for 72 h. LacCer was dissolved in anhydrous ethanol before use. Vehicle
701  controls contained the same final concentration of ethanol. For inhibition of nSMase
702 activity in the BODIPY-SM assay, CMs were pretreated with GW4869 (20 uM) for 4 h
703 before BODIPY-SM loading. For cell proliferation assays and targeted lipidomic
704  analyses, CMs were treated with GW4869 (2 uM) for 72 h. To modulate contractility,
705  CMs were treated with 2 uM ISO for 72 h. Low-Ca*" conditions were established by

706  culturing cells in medium containing 0.1 mM Ca®".

707  LacCer administration after MI

708  Three-month-old male C57BL/6J mice underwent permanent ligation of LAD to induce
709  MI. Immediately after LAD ligation, LacCer (5 uM) or vehicle was administered by
710  intramyocardial injection into the ischemic myocardium at 4-5 evenly distributed sites
711  (total injection volume, 100 pL). Starting 1 week after MI, mice received i.p. injections
712 of LacCer (5 uM, 500 pL per injection) or vehicle twice weekly until 9 weeks post-MI.
713 LacCer was dissolved in anhydrous ethanol and diluted in sterile saline before use.
714 Vehicle-treated mice received an equivalent volume of saline containing the same final
715 concentration of ethanol. Cardiac function was assessed by ECHO before surgery and

716  at1,3,5,7, and 9 weeks post-MI.

717 Statistics and reproducibility

718 All samples used for quantitative analyses included at least three independent biological
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719 replicates; exact sample sizes are indicated in the figure legends. Data are presented as
720  mean +s.e.m unless otherwise indicated. For comparisons between two groups, two-
721 sided unpaired Student’s #-test was used. For comparisons among more than two groups,
722 one-way ANOVA followed by Dunnett’s multiple-comparison test was used. For
723 experiments involving multiple groups across multiple time points, two-way ANOVA
724  followed by Dunnett’s multiple-comparison test was used. Longitudinal data were
725  analyzed using a linear mixed-effects model with genotype, time, and their interaction
726  as fixed effects and mouse ID as a random effect. Sidak’s multiple-comparison test was
727  used for pairwise comparisons at individual time points. Statistical significance was
728  defined as P < 0.05. Each experiment was performed with at least three independent
729  biological replicates unless otherwise indicated. Exact sample sizes, replicate
730  definitions and statistical tests are provided in the figure legends. For sequencing and
731  omics experiments, each biological replicate represents CMs isolated from an

732 independent animal. No statistical methods were used to predetermine sample size.

733 Data availability

734 RNA-seq and CUT&Tag datasets generated in this study have been deposited in the
735  Gene Expression Omnibus under accession code GSE338610. Metabolomics and
736 lipidomics datasets have been deposited in MetaboLights*® under the Study ID
737 ~ MTBLS15076. All relevant data are presented in this article and its supplementary

738 information. Source data are provided with this paper.

739  Code availability

740  No custom code was used in this study.

741
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742 Materials availability
743 KIf3"" mice, viral vectors, plasmids, and other unique materials generated in this study
744 are available from the corresponding authors upon reasonable request and completion

745  of a material transfer agreement. Commercial reagents are included in Methods.
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869  Fig. 1. KLF3 restrains the postnatal contractile programme to maintain CM
870  homeostasis.

