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Spatiotemporal changes in the nuclear lamina and cell metabolism shape
cellfate, yet their interplay is poorly understood. Here we identify lamin
A/Casakeyregulator of cysteine catabolic flux essential for proper cell
fate and longevity. Its loss in naive mouse pluripotent stem cells leads

to upregulation of the cysteine-generating and catabolizing enzymes,
cystathionine y-lyase (CTH) and cystathionine [3-synthase (CBS), thereby
promoting de novo cysteine synthesis. Increased cysteine flux into
acetyl-CoA fosters histone H3K9 and H3K27 acetylation, triggering a
transition from naive to primed pluripotency and abnormal cell fate

and function. Conversely, the toxic gain-of-function mutation of Lmna,
encodinglamin A/C and associated with premature ageing, reduces CTH
and CBS levels. This reroutes cysteine catabolic flux and alters the balance
between H3K9 acetylation and methylation, crucially impacting germ
layer formation and genome stability. Notably, modulation of Cth and Cbs
rescues the abnormal cell fate and function, restores the DNA damage
repair capacity and alleviates the senescent phenotype caused by lamin
A/C mutations, highlighting the potential of modulating cell metabolism to
mitigate epigenetic diseases.

Pluripotent stem cells possess the capacity for self-renewal and dif-
ferentiation into diverse cell types. Upon exposure to developmental
cues, these cells undergo coordinated changes in chromatin architec-
ture, gene expression, metabolism and cellular behaviour to execute
precise lineage specification and tissue morphogenesis'™*. While the
importance of cell metabolism and chromatin architecturein stem cell
pluripotency, cell fate decisions and differentiation is widely recognized,
their potentialinterplayindirecting cell fate remainslargely unexplored.

Various states of embryonic pluripotency, suchasnaive and primed
states can be effectively maintained in culture. Naive and primed pluri-
potency states correspond to the pre-and post-implantation epiblast,

respectively, and differ in their developmental potential>. Naive pluri-
potency, characterized by the unbiased ability to generate all somatic
celllineages and germcells, isrecapitulated ininvitro settings in mouse
embryonic stem (mES) cells. In contrast, primed cells are poised for
differentiation and cannot contribute to blastocyst chimeras. These
two states are characterized by distinct transcriptional profiles, epi-
genetic landscapes and metabolic activity*’. A close link between cell
metabolism and transcriptional-epigenetic changes is important for
both stemcell pluripotency and differentiation, as several metabolites
act as cofactors for transcriptional and epigenetic modifiers®. For
example, methyl groups required for the synthesis and methylation of

A full list of affiliations appears at the end of the paper.
Gergana.Dobreva@medma.uni-heidelberg.de

e-mail: Yinuo.Wang@medma.uni-heidelberg.de; Iris.Bibli@medma.uni-heidelberg.de;

Nature Metabolism


http://www.nature.com/natmetab
https://doi.org/10.1038/s42255-025-01443-2
http://orcid.org/0000-0002-6653-6014
http://orcid.org/0009-0002-6091-7569
http://orcid.org/0000-0002-2136-1783
http://orcid.org/0000-0001-7181-6961
http://orcid.org/0000-0002-2322-2699
http://orcid.org/0000-0001-8262-8261
http://orcid.org/0000-0002-1541-3030
http://orcid.org/0000-0003-1881-3635
http://orcid.org/0000-0001-7153-6628
http://orcid.org/0000-0002-4814-9416
http://crossmark.crossref.org/dialog/?doi=10.1038/s42255-025-01443-2&domain=pdf
mailto:Yinuo.Wang@medma.uni-heidelberg.de
mailto:Iris.Bibli@medma.uni-heidelberg.de
mailto:
Gergana.Dobreva@medma.uni-heidelberg.de
mailto:
Gergana.Dobreva@medma.uni-heidelberg.de

Article

https://doi.org/10.1038/s42255-025-01443-2

DNA, RNA and associated proteins, as well as the biogenesis of amino
acids, creatine, phospholipids, NADH and NADPH are dependent on
one-carbon (1C) metabolism". This pathway links the methionine and
folate cycles with cysteine biosynthesis and catabolism, and is central
to cellular function. Indeed, methionine metabolism is elevated in
pluripotent stem cells and is required to maintain the high level of DNA
and histone methylation required to maintain pluripotency. Thisis also
reflected by the fact that methionine depletion reduces histone and
DNA methylation and promotes pluripotent stem cells differentiation®.
Oxidative metabolismis also highin ‘naive’ versus ‘primed’ stem cells’,
which can cope with theincreased generation of reactive oxygen spe-
cies (ROS) by virtue of augmented levels of nonenzymatic antioxidants.

The dynamics of genome-nuclear lamina interactions play a
pivotal role in determining cell fate decisions by either ‘locking’ or
‘unlocking’ genes that confer cell identity at the nuclear periphery*'s,
Nuclear lamins build filamentous networks located between theinner
nuclear membrane and the peripheral heterochromatin. These pro-
teins are strategically positioned to perform vital roles in maintaining
nuclear structure’? as well as orchestrating chromatin organization
by anchoring heterochromatin regions termed lamina-associated
domains (LADs) to the nuclear periphery?*. Additionally, they serve as
ascaffold for tethering protein complexes, facilitating DNA replication
and repair® 7. Consistent with the important biological functions of
nuclear lamins, numerous studies have shown that their loss of function
(LOF) or mutation resultsin genomicinstability, chromatin alterations,
abnormal gene expression patterns®®* and influence stem cell pluripo-
tency, proliferation, longevity, cell fate choices and differentiation, as
well as stress responses>'®***¢% Forinstance, during the differentiation
of mES cells, astrocyte-specific genes' and cardiomyocyte-specific
genes®*® detach from mES cell LADs. This detachment leads to their
activation or epigenetic priming for activation at a later stage®***.
Notably, lamin A/Cisexpressed in naive pluripotent stem cells but dra-
matically decreases with the acquisition of a primed state*. Abnormal
cell fate upon lamin A/C loss or mutation has been reported in other
tissues®>**"*, suggesting that aberrant activation of cell fate genes
could beacommon feature of laminopathic cells, carrying mutations
ingenes encoding nuclear lamins***,

Here, we present evidence of lamin A/C-mediated epigenetic
controlbeyond LADs, which, exerted by lamin A/C-regulated cysteine
fluxinto acetyl-CoA and histone acetylation, is crucial for proper germ
layer formation, cell fate determination and ageing.

Results

Lamin A/Crepresses cysteine biosynthesis and catabolismin
naive pluripotent stem cells

In a recent study, we found that lamin A/C plays a crucial role in
three-dimensional (3D) chromatin organization in naive pluripotent
stem cells, where it safeguards naive pluripotency and ensures proper

cell fate choices during cardiogenesis®. A comparison of genes found
in chromatin regions showing increased accessibility in Lmna”™ mES
cells with genes located within lamin A/ lamin B1 LADs revealed that
more than 85% of the former reside in non-LAD regions (Fig. 1a). To
investigate how lamin A/C mutations could affect chromatin structure
outside LADs we performed Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) pathway analysis of genes upregulated
inLmna”~ mES cells. This highlighted the impact of Lmna depletion on
cell metabolism (Fig.1b and Supplementary Fig.1a), and prompted the
hypothesis that metabolicadaption resulting from thelack of lamin A/C
could alter the bioavailability of histone epimodifiers (such as acetyl
and methyl groups), leading to maladaptive epigenetic and transcrip-
tional remodelling. Indeed, a metabolomics approach to compare
metabolisminLmna-expressing and -deficient mES cells revealed sig-
nificantalterationsin key metabolic pathways, particularly in cysteine
and methionine metabolism (Fig. 1b,c and Supplementary Fig. 1a-c
and Supplementary Table1).L-Cystathionine, L-cysteine and L-cystine,
which are all intermediates of the cysteine metabolism, were most
altered by Lmna deficiency, whereas other pathways such as glycolysis,
the tricarboxylicacid (TCA) cycle and glutaminolysis were not affected
(Fig.1d and Supplementary Fig. 1d-f).