871  a, Relative KIf3 mRNA expression levels in mouse hearts collected at embryonic day
872 10 (E10), E13, E18, postnatal day 1 (P1), P7, and 2 months (2M), determined by
873  quantitative RT-PCR. Data were first normalized to B-actin then to E10. n = 4 mice,
874  except for E18, n = 3 mice. b, Representative immunoblot of KLF3 protein in mouse
875  hearts at E13, E18, P1, P7 and 2M, with quantification normalized to GAPDH. n =3
876  mice. ¢, Generation of CM-specific KIf3 knockout (K/f3-cKO) mice. d, Immunoblot
877  showing KLF3 protein expression in CMs isolated from 3-month-old Ctrl and KI/f3-
878  cKO mice. e, Quantification of KLF3 protein abundance shown in d, normalized to
879  HSP90B. n = 3 mice. f, Representative hematoxylin and eosin (H&E) staining of heart
880  sections from 3-month-old Ctrl and K/f3-cKO mice. n = 5 mice. Scale bar, 2 mm. g-i,
881  Serial echocardiographic (ECHO) measurements of ejection fraction (g), fractional
882  shortening (h) and heart rate (i) in 3-month-old Wt, Ctrl, and KIf3-cKO mice. n = 8
883  mice. j, Volcano plot showing differentially expressed genes in primary CMs isolated
884  from 3-month-old Ctrl and KIf3-cKO mice. n = 4 mice. Selected contractile and Ca**-
885  handling genes are highlighted. kI, Gene Ontology (GO) enrichment analysis of
886  upregulated (k) and downregulated (I) genes in adult CMs from Ctrl and K/f3-cKO mice.
887  m,n, Representative sarcomere shortening traces (m) and quantification of sarcomere
888  shortening, contraction velocity and relaxation velocity (n) of sarcomere shortening in
889  CMs isolated from 3-month-old Ctrl and K/f3-cKO hearts. n =4 mice; 26-33 CMs were

890  analyzed per group for visualization. Statistical analysis was performed using mouse-
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891  level averages. o,p, Representative Ca’" transient traces (o) and quantification (p) in
892  CMs isolated from 3-month-old Ctrl and K/f3-cKO hearts. q, Aggregation plots (top)
893  and heatmaps (bottom) showing KLF3 CUT&Tag signal intensity centered on
894  transcription start sites (TSSs; +2 kb) across all protein-coding genes in CMs isolated
895  from 3-month-old Ctrl and K/f3-cKO mice. Shown are average of » = 3 mice. r, Gene
896  Ontology (GO) enrichment analysis of genes associated with differential KLF3
897  occupancy identified by CUT&Tag. Dot size represents gene number, and color
898 indicates statistical significance (—logio adjusted P value). s,t, Representative genome
899  browser tracks showing KLF3 occupancy at the Myh6 (s) and Ryr2 (t) loci in CMs from
900  3-month-old Ctrl and K/f3-cKO heart, together with RN A-seq derived expression levels
901  of'the corresponding genes. Data points in n and p represent individual CMs; statistical
902  analysis was performed using mouse-level averages. Data are mean + s.e.m. One-way
903  ANOVA followed by two-tailed Dunnett’s multiple-comparison test were used for
904  statistical analysis in a, b, g, h and i; Two-tailed, unpaired Student #-test was used for
905  statistical analysis in e, n, p, s and t.

906

907  Fig. 2. KIf3 loss reactivates CM proliferative competence.

908  a, Representative immunofluorescence (IF) images of Ki67 staining and quantification
909  of Ki67" CMs in primary CMs isolated from P6 mouse hearts and transduced with
910  adenoviruses expressing cTnT-KIf3-shRNA for 72 h. n = 4 mice. Scale bar, 20 um. b,
911  Representative IF images of Aurora B staining and quantification of Aurora B* CMs

912  following infection with c7nT-KIf3-shRNA adenovirus. n = 4 mice. Scale bar, 20 um.
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913 ¢, Representative MADM images and quantification of the percentage of single-labeled
914  (red or green) CMs among total MADM-labeled CMs following infection with cTn7-
915  Cre adenovirus (MOI = 200), followed by transduction with AAV9 expressing cTnT-
916  KIf3-shRNA (MOI = 10°). n = 6 mice. Scale bar, 100 um. d,e, Representative IF images
917  of Ki67 staining and quantification of Ki67" CMs in heart sections from P24 (d) and
918  3M (e) Ctrl and KIf3-cKO mice. n = 4 mice. Scale bar, 20 um. f, IF staining for WGA
919  and quantification of CM cross-sectional area in heart sections from 3-month-old Ctrl
920  and K/f3-cKO mice. n = 4 mice. Scale bar, 20 um. g,h, Representative IF images of
921  sarcomeric a-actinin® CMs (g) isolated from 3-month-old Ctrl and K/f3-cKO mice, and
922 quantifications of CMs length and surface area (h). n = 4 mice, 30 adult CMs were
923 analyzed per mouse. Scale bar, 20 pm. i, Quantification of the proportions of mono-,
924  bi-, and multinucleated CMs. n = 4 mice, 30 adult CMs were analyzed per mouse. j,
925  Quantification of the total number of CMs per heart isolated from 3-month-old Ctrl and
926  Klf3-cKO hearts. n = 4 mice. K, IF staining for aSMA in heart sections from 3-month-
927  old Ctrl and KIf3-cKO mice. n = 4 mice. Scale bar, 20 um. 1, Western blot analysis of
928  Cyclin E1, p21"7@%/Cirl and Cyclin A2 protein expression in hearts from adult Ctrl and
929  KlIf3-cKO mice. n = 3 mice. Data are presented as mean + s.e.m. Two-tailed, unpaired
930  Student #-tests were used for statistical analysis.