Two key cysteine metabolizing enzymes exist, which are cysta-
thionine 3-synthase (CBS) and cystathionine y-lyase (CTH, also known
as CSE), and the Cth gene localizes to the nuclear periphery (Fig. 1e)
andresides within LADs (Fig.1a). Lmna deletionin mES cellsled to the
relocalization of Cth from the transcriptionally inactive nuclear periph-
ery to the nuclear interior, whereas the positioning of Chs remained
unchanged (Fig. 1e and Extended Data Fig. 1a). However, chromatin
immunoprecipitation followed by quantitative PCR (ChIP-qPCR)
analysis revealed significant enrichment of lamin A/C at the promoter
regions of both Cbs and Cth (Fig. 1f), suggesting a direct role in regu-
lating their expression. Further, we observed increased chromatin
accessibility and transcriptional upregulation of both Cth and Cbs
genes (Extended Data Fig.1b-d) as well as elevated protein expression
(Fig. 1g and Extended Data Fig. 1f,g) and enzyme activity upon lamin
A/Closs (Extended DataFig. 1e).In contrast, other enzymesinvolvedin
1C metabolism were not significantly altered (Extended Data Fig. 1f,g).

Toinvestigate the mechanisms underlying the upregulation of Cth
and Cbs, we performed motif analysis at their promoter regions. Inboth
cases, weidentified SP1as akeyregulatory transcription factor (Fig. 1h).
SP1 has previously been implicated in the transcriptional regulation
of both Cth and Cbs**°. We therefore examined whether lamin A/C
influences SP1binding and function. Notably, we observed increased
chromatin binding by SP1 (Extended Data Fig. 1h), with significantly
higher enrichment at the Cth and Cbs promoters in Lmna-deficient
cells (Fig. 1i). Silencing SpI in Lmna™ mES cells reduced Cth and Cbs
expressionto levels observedin control cells, whereas Sp1 knockdown
in wild-type mES cells led to further reduction (Fig. 1j). In contrast,

Fig.1|Lamin A/C suppresses cysteine metabolism by repressing CTH and
CBS. a, Overlap of genes showing increased ATAC-seq signalin Lmna™ mES
cells with genes located within lamin A/Bl-shared LADs as determined by lamin
Aand lamin B1 DamID. b, KEGG pathway analyses of genes upregulated in
Lmna™ mES cells. n = 3 biological replicates. ¢, Pathway impact analysis showing
metabolic alterations between Lmna™" and control groups. n = 6 biological
replicates. d, Intracellular levels of metabolites in control and Lmna™ mES cells
determined by LC-MS or by fluorometric assay (acetyl-CoA). n = 6 biological
replicates. e, Representative DNA FISH images of Cth (red), Cbs (red) and
4,6-diamidino-2-phenylindole (DAPI) (blue). f, ChIP-qPCR for lamin A/C at the
Cthand Cbs promoter in control and Lmna™ mES cells presented as % of input.
n=3biological replicates. g, Representative immunoblots analysis of CTH and
CBSlevelsinLmna** and Lmna™ mES cells (n = 6 independent experiments).
a-tubulin served as aloading control. h, Motif enrichment analysis of accessible
chromatin regions within +5 kb of the Cbs and Cth transcription start sites
inLmna™" versus control cells. n = 3 biological replicates. Significance was

calculated in HOMER using a two-sided hypergeometric test. i, ChIP-qPCR
analysis of SP1enrichment at the Cth and Cbs promoter in control and Lmna ™
meES cells; GD, gene desert region, used as a negative control. n = 4 biological
replicates. j, qPCR analysis of Cth and Cbs mRNA level in control and

Lmna™ mES cells after SpI knockdown by siRNA. n = 4 biological replicates.

k, lllustration presenting hallmarks of progeria. I, KEGG pathway analyses

of genes downregulated in Lmna®®*“* and Lmna®*°®/***° mES cells.

m, Immunoblots analysis of CTH and CBS levels in control, Lmna®®®* and
Lmna®s®°%/%%°¢ mES cells. n, Relative levels of intracellular cysteine, pyruvate and
acetyl-CoA in control, Lmna®®%* and Lmna®®°%®**>¢ mES cells. n = 6 biological
replicates. Dataind,f,ij,nare mean * s.d. Differences were assessed using

an unpaired two-tailed Student’s ¢-test (d,f,i); atwo-way ANOVA with Tukey’s
correction (j); and a one-way ANOVA with Tukey’s correction (n). Significance
was calculated in DAVID using a one-sided Fisher’s exact test (b) and a one-sided
hypergeometric testin MetaboAnalyst v.5.0 (c). NS, not significant.
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ATF4, a key transcription factor activated during cellular stress that
has been shown to regulate the levels of CTH and CBS, did not show
changes in expression levels or chromatin binding upon lamin A/C
loss (Extended Data Fig. 1i). Together, these data support a central
rolefor SPlintheregulation of Cthand Cbsexpressionin mES cells and
downstream of lamin A/C.

Lamin A/Crestricts transcription factor binding through recruit-
ment of repressive complexes, including the EZH-based PRC2 com-
plex, SUV39H1 and HDACs*'. We therefore tested whether these
complexes regulate Cbs and Cth expression. Inhibition of Ezh1/2
with UNC1999 led to a significant increase in Chs and Cth expression
(Extended DataFig.1jand Supplementary Fig.2a), whereas inhibition
of Suv39h1 or HDACs had little effect (Supplementary Fig. 2b,c). Nota-
bly, H3K27me3, catalysed by the PRC2 complex, was reduced at both
Cth and Cbs promoters in Lmna”’~ mES cells (Extended Data Fig. 1k).
Treatment with UNC1999 decreased H3K27me3 levels and increased
Splbinding (Extended Data Fig.1l), supporting adirect role for PRC2
in lamin A/C-mediated repression of Cth and Cbs and in limiting
SP1occupancy.

To further investigate the link between cysteine metabolism and
the nuclear lamina, we studied the Lmna p.G609G mutation*, which
leads tothe production of adominant gain-of-functionisoform of lamin
A, referred to as progerin. Progerinis constitutively farnesylated onits
Cterminus and accumulates in the nuclear lamina, thereby disturbing
nuclear structure as well as nuclear lamina dynamics and function*®
(Extended Data Fig. 2a,b) and givingrise to Hutchinson-Gilford prog-
eriasyndrome (HGPS), a severe form of accelerated ageing* (Fig. 1k).
A comparison of genes found in chromatinregions showing decreased
accessibility in Lmna p.G609G mutant mES cells with genes located
withinlamin A/lamin B1LADs revealed that more than 70% of the for-
merresideinnon-LAD regions (Extended Data Fig. 2c). KEGG pathway
analysis of genes downregulated in Lmna p.G609G mutant cells high-
lighted theimportance of 1C and cysteine and methionine metabolism,
similarly to Lmna™ mES cells (Fig. 11). Moreover, the expression of
CTHand CBS aswell asintracellular cysteine, pyruvate and acetyl-CoA
levels were all decreased in mES cells that were either heterozygous or
homozygous for the mutation (Fig.1m,nand Extended Data Fig.2d,e).
In contrast to our findings in the Lmna LOF, the Lmna p.G609G muta-
tion led to decreased SP1 chromatin binding (Extended Data Fig. 2f),
accompanied by significantly reduced SP1 occupancy and increased
H3K27me3 and lamin A/C enrichment at the Cth and Cbs promoters
(Extended Data Fig. 2g,h). Taken together, these data suggest that
altering lamin A/C function affects cysteine biosynthesis and catabo-
lism in naive mES cells.

CTH and CBS are upregulated during naive-to-primed state
transition inalamin A/C-dependent manner

Lamin A/Closs results in naive-to-primed pluripotency transition and
abnormal cell fate choices during development’®*. To further assess
theimpact of nuclear lamina-cysteine catabolism axis on stem cell dif-
ferentiation, we next used ametabolomics approach. Of note, methio-
nine metabolism and homocysteine degradation were one of the most
significant pathways enriched during the specification of stem cellsin
the three germlayers (Extended Data Fig. 3a). Notably, homocysteine,
cystathionine and cysteine levels were markedly increased in day 3
embryoid bodies (EBs) compared with naive mES cells, whereas cysta-
thionine and cysteine levels remained high at later stages, suggesting
animportant role of cysteine metabolism during the early stages of
stem cell differentiation (Extended Data Fig. 3b).

To assess the impact of cysteine catabolism and the interplay
between the nuclear lamina and stem cell pluripotency, naive embry-
onic stem (ES) cells were switched to conditions favouring a primed
state. ES cell priming resulted in the loss of lamin A/C, increased the
expressionof CTHand CBS (Extended DataFig. 3¢c) along withincreased
cellular cysteine levels (Extended Data Fig. 3d). Similar results were

observed with human ES cells cultured in naive versus primed condi-
tions’ (Extended Data Fig. 3e). Because these observations suggested
thatincreased CTH and CBS levels were linked to induction of primed
pluripotency, we determined whether depletion of Cth or Cbs could
re-establish a naive pluripotent state in Lmna™™ mES cells. Indeed,
knockdown of both genes in Lmna™~ mES cells restored colony mor-
phology to the compact and round shape reminiscent of naive cells
(Extended Data Fig. 3f and Supplementary Fig. 3a) and increased the
number of cells expressing high levels of the pluripotency marker
OCT4 (0OCT4"e") and NANOG (NANOG"e") (Extended DataFig. 3f,gand
Supplementary Fig. 3b,c). In contrast, CTH- and CBS-overexpressing
meES cells, formed flatter, irregular colonies that contained fewer cells
expressing high levels of OCT4 and NANOG compared with control
mES cells (Extended Data Fig. 3f,g and Supplementary Fig. 3b,c). In
line with the observed shift in pluripotency state, markers of primed
pluripotency were significantly upregulated in Lmna™" mES cells.
Silencing either Cth or Cbs reduced their expression to levels compa-
rable with controls, with Cth knockdown having a more pronounced
effect (Extended DataFig. 3h).

Together, these data suggest that increased de novo cysteine
synthesis and flux may drive the transition from naive to primed pluri-
potency. Supporting this hypothesis, cysteine depletion, either alone
or combined with the CTH and CBS inhibitor AOAA (aminooxyacetic
acid), increased the number of OCT4"€" and NANOG"&" mES cells
(Extended DataFig. 3i and Supplementary Fig. 3d).

Next, we tested the impact of lamin A-green fluorescent pro-
tein (GFP) overexpression*’ using a TET-ON inducible system in
wild-type and Lmna™ mES cells, focusing on its effects on CTH and
CBS expression levels and the acquisition of naive pluripotency. The
GFP signal was detectable as early as 2 h (Supplementary Fig. 3e),
and by 6 h, we observed a marked increase in lamin A protein lev-
els, accompanied by a significant reduction in Cth and Cbs as well
as cysteine levels (Extended Data Fig. 3j-1). Of note, cells express-
ing high levels of lamin A consistently showed lower levels of both
CTH and CBS (Extended Data Fig. 3j). Despite these changes, the
proportion of NANOG"&" mES cells remained unchanged at 6 h
(Extended Data Fig. 3m), suggesting that the downregulation of CTH
and CBS is a direct effect of lamin A overexpression, rather than a
secondary consequence of altered pluripotency state. At the 24-hand
48-htime point, we observed anotable decrease in CTHand CBS levels
(Extended Data Fig. 3j,1 and Supplementary Fig. 3f,g), accompanied
by an increase in NANOG"e" mES cells (Extended Data Fig. 3m and
Supplementary Fig. 3h). Overexpression of lamin A in cells cultured
under primed conditions also led to anincreased number of NANOG"®"
cells, indicating that lamin A has the capacity to promote naive fea-
tures evenif cultured in primed conditions (Extended DataFig. 3n,0).
Together, these dataindicate thatlamin A-mediated metabolic rewiring
precedes and support the re-establishment of the naive pluripotency.

To further validate these findings and account for potential
line-to-line variability in responsiveness, we ablated Lmna in R1
mES cells, an F1 hybrid of the 129X1 x 129S1 strains, using the same
gene-targeting strategy employed to generate the Lmna knockout
in E14 cells®. R1 mES cells expressed slightly, yet significantly, higher
levels of lamin A/C compared with the E14 line (Extended DataFig. 4a,b).
Further, lamin A/C protein levels correlated with NANOG expression,
and cells with low lamin A/C showed no detectable NANOG signal
(Extended Data Fig. 4c). Moreover, culture in primed conditions led
to reduced lamin A/C levels, increased expression of CTH and CBS
and higher cysteine levels (Extended Data Fig. 4d,e). Similarly, lamin
A/Closs in Rl cells led to increased CTH and CBS levels, along with
elevated intracellular cysteine (Extended Data Fig. 4f-h). Moreover,
Lmna-deficient RImES cells adopted a flatter morphology, areduced
number of NANOG"e" cells, and exhibited increased expression of
primed pluripotency markers, consistent with a shift toward a more
developmentally advanced state (Extended Data Fig. 4i-1).
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Fig.2|Lamin A/Closs coupled to CTH and CBS activationin pre- to
post-implantation transition. a, Schematic representation of the transition
from naive to primed pluripotency. b, Feature plots of the expression of Lmna,
Cthand Cbs across E3.5-E6.75 mouse embryonic stages. Trophectoderm cells
expressing Fomes or Cdx2 were excluded from the analyses of E3.5 and E4.5
embryos. ¢, Violin plots visualizing expression levels of Lmna, Cth and Cbs in
preimplantation (E3.5 and E4.5) and post-implantation (E5.5) mouse embryos.
d,e, Representative immunostaining for lamin A/C (red) and CTH (green) (d)
orlaminA/C (red) and CBS (green) (e) in E3.5and E6.5 mouse embryos.n=6
embryos. Scale bars, 20 pm. f, TOBIAS footprinting analysis showing significant
enrichment of RA-responsive motifs in accessible chromatin regions within
+5kb of the Lmna transcription start site in mES cells cultured under primed
conditions compared with naive conditions (ArrayExpress, E-MTAB-7207).
Significance was calculated using a two-sided hypergeometric test within

the TOBIAS footprinting framework. g, Violin plots visualizing expression
levels of RA-pathway-related genes in preimplantation (E3.5 and E4.5) and

post-implantation (ES.5) mouse embryos. h, qPCR analysis of Lmna and Nanog
expression in wild-type (WT) mES cells after 24 h treatment with all-trans-retinoic
acidinthe absence of LIF. n = 3 biological replicates. i, KEGG analysis of the

genes upregulated in E5.5 compared with E3.5. Significance was calculated in
DAVID using a one-sided Fisher’s exact test. j, Motif analysis of the promotor
region (TSS + 2 kb) of genes upregulated in ES.5 compared with E3.5 embryos.
Significance was calculated in HOMER using a two-sided hypergeometric test.

k, Dot-plot showing the expression level and frequency of SpI from E3.5to E6.75.
I,m, Representative immunostaining for lamin A/C (red) and CTH (green) (I) or
lamin A/C (red) and CBS (green) (m) in Lmna** and Lmna™~ mouse embryos.
Scale bars, 20 pm. n, Quantification of fluorescence intensity of CTH (top)

and CBS (bottom) in the inner cell mass and trophectoderm (TE) of Lmna*’*

and Lmna™ mouse embryos. For CTH: Lmna** (n=7) and Lmna™" (n =5); for
CBS,Lmna'"* (n=8)and Lmna™ (n=3).Datainhand nrepresent mean +s.d.
Differences in hand n were assessed using an unpaired two-tailed Student’s ¢-test.

Together, these data demonstrate that the upregulation of CTH
and CBSis a conserved feature of the naive-to-primed transition and
occursinalamin A/C-dependent manner.

The transition from pre- to post-implantation is marked by
decreased lamin A/C expression coupled with increased CTH
and CBS levels

Next, we examined the relationship betweenlamin A/Cand Cthand Cbs
expression in preimplantation (E3.5 and E4.5) and post-implantation
(E5.5-E6.75) mouse embryos, corresponding to the naive and primed
pluripotency states, respectively (Fig. 2a). Single-cell RNA sequencing
(scRNA-seq) data® along with immunostainings revealed that while
Lmna was highly expressed in early epiblast cells of E3.5 and E4.5
embryos, Cth and Cbs levels were very low. In contrast, Lmna expres-
siondecreased sharply fromES.5, coinciding with a dramaticincrease
in Cth and Cbs levels (Fig. 2b-e).

Toidentify factorsinvolvedinthe rapid downregulation of lamin
A/Cin primed compared with naive stem cells, we first performed
TOBIAS footprinting analysis on the Lmna promoter. This revealed
RARA:RXRG and RARB, retinoic acid (RA) receptors known to mediate
RA signalling, as top candidate regulators (Fig. 2f). Previous stud-
ies have linked RA signalling to Lmna expression, which is also influ-
enced by matrix stiffness’’. Notably, the mechanical properties of
the embryonic environment change markedly between the pre- and
post-implantation stages, transitioning from a soft, extracellular matrix
(ECM)-poor setting to a stiffer, ECM-rich environment*>. Consistent
with a developmental role for RA signalling, scRNA-seq data showed
strong upregulation of Rara and Rxrgat E5.5 (ref. 50) (Fig. 2g). Further-
more, treatment of mES cells with RA led to amarked reductionin both
Lmnaand Nanog expression (Fig.2h), supporting amodelin whichRA
signalling contributes to the downregulation of lamin A/C during the
transition from naive to primed pluripotency. Further KEGG pathway
analysis of genes significantly upregulated in E5.5 compared with E3.5

embryos revealed enrichment in DNA replication, oxidative phos-
phorylation, amino acid biosynthesis, and cysteine and methionine
metabolism (Fig. 2i). Consistent with our in vitro findings, we observed
significant enrichment of the SP1binding motif at genes upregulated
in E5.5 versus E3.5 embryos (Fig. 2j), which further increased during
development (Fig. 2k). Additionally, CTH and CBS levels were signifi-
cantly elevated in Lmna™" embryos (Fig. 21-n), hereby validating the
physiological relevance of our in vitro findings.