931

932 Fig. 3. KIf3 suppression enhances post-infarction cardiac repair.

933 a, Schematic illustrating the experimental timeline, including MI surgery (day 0) and

934  serial ECHO assessments at —1, 7, 30, and 67 days post-MI. b,e, Serial ECHO
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935  measurements of left ventricular ejection fraction (b) and fractional shortening (¢) in
936  Ctrl and KIf3-cKO mice at indicated time points following MI. » = 10 mice. d,
937  Representative Masson’s trichrome staining of serial transverse heart sections from
938  base to apex in Ctrl and K/f3-cKO mice at 67 days post-MI. Scale bar, 2 mm. e,
939  Quantification of scar size expressed as the percentage of fibrotic midline length
940  relative to total left ventricular midline length. f,g, Representative IF images and
941  quantification of Ki67" (f) and pH3" (g) CMs in heart sections from Ctrl and K/f3-cKO
942  mice at 67 days post-MI. n =4 mice. Scale bar, 20 pm. h, Generation of TAM-inducible
943 Myh6MM* K3 (KIf3-iKO) mice. i, Representative H&E staining of heart sections
944  from 3-month-old Ctr-MCM and KIf3-iIKO mice, 4 weeks post TAM withdrawal
945  (wpTAM). n =4 mice. Scale bar: 2 mm. j, Serial ECHO measurements of heart rate in
946  Ctrl-MCM and KIf3-iKO mice at 4 wpTAM. n = 6 mice. k,1, Representative IF staining
947  for WGA (k) and aSMA (1) in heart sections from 3-month-old Ctrl-MCM and KIf3-
948  1iKO mice at 4 wpTAM. n =4 mice. Scale bar: 20 pm. m,n, Representative IF images
949  and quantification for pH3" (m) and Ki67" (n) CMs in heart sections from 3-month-old
950  Ctrl-MCM and KIf3-iKO mice at 4 wpTAM. n =4 mice. Scale bar, 20 um. o, Schematic
951 illustrating the experimental timeline for MI surgery followed by TAM-induced K/f3
952  deletion. p,q Serial ECHO measurements of left ventricular ejection fraction (p) and
953 fractional shortening (q) in Ctrl-MCM and K/f3-iIKO mice at the indicated time points
954  following MI. n = 6 mice. r, Quantification of scar size in heart sections from Ctrl-
955  MCM and KIf3-iKO mice at 8 wpMI. n = 6 mice. Scale bar, 2 mm. Data are presented

956  as mean =+ s.e.m. Two-tailed, unpaired Student #-tests were used for statistical analysis
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957 ine, f, g j, k I, m, n and r; Two-way ANOVA followed by two-tailed Dunnett’s
958  multiple-comparison test was used for statistical analysis of panels b and c;
959  Longitudinal measurements in p and q were analyzed using a linear mixed-effects
960  model, followed by Sidak’s multiple-comparison test for between-group comparisons
961  at individual time points.

962

963  Fig. 4. KIf3 loss promotes a LacCer enriched glycosphingolipid programme.

964  a-d, Untargeted metabolomics profiling in positive and negative ion mode were
965  performed on primary CMs isolated from 3-month-old Ctrl and KIf3-cKO mice. n = 4
966  mice. a,b Volcano plot in positive (a) and negative (b) ion mode showing differentially
967  abundant metabolites between groups, plotted as log>(FC) versus —logio(P value). ¢,d
968  Metabolic pathway impact analysis highlighting significantly altered pathways in
969  positive (¢) and negative (d) ion mode. e, Overlap analysis of enriched pathways
970  identified by transcriptomic and metabolomic profiling in K/f3-cKO CMs. f, Relative
971  abundance of LacCer (d18:1/16:0) and LacCer (d18:1/20:0) determined by targeted
972 lipidomic analysis in CMs isolated from 3-month-old Ctrl and KIf3-cKO mice. n = 4
973  mice. g, Representative CUT&Tag genome browser tracks showing KLF3 occupancy
974  at the B4galt6 locus in 3-month-old Ctrl and K/f3-cKO CMs. h,i Representative
975  immunoblot (h) and quantification (i) of BAGALT6 protein levels in adult Ctrl and
976  Klf3-cKO CMs. n = 3 mice. j, IF staining for LacCer (Huly-m13) and WGA in heart
977  sections from 3-month old Ctrl and KIf3-cKO mice. n = 4 mice. Scale bar: 20 pm. Kk,

978  Representative IF images of Aurora B staining and quantification of Aurora B* CMs
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979  following treatment of primary rat CMs with increasing concentrations of LacCer
980  (d18:1/16:0). Scale bar, 20 um. 1, Representative IF images of Ki67 staining and
981  quantification of Ki67* CMs following treatment with 0.5 uM LacCer. Scale bar, 50
982 um. n = 5 rats. Primary CMs were independently isolated from each rat. Data are
983  presented as mean = s.e.m. Two-tailed, unpaired Student #-tests were used for statistical
984  analysis in f, i and 1; One-way ANOVA followed by two-tailed Dunnett’s multiple-
985  comparison test was used for statistical analysis in k.

986

987  Fig. 5. Contractile stress activates nSMase-dependent sphingolipid signaling.

988  a, Quantification of Cer abundance determined by targeted lipidomic analysis in Ctrl
989  and KIf3-cKO CMs isolated from 3-month-old heart. » = 4 mice. b, Representative
990  FLIM images of Flipper-TR-labelled CMs isolated from P6 Wt and KIf3"" mice
991  following transduction with c7n7-Cre adenovirus. Flipper-TR lifetime (1) was
992  quantified as a measure of membrane-associated mechanical stress. n = 4 mice. Primary
993  CMs were independently isolated from each mouse. ¢, Representative images of
994  BODIPY-SM fluorescence in primary CMs isolated from P6 Wt and KIf3"" mice
995  following transduction with c7nT-Cre adenovirus and AAV9 expressing cTnT-infrared
996  fluorescent protein (IFP) for 7 days. CMs were subsequently treated with the nSMase
997  inhibitor GW4869 or cultured in low-Ca?" medium (0.1 mM). n = 4 mice. Primary CMs
998  were independently isolated from each mouse. Scale bar, 20 um. d, Quantification of
999  Cer abundance determined by targeted lipidomic analysis in Ctrl and K/f3-deficient

1000  CMs following 72 h treatment with physiological Ca** (1.8 mM), low Ca®" (0.1 mM),
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1001 or GW4869 (2 uM). n = 4 mice. Primary CMs were independently isolated from each
1002  mouse. e,f, Quantification of the percentages of Aurora B (e) and Ki67" (f) CMs
1003 following the same treatments. n = 5 mice, Primary CMs were independently isolated
1004  from each mouse. g, Representative FLIM images and quantification of Flipper-TR
1005  FLIM in primary rat CMs treated with DMSO or isoproterenol (ISO, 2 uM). n = 4 rats.
1006  Primary CMs were independently isolated from each rat. h, Representative images of
1007  BODIPY-SM fluorescence in rat CMs treated with DMSO (Ctrl), ISO (2 uM), or ISO
1008  plus GW4869 (20 uM). n = 4 rats. Primary CMs were independently isolated from each
1009  rat. Scale bars, 20 pum. i,j, Representative IF images and quantification of Aurora B* (i)
1010  and Ki67" (j) CMs following treatment with DMSO, ISO, or ISO plus GW4869. n =5
1011 rats. Primary CMs were independently isolated from each rat. Scale bars, 20 um. Data
1012 are presented as mean + s.e.m. Two-tailed, unpaired Student z-tests were used for
1013 statistical analysis in a, b and g; One-way ANOVA followed by two-tailed Dunnett’s
1014  multiple-comparison test was used for statistical analysis in d, e, f, i and j.