Cysteine serves as amajor carbon source for histone
acetylation at lysine 9 and lysine 27 in Lmna mutant mES cells
Cysteineisaprecursor ofimportant metabolites including taurine and
glutathione, one of the mostimportant mammalian nonenzymatic anti-
oxidants, thereby serving an essential function inregulating the redox
balance® (Supplementary Fig. 1c). In addition, cysteine catabolism
under specific conditions can also generate the bioactive signalling
molecule hydrogen sulfide (H,S)**, which regulates persulfidation, a
post-translational modification, of proteins. Persulfidation is essential
for cell fate, functionand longevity*>. However, although CBSand CTH
were metabolically active in Lmna™ mES cells, they failed to generate
H,S (Extended Data Fig. 5a), indicating that in Lmna™”™ mES cells, the
non-canonical catabolic pathway of cysteine is preferred™.

To assess the metabolic fate of cysteine in mES cells in greater
detail we performed metabolic flux analyses and determined the
contribution m + 3 and m + 2 mass isotopologues to the pyruvate
and acetyl-CoA pools following supplementation with*C;-L-cysteine
(Fig. 3a). *C5-L-cysteine levels were increased in Lmna™ mES cells
compared with control mES cells, indicating an increased cysteine
uptake (Fig.3b), achange that could be attributed to increased expres-
sion of cysteine transporters (Extended Data Fig. 5b). Further, the
flux of cysteine-derived carbons was directed towards pyruvate and
acetyl-CoA rather than towards glutathione (Fig. 3b), pointingto a
previously unexplored role for cysteine catabolism in the regulation

Fig. 3| Enhanced cysteine metabolism upon lamin A/Closs promotes histone
acetylation. a, Schematic representation of the experimental setup to trace
BC-labelled cysteine. b, Mass isotopologue distribution and intracellular
abundance of C-labelled cysteine, pyruvate, acetyl-CoA and glutathioneina
BC,-L-cysteine flux assay using Lmna™* and Lmna™~ mES cells. n = 3 biological
replicates. ¢, Enrichment of ®C,-L-cysteine-derived carbon at acetylated histone
sitesin Lmna** and Lmna™~ mES cells (left), as well as the distribution of global
histone acetylationin WT mES cells (right), presented as area under the curve
per milligram of total protein. n = 3 biological replicates. d,e, Immunoblots
analysis of H3K9ac, H3K27ac and pan-H3ac levels in Lmna** and Lmna™ mES
cells after shARNA mediated silencing with control shRNA or shRNA against Cth
or Cbs or mES cells overexpressing CTH (CTH OE) or CBS (CBS OE) constructs
(d), and quantification of the relative fold changes of protein levels from three
independent experiments (e). f, Immunoblot analysis of acetylated histones

incontroland Lmna™~ mES cells cultured for 24 h in complete medium, or in
medium lacking methionine (Met), cysteine (Cys) or both. g, Immunoblot
analysis for H3K9ac, H3K27ac and pan-H3ac of histone extracts from control,
Lmna®®%c6%%C and [ mna®°°%/°***° mES cells overexpressing both CBS and

CTH. h,Immunoblot analysis for H3K9ac, pan-H3ac and total H3 of histone
extracts from control and Lmna®°°“/®%*° mES cells cultured in the indicated
concentration of cysteine for 48 h.i,j, Immunoblot analysis of H3K9ac, H3K27ac
and H3K56ac levels in mES cells cultured in naive or primed conditions for48 h
(i) and relative fold changes from three biological replicates (j). H3 served as
aloading control. k, Representative immunostaining for lamin A/C (red) and
H3K9ac (green) in E3.5 and E6.5 mouse embryos. n = 6 embryos. Scale bars,

20 pm.Datainb,c,e jare presented as mean + s.d. Differencesinb and c were
assessed using an unpaired two-tailed Student’s ¢-test; Differences in e and jwere
assessed using one-way ANOVA with Tukey correction. NS, not significant.
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Fig. 4| CBS and CTH activation alters chromatin accessibility and 3D genome
interactions atlamin A/C-dependent genes. a, Integrative Genomics Viewer
(IGV) tracks of H3K9ac ChIP-seq, H3K27ac ChIP-seq, ATAC-seq and RNA-seq

of control (grey), and Lmna™ mES cells (red) on genes showing increased
chromatin accessibility and expression upon lamin A/Closs. b, Normalized
H3K9ac and H3K27ac ChIP-seq signal intensity in control (grey) and Lmna™™ ES
cells (red) at ATAC-seq peaks exhibiting increased (gain) chromatin accessibility
in Lmna™~ mES cells versus control mES cells. n = 3 biological replicates. ¢, IGV
tracks of H3K9ac ChIP-seq, H3K27ac ChIP-seq and RNA-seq of control (grey),
CBS OE (green) and CTH OE mES cells (purple). d, Normalized H3K9ac ChiP-seq
and H3K27ac ChiP-seq signal intensity in control (grey), CBS OE (green) and
CTH OE mES cells (purple) at ATAC-seq peaks exhibiting increased (gain)
chromatin accessibility in Lmna™" mES cells versus control mES cells. n =2
biological replicates. e,fNormalized H3K9ac and H3K27ac ChIP-seq signal
intensity in control (grey) and Lmna™ ES cells (red) (e) or control (grey), CBS
OE (green) and CTH OE mES cells (purple) (f) at genes exhibiting increased

chromatin accessibility and upregulationin Lmna™" ES cells (‘activated genes’),
or genes upregulated during cardiomyocyte differentiation (‘primed genes’)>.
n=2biological replicates. g,h, Normalized H3K9ac ChIP-seq signal intensity
inLmna™" ES cells overexpressing control ShRNA or shRNA against Cth or Cbs

at gained upon Lmna LOF peaks (g) or at genes either activated or primed
following Lmnaloss (h). n=2biological replicates. i, IGV tracks showing H3K9ac
ChlIP-seq, H3K27ac ChIP-seq, ATAC-seq, lamin A DamID, lamin B1 DamID and
significant genomic interactions at H3K9ac and H3K27ac peaks determined by
Hi-Cin control (grey) and Lmna™" (red) mES cells at non-LAD and LA/LB1LAD
genomicregions. j, Quantification of interaction frequency in LA/LB1LADs and
outside LADs (non-LADs) at H3K9ac ChIP-seq, H3K27ac ChIP-seq and ATAC-seq
peaks with significantly gained or lost signal in Lmna™~ mES cells compared
with control. n =3 biological replicates. Boxplots show median (centre line),
25th-75th percentiles (box) and 1.5 x IQR (whiskers). NS, not significant. For NGS
metaplotsinb,d-h, lines indicate mean signal and shaded regions represent
+s.e.m. across biological replicates. RPM, reads per million mapped reads.