1015

1016  Fig. 6. LacCer enhances post-infarction cardiac repair.

1017  a, Schematic illustrating the experimental timeline for MI surgery and LacCer
1018  administration. b, Representative M-mode ECHO images from Ctrl and LacCer-treated
1019  mice at 9 wpMI. Yellow lines indicate left ventricular dimensions used for functional
1020  measurements. ¢—f, Serial ECHO analysis of left ventricular ejection fraction (c),
1021  fractional shortening (d), left ventricular end-diastolic volume (LV Vol;d, e) and end-

1022 systolic volume (LV Vol;s, f) in Vehicle (z =11 mice) and LacCer (n = 10 mice) treated
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1023 mice at the indicated time points after MI. g,h, Representative Masson’s trichrome
1024  staining (g) and quantification of scar size (h) in heart sections from Ctrl and LacCer-
1025  treated mice at 9 weeks post MI. n = 9 mice. Scale bar, 2 mm. Data are presented as
1026  mean + s.e.m. For statistical analysis, longitudinal measurements in ¢—f were analyzed
1027  using a linear mixed-effects model, followed by Sidak’s multiple-comparison test for
1028  between-group comparisons at individual time points; two-tailed unpaired Student z-

1029  tests were used in h.
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1045
1046  Extended Data Fig. 1. KLF3 as a candidate regulator of the maturation-associated

1047  contractile genes.

1048  a, Heatmap showing the expression of representative cardiac functional genes in CMs derived
1049  from P1 and P14 mice. Gene expression values for genes involved in cardiac contraction and
1050  Ca’" handling were normalized by Z-score and hierarchically clustered. b, Top 10 transcription
1051  factor-binding motifs enriched in regulatory regions (+2 kb around TSS) associated with genes
1052 upregulated in P14 CMs, identified by HOMER motif analysis. Motifs are ranked according to
1053 significance (—logio(P value)). The dashed red line indicates the significance threshold (P =
1054 0.05). ¢, Heatmap showing the expression levels of the top 10-enriched-transcription factors in
1055 CMs derived from P1 and P14 mice. Gene expression values were normalized by Z-score.

1056  Numbers in the middle of each square show TPM value of each gene in P1 and P14 CMs.
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1057
1058  Extended Data Fig. 2. KIf3 deficiency does not affect heart morphogenesis and function.

1059  a. RNA-seq analysis showing expression levels of targeted exon (Exon 3) of K/f3 in primary
1060  CMs isolated at different stages of heart maturation. Primary CMs were independently isolated

1061  from independent mice. P2 Ctrl, n = 2 mice. For P7, P14, P21 and P90, n = 3-4 mice. b-d,

1062  Representative gross morphology (b,c) and H&E staining (d) of hearts at different stages of
1063  heart maturation. Scale bar, 2 mm. e, Quantification of heart size at different stages of heart

1064  maturation. n = 5-10 mice. f, Representative B-mode and M-mode ECHO images from 3-

1065  month-old Ctrl and KIf3-cKO mice. Yellow lines indicate left ventricular dimensions used for
1066  functional measurements. g, Serial ECHO analysis of left ventricular anterior wall thickness
1067 (LVAW), left ventricular posterior wall thickness (LVPW), end-diastolic volume (LV Vol;d)
1068  and end-systolic volume (LV Vol;s) in 3-month-old Ctrl and KIf3-cKO mice. n = 11 mice. Data
1069  are presented as mean + s.e.m. Two-tailed, unpaired Student #-tests were used for statistical
1070  analysis in a and e; One-way ANOVA followed by two-tailed Dunnett’s multiple-comparison