of acetyl bioavailability within mES cells. The bioavailability of nuclear
acetyl-CoA used by histone acetyltransferases (HATs) to transfer an
acetylgroup tolysineresiduesin histone proteins, isanimportantreg-
ulator of chromatin accessibility and higher order chromatin organi-
zation. In line with increased total acetyl-CoA levels, we detected a
major increase in nuclear acetyl-CoA (Extended Data Fig. 5¢). Thus,
we determined whether cysteine-derived carbons contribute to his-
tone acetylation by tracing >C,-L-cysteine. Strikingly, only a limited
number of lysine residues showed incorporation of *C,-acetyl groups
derived from C-cysteine in control mES cells. Notably, the highest
incorporation was observed at H2A/BK15ac, a site with markedly
low global acetylation levels, suggesting site-specific incorporation
rather than a general, widespread labelling across histone lysines in
meES cells (Fig. 3c). Anumber of acetylated sites showed significantly
higher levels in Lmna™~ mES cells compared with control mES cells.
Notably, H3K9, H3K27 and H4K12 showed remarkable incorporation
of ®C;-acetyl derived from C-cysteine in Lmna™ mES cells, whereas
no incorporation was detected in control mES cells, indicating that
cysteine-derived carbons promote acetylation at these sites specifi-
cally upon lamin A/C loss (Fig. 3¢). Immunoblot analysis confirmed
the generalincreasein histone 3 (H3) acetylation as well as the specific
acetylation of H3K9 and H3K27 (Extended Data Fig. 5d). Such an effect
was directly linked to the expression of CTH and CBS, as silencing of
either Cth or Cbs by a small hairpin RNAs (shRNA) normalized the
levels of H3K9ac, H3K27ac and pan-H3ac in Lmna™ mES cells back
tothelevelsin control cells (Fig. 3d,e and Extended Data Fig. Se). The
overexpression of CTH or CBS in wild-type mES cells, on the other
hand, increased acetylation of the same sites (Fig. 3d,e). Similarly,
treatment with the CTH and CBS inhibitor AOAA decreased H3K9ac,
H3K27ac and pan-H3ac levels (Extended Data Fig. 5f). As methionine

serves as the precursor for cysteine synthesis, we next examined the
impact of methionine and cysteine depletion on histone acetylation.
Deprivation of methionine alone or in combination with cysteine
depletion successfully rescued the increased histone acetylation
(Fig. 3f). Interestingly, histone residues that were not found decorated
with cysteine carbons for example H3K56ac, were also not different
between wild-type and Lmna deleted cells (Extended Data Fig. 5d).
Notably, loss of Lmna did not lead to a global change of total pro-
tein acetylation (Extended Data Fig. 5g), suggesting that acetyl-CoA
generated from cysteine is preferentially transferred to histones.
Similar results were observed in control and Lmna™~ R1 mES cells
(Extended Data Fig. 5h).

In contrast with Lmna™", Lmna p.G609G mES cells showed a sig-
nificant decrease in H3K9ac and H3K27ac, as well as pan-H3ac levels
(Fig. 3g and Extended Data Fig. 5i), in line with the decrease of CTH
and CBS and the major role in cysteine-mediated histone acetylation
in ES cells. Notably, overexpression of CTH together with CBS was
sufficient toincrease histone acetylationlevels in Lmna®°°/¢*°¢ mES
cells to control levels (Fig. 3g and Extended Data Fig. 5i). Moreover,
increasing the cysteine concentration in the medium (to 400pmol 1)
partially restored the decreased histone acetylation in p.G609G mES
cells (Fig. 3h). In line with this, overexpression of lamin A in mES cells
reduced H3K9ac levels after 24 h, occurring after the downregulation
of CTH and CBS, suggesting that changesin histone acetylation occur
downstream of changes in cysteine metabolism (Extended Data Fig. 5j).

To evaluate whether altered histone deacetylase (HDAC) activity
contributes to the changesin histone acetylation levels, we measured
the activity of class IHDACs, the main histone deacetylating enzymes.
HDACs class I activity remained unchanged in Lmna™ cells but was
reducedin progeroid cells that had lower H3K9acand H3K27ac levels,

Fig. 5| Abnormal cysteine metabolism uponlamin A/C mutationinduces
aberrant cell fate choices. a, Cell fate alterations upon lamin A/Closs. b,c,

qPCR analysis of cardiac mesoderm marker genes in D4 EBs (b) or CM marker
genes in D10 EBs (c) differentiated from mES cells transiently transfected with
control, CBS or CTH construct before differentiation. n = 3 biological replicates.
d,e, qPCR analysis of cardiac mesoderm marker genes in D4 EBs (d) and
percentage of troponin T* CMs determined by FACS analysis of D10 EBs (e)
differentiated from mES cells cultured in medium containing the indicated
amounts of cysteine. n = 3 biological replicates. f,g, RT-qPCR analyses for CM
genes in D10 EBs from control and Lmna™" following knockdown with control,
Cth, or Cbs shRNA (f) or of controland Lmna™~ mES cells non-treated or treated
with100 pM AOAA for 48 h before differentiation (g). n = 3 biological replicates.
h, t-Stochastic neighbour embedding (¢-SNE) plot of scRNA-seq in D10 EBs from
control, Lmna™ and Lmna™ mES cells after Cth knockdown. CM, cardiomyocyte;
EC, endothelial cell; Ep, epithelial cell; Ery, erythrocyte; Hep, hepatocyte; NPC,
neuron progenitor cell; SMC, smooth muscle cell; LBM, limb bud mesenchyme;
Mono/M®, monocytes/macrophages. i, Percentage of cells in populations shown

inh.j, Schematic representation of the Lmna p.G609G mES cells phenotype.

k.1, Relative germ layer marker expression in D4 EBs (k) and CM genes in D10 EBs
(I) from mES cells after silencing with control shRNA or shRNA for Cbs and Cth.
n=3biological replicates. m,n, Relative germ layer marker expressionin

D4 EBs (m) or CM markers in D10 EBs (n) from control, Lmna®®“/¢*®°¢ mgS

cells or Lmna®®%%%°¢ mgs cells overexpressing CTH or CBS. n = 3 biological
replicates. o, Immunostaining for a-actinin (red) and DAPI (blue) in D10 EBs.

p, Immunoblot analysis of CTH in whole-protein extracts of control and
Lmna®®°%/%%°¢ mES cells cultured with the indicated cysteine concentrations
for 48 h. a-tub, a-tubulin. q,r, Relative CM marker expression (q) and a-actinin
(red)/DAPI (blue) immunostaining (r) in D10 EBs differentiated from control and
Lmna®s®°%/%%°¢ mES cells cultured in the indicated cysteine concentrations.
n=3biological replicates. Differences ink and | were assessed using an two-tailed
unpaired Student’s ¢-test; in b-g,m,n,q using one-way ANOVA with Tukey
correction; iniwere assessed using two-sided pairwise proportion tests.

Data are presented as mean + s.d. NS, not significant.
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suggesting that changes in class IHDAC activity is unlikely to account
directly for the increased acetylation (Supplementary Fig. 4a,b).

Aswe observed amajorincrease in CTH and CBS expression dur-
ing the transition to primed pluripotency, we next analysed histone
acetylationin naive versus primed cells both in vitro and in vivo. Con-
sistently, the levels of H3K9ac and H3K27ac were significantly higher
in primed cells (Fig. 3i,j). In contrast, H3K56ac, which is not labelled
with cysteine-derived carbons, showed no significant change. Nota-
bly, H3K9ac exhibited the greatest changes in cell culture, and we
observed higher H3K9ac levels in post-implantation compared with
pre-implantation embryos (Fig. 3k).

Aswe detected increased cysteine uptake (Fig.3b), achange likely
mediated by cysteine transporters (Extended Data Fig. 5b), we next
analysed the expression of Siclal, Sicia$ and Slc7all transporters in
pre- and post-implantation embryos. Slclal and Slcla$ were signifi-
cantly upregulated in Lmna-deficient cells. While SlcIal expression was
specific to E3.5, SlciaS levels gradually increased from E3.5 to ES.5. of
note, the major cysteine transporter Slc7all showed only minimal
expression (Supplementary Fig. 5a), similar to mES cells. Silencing
of Slclal and Sicla$5 in Lmna-deficient cells only partially reduced
the upregulation of key transcription factors associated with disease
phenotypes following lamin A/C loss (Supplementary Fig. 5b), but
this effect was considerably weaker than that observed uponsilencing
Cth. Unlike the major cysteine transporter Slc7all, Slclal and Slclas
primarily transport glutamate, which may also influence pluripotent
stem cell fate”.

Taken together, these data support the notion that nuclear
lamina-regulated cysteine catabolism modulates histone acetylation
during early embryonic development.

CTH activation results in epigenome remodelling and
transcriptional activation

Next, we determined whether changes in chromatin accessibility
in Lmna™~ mES cells relied on cysteine-dependent histone acety-
lation. ChIP-seq analysis revealed higher levels of H3K9ac and
H3K27acin Lmna™ and CTH or CBS-overexpressing (CTH OE and
CBS OE) mES cells at ATAC-seq peaks that were increased in Lmna™"
mES cells (Fig. 4a-d). Genes with significantly increased H3K9ac
were associated with GO terms including cell adhesion, regulation
of Pol Il transcription, cell differentiation, pattern specification
and calcium ion transport, whereas genes with increased H3K27ac
were linked to regulation of Pol II-mediated transcription, cell dif-
ferentiation, chromatin remodelling and protein phosphorylation
(Supplementary Fig. 6a). In contrast, ATAC-seq peaks that were
decreased upon lamin A/C loss exhibited decreased H3K27ac in
Lmna™ mES cells as well as decreased H3K9ac and H3K27ac in CTH
and CBS OE mES cells (Supplementary Fig. 6b).

Genesthatbecame transcriptionally activated uponlamin A/Closs
exhibitedincreased H3K9ac and H3K27ac at their promoters and across
gene bodies. In contrast, primed genes, those displaying increased
chromatin accessibility without corresponding transcriptional upregu-
lation, showed a more selective enrichment, with elevated H3K9ac con-
fined to promoter regions (Fig.4e). Notably, overexpression of CTHand
CBSledtoincreased H3K9ac and H3K27ac specifically at transcription-
ally activated genes, but not at primed genes (Fig. 4f). Moreover, silenc-
ingof Cthor Cbsreduced the elevated H3K9ac levels at gained ATAC-seq
peaksinLmna” mES cells (Fig. 4g). However, only Cthsilencingled toa
marked reductionin H3K9ac enrichment at primed and transcription-
ally activated genes following lamin A/C loss (Fig. 4h). These findings
suggest that elevated cysteine-derived acetyl-CoA levels promote
histone acetylationinatranscription-coupled manner, but that lamin
A/Clossisrequiredto create a permissive chromatin environment.

We next examined whether the increased histone acetylation
induced by lamin A/C leads to alterations in 3D chromatin architec-
ture. We found a significant increase in Hi-C interactions at H3K27ac,

H3K9ac or ATAC peaks with significantly elevated signal at non-LAD
regions (Fig. 4i,j and Supplementary Fig. 6¢). Conversely, decreased
interaction frequencies were observed only at H3K27ac or H3K9ac
peaks with reduced signal, but not at ATAC peaks, also restricted to
non-LAD regions. These findings suggest that cysteine-dependent
histone acetylation upon lamin A/Closs results in substantial modifica-
tions to the 3D genome architecture, beyond LADs.

Next, we assessed whether the inhibition of CTH or CBS could
rescue the abnormal gene expression pattern in Lmna” mES cells.
RNA-seqanalyses revealed amajor overlap between genes upregulated
in Lmna™ mES cells and those downregulated following Cth or Cbs
depletion (52,8%and 61,6% overlap, respectively) (Extended DataFig. 6a
and Supplementary Table 2). This pattern was apparentingeneslocated
inLADs as well as those in non-LAD regions (Extended Data Fig. 6b and
Supplementary Fig. 6d). Conversely, the overexpression of CTH or
CBS in wild-type mES cells led to a significant increase in the expres-
sionof both LAD and non-LAD genes upregulatedin Lmna™ mES cells
(Extended DataFig. 6¢,d and Supplementary Fig. 6e). Overexpression
of CTHled to upregulation of CBS, and conversely, CBS overexpression
increased CTH expression (Supplementary Fig. 6f). There was a strik-
ing overlap in the genes upregulated in Lmna™”™ mES cells and those
genes upregulated following CTH overexpression (59.6%) or those
upregulated upon CBS overexpression (41.4%) (Extended Data Fig. 6¢
and Supplementary Table 2). Fitting with the link to laminopathies
and the clinical phenotype of patients carrying LMNA mutations,
KEGG pathway analysis of genes upregulated upon CTH or CBS over-
expression revealed enrichment in pathways related to hypertrophic
and dilated cardiomyopathy, calcium signalling pathway and cardiac
muscle contraction (Supplementary Fig. 6g). The associated biologi-
cal processes included DNA damage response and repair, calcium
ion transport, cell differentiation and platelet-derived growth factor
signalling (Extended Data Fig. 6e). These terms were similar to those
associated with Lmna deletion.

In line with an importance of cysteine metabolism also in prog-
eroid cells, RNA-seq analyses revealed a major overlap between
genes downregulated in p.G609G mES cells and those upregu-
lated upon CTH or CBS overexpression (Extended Data Fig. 6f and
Supplementary Table 3), while KEGG pathway analysis of the overlap-
ping genes identified cysteine and methionine metabolism, base exci-
sionrepair, cell cycle, Huntington disease and diabetic cardiomyopathy
to be overrepresented (Supplementary Fig. 6h). The associated bio-
logical processes included calciumion transport, cell differentiation
and signalling pathways (Extended Data Fig. 6g). Notably, overexpres-
sion of CTH and CBS rescued the abnormal gene expression of both
geneslocated in LADs (Dchs2and Mycbp2) as well as thosein non-LAD
regions (Bmp4, Klf4, KIf5and Smarcd3) (Extended Data Fig. 6h), further
supporting the important role of CTH and CBS in the transcriptional
alterations observed in progeroid cells.

Non-physiological levels of CTH and CBS result in abnormal
cell fate

Lamin A/C loss results in abnormal cell fate choices during devel-
opment and promote cardiomyocyte cell fate specification and
differentiation'®** (Fig. 5a). In line with this, overexpression of CTH
or CBS promoted cardiac mesoderm commitment (Fig. 5b) as well
as cardiomyocyte differentiation (Fig. 5¢). In contrast, cysteine
depletion impaired cardiac mesoderm formation, cardiac progeni-
tor marker expression and cardiomyocyte differentiation (Fig. 5d
and Extended Data Fig. 7a,b), leading to a reduced number of car-
diomyocytes (Fig. 5e and Extended Data Fig. 7c). Furthermore, Cth
silencing was sufficient to suppress the enhanced cardiomyocyte
specification and differentiation potential observed in Lmna™ mES
cells, whereas Cbssilencing resulted inaless pronounced rescue (Fig. 5f
and Extended Data Fig. 7d). Similarly, treatment with the CTH and CBS
inhibitor AOAA mitigated the elevated cardiomyocyte differentiation
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Fig. 6 | Rescue of Lmnaloss-of-function cardiomyopathy by blocking

CTH and CBS activation. a,b Immunostaining with a-actinin and DAPI (a)

and quantification of the percentage of binucleated CM (b) in FACS-sorted
Nkx2.5 cells from D14 EBs. n = 3 independent experiments. Arrows ina

indicate binucleated cardiomyocytes. ¢,d Representative contraction traces
inspontaneously beating CMs at D10 extracted from image sequences using
MUSCLEMOTION V1.0 (c) and quantification of proarrhythmic beating (d). e,f
Representative FACS analysis of D10 CMs stained with Annexin V-APC and 7-AAD
(e) and quantification of apoptotic and necrotic cells (f). n =3 independent

experiments. g, h Immunostaining for yH2AX (red) and DAPI (blue) in mES cells
subjected to 15% mechanical stretch for 30 min (g), and quantification of the
percentage of YH2AX-positive mES cells (h). n = 6 biological replicates. i, Dot
plots showing expression of genes related to DCM, apoptosis and proliferation
in the CM cluster from scRNA-seq datasets of D10 EBs from control, Lmna™” and
Lmna™ mES cells after shRNA mediated silencing of Cth. Data are presented as
mean +s.d. Differences in b,f h were assessed using one-way ANOVA with Tukey
correction. Differences ind were assessed with two-sided Fisher’s exact test.

of Lmna-deficient cells, suggesting that defectsin cell fate depend on
the catalyticactivity of CTH and CBS (Fig. 5g and Extended Data Fig. 7e).