1071  test were used for statistical analysis in g.
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1073  Extended Data Fig. 3. KLF3 restrains cardiac contractile programmes and respiratory
1074  remodeling.
1075  a, Heatmap showing differentially expressed genes between 3-month-old Ctrl and K/f3-cKO
1076  CMs identified by RNA-sequencing. Gene expression values were normalized by Z-score of
1077 logz2(TPM+1). n =4 mice. b, Heatmap showing the expression profiles of genes associated with
1078  cardiac contraction in Ctrl and K/f3-cKO CMs. ¢, Gene set enrichment analysis (GSEA)
1079  showing enrichment of pathways related to cardiac muscle contraction, glycolysis, and
1080  oxidative phosphorylation in K/f3-cKO CMs compared with Ctrl. Adjusted P values are
1081 indicated. d, Oxygen consumption rate (OCR) measured by Seahorse extracellular flux analysis
1082 in 3-month-old Ctrl and K/f3-cKO CMs following sequential treatment with oligomycin, FCCP,
1083  and rotenone/antimycin A (R/A). e, Quantification of basal respiration, maximal respiration,
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1084  and ATP production derived from OCR measurements shown in d. #» = 4 mice. Primary CMs
1085  were independently isolated from each mouse. f, Extracellular acidification rate (ECAR)
1086  measured by Seahorse glycolytic stress assay in 3-month-old Ctrl and KIf3-cKO CMs
1087  following sequential addition of glucose, oligomycin, and 2-deoxyglucose (2-DG). g,
1088 Quantification of glycolysis and glycolytic capacity derived from ECAR measurements shown
1089 in f. n» = 4 mice. Primary CMs were independently isolated from each mouse. h-n,
1090  Representative CUT&Tag genome browser tracks showing KLF3 occupancy at the Tcap (h),
1091  Ttn (i), Cacnalc (j), Atp2a2 (K), Pln (1), Pgkl (m) and Pkm (n) loci in Ctrl and KIf3-cKO CMs,
1092  along with quantification of corresponding gene expression levels. n = 4 mice. Primary CMs
1093  were independently isolated from each 3-month-old mouse. Data are presented as mean + s.e.m.

1094  Statistical significance were determined using two-tailed unpaired Student’s #-tests in e, g-n.
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1096  Extended Data Fig. 4. KLF3 is suppressed following neonatal apical resection.

1097  a, Experimental schematic illustrating neonatal apical resection (AR) performed at P1 and
1098  isolation of CMs at P7 for subsequent analyses. b, Representative gross morphology of hearts
1099  collected from sham-operated and AR mice at P7. Scale bar, 2 mm. ¢, Representative
1100 immunoblot showing KLF3 protein expression in CMs isolated from the regenerative zone at
1101  P7 following AR. n = 3 mice. HSP90P served as a loading control. d, Quantification of KLF3

1102  protein abundance shown in ¢, normalized to HSP90P. Data are presented as mean + s.e.m.

1103 Statistical significance was determined using two-tailed unpaired Student’s #-tests in d.
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1105 Extended Data Fig. 5. KIf3 deficiency induces CM proliferation.

1106  a, Knockdown efficiency of K/f3-shRNA adenovirus in mouse CMs. n = 3 mice. Primary CMs
1107  were independently isolated from each mouse. b, Knockdown efficiency of Klf3-shRNAs
1108  adenovirus in rat CMs. n = 3 rats. Primary CMs were independently isolated from each rat. c,
1109  Representative IF images of Ki67 staining and quantification of Ki67* CMs following infection
1110 with ¢cTnT-KIf3-shRNA adenovirus. n = 4 rats. Primary CMs were independently isolated from
1111 eachrat. Scale bar, 20 um. d, Representative IF images of Aurora B staining and quantification
1112 of Aurora B CMs following infection with cTnT-KIf3-shRNA adenovirus. n = 4 rats. Primary
1113 CMs were independently isolated from each rat. Scale bar, 50 um. e, Representative IF images
1114 of Aurora B staining and quantification of Aurora B* CMs in heart sections from P24 Ctrl and
1115 Klf3-cKO mice. n = 4 mice. Scale bar: 20 um. f, Quantifications of CMs width in 3-month-old
1116  Ctrl and KIf3-cKO mice. n = 3 mice, 30 adult CMs were analyzed per mouse. g, Western blot
1117 analysis of CDK1 and Cyclin B1 protein expression in adult Ctrl and K/f3-cKO heart. n = 3
1118  mice. Data are presented as mean + s.e.m. Statistical significance was determined using two-

1119  tailed unpaired Student’s #-tests.
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1121  Extended Data Fig. 6. Inducible KIf3 knockout does not affect heart function.