Next, we examined whether upregulation of CTH and subsequent
cysteine-dependent histone acetylationimpact cell fate choices upon
lamin A/CLOF atagloballevel. To this end, single-cell RNA sequencing

(scRNA-seq) of day 10 EBs differentiated from control, Lmna-deficient
and Cth-Lmna-double deficient mES cells was performed, as Cth silenc-
ing resulted in a more effective rescue than Cbs. A total of 10,393
cells were obtained for analysis and clustering on the basis of known
cell type-specific markers identified 15 major cell types (Fig. 5h and
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Fig. 7| CBS controls S-adenosylmethionine levels and SUV39H1 recruitment to
chromatinin naive pluripotent stemcells. a, Schematic representation of the
homocysteine degradation pathways and the hypothesis: When CBS is depleted
inmeES cell, cysteine catabolic flux is perturbed. This leads to homocysteine
reflux into the methionine cycle, generating increased levels of SAM. b, SAM
(S-adenosylmethionine) levelsin control, Lmna™ and Lmna™" transfected with
control or Cbs shRNA as well as control or Lmna®®°%/¢¢*°¢ mgs cells transfected
with control or CBS OE plasmid. n =4 biological replicates. ¢, Representative
immunoblot analysis of H3K9ac and H3K9me3 in control, Lmna®®%* and
Lmna®%°%/c6%°¢ mES cells. d, Representative immunoblot analysis of H3K9me3
in control and Lmna™ mES cells. e, Representative immunoblot analysis of
SUV39H1levels in chromatin-bound fractions (CBFs) and soluble nuclear
extracts (SNEs) of control, CBS OE and CTH OE mES cells. f, Representative
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immunoblot for SUV39H1in CBF and H3K9me3 in histone extracts of control and
Lmna™ mES cells transfected with control, Chs and Cth shRNA. g, Representative
immunoblot analysis for SUV39H1 levels in CBF and SNE of control and siRNA
mediated Cbs/Cth knockdown mES cells. h, Representative immunoblot

analysis of SUV39H1 in CBF of control, Lmna®®°* and Lmna®®®°%°®**¢ mES cells.
i, Representative immunoblot analysis for SUV39H1in CBF and H3K9me3in
histone extracts of control and Lmna®°°“/%**°¢ mES cells transfected with control,
CBS or CTH plasmid. j, Representative immunoblot analysis for SUV39H1in CBF
and H3K9me3 in histone extracts of control and Lmna™~ mES cells either not
treated or treated with 50 umol I SAM for 6 h. k, Genome tracks of H3K9me3
ChlIP-seq of control (grey), Lmna™ (red) and Lmna®®°®/°®®¢ (blue) mES cells.
Differences in b were assessed using one-way ANOVA with Tukey correction.
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Extended Data Fig. 7f). Lamin A/C deficiency resulted in changes in
the number of smooth muscle cells, epithelial cells and hepatocytes,
erythrocytes, cardiomyocyte and neuronal progenitor cells (Fig. 5i).
These changes were either partially (epithelial cells, erythrocytes) or
completely rescued (cardiomyocytes, smooth muscle cells, hepato-
cytes and neuronal progenitor cells) by Cth depletion (Fig. 5i). Of note,
not only cell number but also transcriptional alterations upon lamin
A/Closs were rescued by Cth depletion (Extended DataFig. 7g).

Unlike the effects of Lmna deletion or LOF, the Lmna gain-of-
function leads to defects in germ layer specification® (Fig. 5j). To
investigate the potential contribution of decreased CTH and CBS
expression, and decreased cysteine metabolism to germ layer forma-
tion and differentiation defects of Lmna p.G609G mES cells, we first
employed an shRNA approach to knock down Cth and Cbsin mES cells.
Thisresultedinamajor decrease, particularly of mesodermal and endo-
dermal marker genes, mirroring the pattern observed in Lmna p.G609G
mutant cells (Fig. Sk and Extended Data Fig. 7h). Furthermore, cardio-
myocyte differentiation was compromised, resembling the phenotype
observedin progeroid cells (Fig. 51and Extended DataFig. 7i). As such,
downregulating cysteine metabolism reproduced the phenotype of
the Lmna p.G609G mutationin mES cells. Notably, the overexpression
of CTH or CBS increased the expression of mesoderm, endoderm and
later cardiomyocyte marker genes (Fig. 5m,n), and rescued the cardio-
myocyte differentiation defects of Lmna G609G mES cells (Fig. 50).
Next, we tested whether addition of cysteine might be beneficial in
progeria. Increasing cysteine concentration in the medium to 400
pmol I partially rescued the decreased histone acetylation (Fig. 3h)
and CTH levels (Fig. 5p) as well as the cardiomyocyte differentiation
defects, as evidenced by the elevated expression of cardiomyocyte
marker genes (Fig. 5q,r).

Silencing of Cth and Cbs reverses the Lmna-related
cardiomyopathy phenotype, restoring normal cardiomyocyte
differentiation and function

Lamin A/C loss results in premature cardiomyocyte differentiation,
cell cycle withdrawal, abnormal contractility® and increase the sen-
sitivity to mechanical and oxidative stress*®*’. Therefore, we next
examined theimpact of Cth and Cbssilencing on the Lmna-associated
cardiomyopathy phenotype. Knockdown of either gene prevented
premature binucleation and improved cardiomyocyte rhythmicity
in Lmna-deficient cells (Fig. 6a-d). Moreover, it significantly reduced
cardiomyocyte apoptosis (Fig. 6e,f). Given that increased apopto-
sis has been linked to the mechanoprotective actions of lamin A/C,
we subjected mES cell to mechanical stretch. Lmna-deficient cells
showed marked accumulation of y-H2AX, a sensitive marker of DNA
double-strand breaks, upon stretch, which was significantly reduced
following silencing of either Cth or Cbs and further exacerbated by
their overexpression (Fig. 6g,h).

Single-cell transcriptomic analysis further revealed that Cth
silencing suppressed the upregulation of dilated cardiomyopathy
(DCM)-associated genes such as Ryr2, Myh7, Ldb3 and Tnni3. Addi-
tionally, pro-apoptotic gene expression elevated upon Lmnaloss was
diminished, classical proliferation markers wererestored, and cell cycle
arrest signatures were normalized (Fig. 6i).

Together, these findings demonstrate that Cth and Cbs
silencing rescues the cellular abnormalities observed in
Lmna-deficient cardiomyocytes.

CBS levels regulate the balance between histone H3K9
methylation and acetylation in naive pluripotent stem cells
DNA damage repair defects, along with genomic instability attributed
toelevated levels of SUV39H1 and H3K9me3, have been demonstrated
to contribute to the premature ageing phenotype associated with Lmna
p.G609G mutation®”***%, The methyl group donor S-adenosylmethione
(SAM), which is essential for histone methylation®, is generated by
the methionine cycle, which is tightly intertwined with cysteine
metabolism (Fig. 7a). Indeed, homocysteine can either be converted
into L-cystathionine by CBS or recycled into methionine by the
5-methyltetrahydrofolate-homocysteine methyltransferase (MTR).
Thus, the loss of CBS in Lmna®®°%/®**¢ mES cells mightincrease the flux
ofhomocysteine to the methionine cycle, altering histone methylation.
We therefore examined whether changesin CBS activity may alter SAM
levels and affect the balance between histone methylation and acetyla-
tion.Indeed, overexpression of CBS in mES cells decreased SAM levels
and SAM:S-adenosylhomocysteine (SAH) ratio, whereas silencing of
Cbsresulted in a significant increase in SAM and the SAM:SAH ratio,
supporting the hypothesis that CBS reroute metabolic fluxes in mES
cells (Fig. 7b and Extended Data Fig. 8a,b). Notably, the elevated CBS
levels in Lmna™ mES cells came along with lower SAM and SAM:SAH
ratio, which were restored to control levels upon Cbssilencing (Fig. 7b
and Extended DataFig. 8a). Conversely, progeria cells exhibited notably
higher SAM concentrations, which were normalized by CBS overexpres-
sion. Furthermore, in Lmna®“/**** mES cells, we observed anincrease
in H3K9me3, alongside with decreased H3K9ac (Fig. 7c), whereas in
Lmna™ mES cells, H3K9me3 levels were lower (Fig. 7d) and H3K9ac
levels were higher (Extended Data Fig. 5d).

SUV39H1 and SUV39H2 are the major mammalian histone meth-
yltransferases that catalyse heterochromatic H3K9me3 deposition®**',
Of note, overexpression of CBS, but not CTH, resulted in a decrease in
chromatin-bound SUV39H]1 (Fig. 7e), consistent with the pivotal role
of CBS in metabolic flux. Furthermore, in line with the increased CBS
levels following lamin A/C LOF, immunoblotting revealed a reduc-
tion of chromatin-bound SUV39H1 in Lmna™ mES cells compared
with control cells, a change reversible by Cbs silencing but not Cth
(Fig. 7f). Conversely, the silencing of both Chs and Cth in mES cells
increased chromatin-bound SUV39H]1 (Fig. 7g). A similar increase in

Fig. 8| Lamin A/C-dependent CBS loss leads to DNA damage and senescence.
a, Immunostaining for y-H2AX (green), CBS (magenta) and DAPI (blue) in control,
Lmna®°°%/66°°¢ and CBS OF Lmna®°°%/¢°°°¢ mES cells treated with H,0, for 1h and
allowed to repair in fresh medium for 4 h. b, Quantification of y-H2AX-positive
meES cells after 0 h,1h and 4 h of repair. n = 3 biological replicates. ¢, Immunoblot
analysis of y-H2AX and H3K9me3 in control and L mna®®°%/¢°°¢ mgS cells treated
with H,0, for 1 hand cultured with the indicated amounts of methionine for