1122 a. Representative electrocardiogram (ECG) traces from Ctrl and K/f3-cKO mice before and
1123 after LAD coronary artery ligation. ST-segment elevation (red arrows) after ligation indicates
1124 successful MI surgery. b, Representative M-mode ECHO images and quantification of left
1125  ventricular end-diastolic volume (LV Vol;d) and end-systolic volume (LV Vol;s) at 67 days
1126 post-MI (or Sham) in Ctrl and KIf3-cKO mice. n = 10 mice. c-f, Body weight (¢), heart weight
1127 (d), heart weight-to-body weight ratio (HW/BW) (e), and quantification of heart size (f) in 3-

1128  month-old Ctrl-MCM and K/f3-iKO mice at 1 and 4 wpTAM. n = 4-6 mice. g-j, Serial ECHO

1129  assessment of left ventricular ejection fraction (g), fractional shortening (h), end-diastolic and
1130 end-systolic volume (i), and left ventricular anterior and posterior wall thickness (j) in 3-
1131 month-old Ctrl-MCM and KIf3-iKO mice at 4 wpTAM. n = 6 mice. k, Representative M-mode
1132 ECHO images from Ctrl-MCM and KIf3-iKO mice at 8 wpMI, and Serial ECHO analysis of
1133 left ventricular fractional shortening, end-systolic volume and end-diastolic volume in Ctrl-
1134 MCM and KIf3-iKO mice at indicated time points after MI. » = 6 mice. 1, Representative
1135  Masson’s trichrome staining in heart sections from Ctrl-MCM and K/f3-iKO mice at 8 wpMI.
1136  n =6 mice. Scale bar, 2 mm. Data are presented as mean + s.e.m. One-way ANOVA followed

1137 by two-tailed Dunnett’s multiple-comparison test was used for statistical analysis in b. Two-
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1138  tailed, unpaired Student #-tests were used for statistical analysis in c¢—j; Longitudinal

1139  measurements in k were analyzed using a linear mixed-effects model with Sidak’s multiple-

1140  comparison test for pairwise comparisons at individual time points.
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Extended Data Fig. 7. KIf3 knockout rewires CM metabolism.

a,b, Untargeted metabolomics of primary CMs from 3-month-old Ctrl-MCM (n = 4 mice) and
KIf3-iKO mice (n = 3 mice) at | wpTAM, analyzed in positive ion mode. a, Volcano plot of
differential metabolites. b, Pathway enrichment analysis of differential metabolites. e¢,d,
Untargeted metabolomics of primary CMs from Ctrl-MCM and KIf3-iKO mice analyzed in
negative ion mode. ¢, Volcano plot of differential metabolites. d, Pathway enrichment analysis

of differential metabolites.
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1149
1150  Extended Data Fig. 8. KLF3 deficiency drives sphingolipid biosynthetic metabolism.

1151  a, Relative abundance of significantly changed metabolites within the 5 pathways commonly
1152 enriched by transcriptomic and untargeted metabolomic analyses in adult Ctrl and K/f3-cKO
1153 CMs. b, Schematic overview of sphingolipid metabolic pathways. Sphingolipid species altered
1154  in KIf3-iKO CMs at 1 wpTAM are highlighted in black and are predominantly associated with
1155  intermediate metabolites in the biosynthetic pathway. In contrast, metabolites accumulated in
1156  CMs from KIf3-cKO hearts and K/f3-iKO hearts at 4 wpTAM are highlighted in blue and are
1157  mainly enriched at the distal end of the glycosphingolipid biosynthetic pathway. Red arrows
1158  indicate biosynthetic reactions, whereas gray arrows denote degradation pathways. ¢, Heatmap
1159  showing expression profiles of sphingolipid metabolism-related genes identified by RNA
1160  sequencing in adult Ctrl and K/f3-cKO CMs. Gene expression values were normalized by Z-
1161  score. d, Representative immunoblot and quantification of phosphorylated ERK1/2 (p-ERK1/2)
1162 levels in adult Ctrl and KIf3-cKO hearts. » = 3 mice. Data are presented as mean + s.e.m.

1163 Statistical significance was determined by unpaired two-tailed Student’s #-tests in a and d.
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1164  Supplementary Information

1165  Supplementary Table 1: Primer sequences used in this study.

1166  Supplementary Table 2: Animal numbers included excluded and lost during in vivo
1167  experiments.

1168  Supplementary Table 3: Cardiac maturation-related genes.

1169  Supplementary Table 4: sShRNA sequences used in this study.