24 h.d,e, SA B-gal staining (d) and percentage of SPIDER SA -gal* determined by
FACS analysis (e) of control, Lmna®°°%/¢®°°¢ and CBS OE-Lmna®®°%/¢¢%°° mES cells
either not treated (w/o) or treated with H,0, for 2 hand cultured in fresh medium
for24 h.n=3biological replicates. f, FACS analysis (left) and mean MitoSOX Green
fluorescence intensity (right) in control, Lmna®®°%/%*°¢, and CBS OE-Lmna®**%/¢60%¢
meES cells. n =3 biological replicates. g, GO analysis of genes upregulated
(Padjusted < 0.05) in Lmna®®®°%¢¢*°¢ compared with control mES cells and
downregulated in CBS OE-Lmna®°°/®®*%S Significance was calculated in DAVID
using aone-sided Fisher’s exact test. h, Heatmap representation of RNA-seq

analysis showing expression of p16, p21 and SASP markers. n =2 biological
replicates. i, qPCR analysis of Cbs, Cth, progerin and total Lmna expression in
the hearts of young (3-month-old) and aged (24-month-old) mice. n = 7 mice per
group.j,k, Immunostaining of heart sections for lamin A/C (green) (j) or CBS
(green) (k) together with cardiac troponin I (magenta) and DAPI (blue) in

young (3-month-old) and aged (24-month-old) mice. n = 7 mice per group.

1, Relative H3K9me3 levels in young (3-month-old) and aged (24-month-old)
hearts normalized to H3 control. n = 7 mice per group. m, SAM-to-SAH ratio in
livers of Lmna** and Lmna®®%%*°¢ mice fed either a control dietora
methionine-restricted (MR) diet*’. n,0, RNA-seq analysis of CBS and CTH
expressionin fibroblasts from young (<30 years) and aged (>70 years) individuals
(m) or patients with progeria (GSE113957) (0). FPKM, fragments per kilobase of
transcript per million mapped fragments. Differences were assessed using an
two-tailed unpaired Student’s ¢-test (i,I,n,0) and a one-way ANOVA with Tukey
correction (b,e,f,m). Data are presented as mean +s.d. NS, not significant.
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chromatin-bound SUV39H1 was observed in Lmna®®°%¢*°¢ mgS cells,
consistent with the decreased levels of CBS in these cells (Fig. 7h). Over-
expression of CBS, but not CTH, decreased chromatin-bound SUV39H1
and the H3K9me3 catalysed by it in progeroid cells (Fig. 7i). Notably,

the levels of SUV39H1 in total nuclear extracts did not differ in either
Cth/Cbs double knockdown mES cells (Fig. 7g) or in CBS-overexpressing
meES cells (Fig. 7e), suggesting a role for CBS or CBS-regulated SAM in
SUV39H1 complex recruitment. To test this, we treated control and
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Lmna™"mES cellswith SAM, whichled toanincrease in chromatin-bound
SUV39H1 and a corresponding increase of H3K9me3 in both cell lines
(Fig. 7j), whereas the levels in the soluble nuclear extract remained
unchanged (Extended Data Fig. 8c). Moreover, H3K9me3 ChlIP-seq
analysis confirmed the decreased levels of H3K9me3 in Lmna™ mES
cellsand increased levels in Lmna®°°/¢*°° mgS cells (Fig. 7k).

In summary, our data indicate that CBS-dependent rerouting of
cysteine catabolic flux, coupled with rewiring of methionine metabo-
lism and subsequent changes in SAM levels, lead to altered SUV39H1
recruitment to chromatin and subsequent H3K9me3 modifications.

Impact of CBS-dependent rerouting of cysteine catabolic flux
on DNA damage repair and cellular senescence

Given our observation that CBS levels play a critical role in regulating
metabolic fluxes within the methionine cycle and cysteine metabolism
pathways, we next investigated whether re-expression of CBS could
potentially restore DNA repair capacity in Lmna p.G609G mES cells. As
high levels of CBS induce cellular senescence, we carefully titrated the
lentiviruses used to reinstate CBS but not to overexpress it relative to
control levels (Extended Data Fig. 8d). This approach proved to be pro-
tective, resultinginasignificant reductionin DNA damage, as evidenced
by staining for y-H2AX (Fig. 8a). Additionally, it rescued the DNA dam-
age repair defects (Fig. 8b and Extended Data Fig. 8e). In line with this,
reducing methionine concentrationin the mediumto10-25puMalsoled
to anotable reduction in H3K9me3 and y-H2AX (Fig. 8c). Furthermore,
CBS re-expression to endogenous levels attenuated SA-B-gal activity,
agold standard of senescence, in Lmna p.G609G mES cells (Fig. 8d,e
and Extended Data Fig. 8f). Progeria mES cells also displayed elevated
MitoSOX signal, indicative of increased mitochondrial oxidative stress,
whichwasalso normalized by CBS re-expression (Fig. 8f). Moreover, many
of the genes upregulated in Lmna p.G609G mES cells are signature fac-
tors of the senescence-associated secretory phenotype (SASP) (Fig. 8g).
Notably, expression of these genes was restored to baseline levels upon
re-expression of CBS to physiological levels (Fig. 8h, Extended DataFig. 8g
and Supplementary Table4). These findings further highlight the critical
role of CBS in modulating key hallmarks of the progeroid phenotype.

Next, we investigated whether similar mechanisms could be
relevant during physiological ageing and in progeria patients.
Notably, hearts from aged mice exhibited increased expression
of progerin transcripts, whereas global Lmna levels remained
unchanged (Fig. 8i). In addition, aged cardiomyocytes showed accu-
mulation of lamin A/C at the nuclear periphery and reduced nuclear
size (Fig. 8j and Extended Data Fig. 8h). In parallel, we detected a
significant reduction in Cbs levels (Fig. 8i,k), increased H3K9me3
(Fig. 8l and Extended Data Fig. 8i) and upregulation of SASP genes
(Extended Data Fig. 8j). Of note, analysis of metabolomics data from
previous studies demonstrating that methionine restriction extends
lifespan in progeroid mice® revealed that Lmna p.G609G mice display
elevated SAM:SAH ratio, which canbe reduced by methionine restric-
tion (Fig. 8m). Further, CBS mRNA levels were markedly decreased in
old compared with young individuals (Fig. 8n), and progeria patients
also displayed reduced CBS expression (Fig. 80). These findings sug-
gest that accumulation of progerin in aged cardiomyocytes as well as
in patients with progeria may disrupt the balance between cysteine
metabolism and methionine cycle through direct regulation of CBS
levels, thereby contributing to premature ageing.

Taken together, our work uncovered a critical role of the nuclear
lamin A/C in regulating metabolic flux within the 1C metabolism to
maintain proper cellular fate and function and prevent cellular senes-
cence and ageing (Extended DataFig. 9).

Discussion

Mounting evidence indicates the crucial role of nuclear lamins in
anchoring lineage specific genes to the nuclear periphery and ensur-
ing precise lineage specification and tissue morphogenesis. Here, we

uncovered nuclear lamina-mediated epigenetic controlbeyond LADs,
which, exerted by lamin A/C-regulated cysteine fluxinto acetyl-CoA and
histone acetylationis crucial for both proper stem cell fate and differen-
tiation as well as longevity. Lamin A/Cis high in naive pluripotent stem
cells, where it suppresses metabolic and differentiation-associated
genes (Extended Data Fig. 9a). During the transition to the primed
state, RA signalling induces a decline in lamin A/C levels, leading
toreduced PRC2-mediated H3K27me3 at the promoters of the key
cysteine-generating and -metabolizing enzymes Cth and Cbs, thereby
enabling SP1binding and their transcriptional activation. Enhanced
denovo cysteine synthesis fosters histone H3 acetylation specifically
atlysine 9 and lysine 27, which triggers epigenome remodelling thatis
criticalto support subsequent differentiation and germ layer formation
(Extended Data Fig. 9b). Notably, in Lmna™ mES cells, acetyl groups
derived from cysteine were predominantly incorporated into H3K9,
H3K27 and H4K12, whereas no such incorporation was detected in
wild-type cells. Deciphering how lamin A/C decline during develop-
mental transitions confers specificity toward these residues willbe an
important direction for future studies. Itis noteworthy in this context
that the majority of genes associated with the nuclear laminaare tran-
scriptionally inactive and marked by repressive histone modifications,
suchas H3K27me3 and H3K9me2/3 (refs. 23,63). Thus, decreased SAM
levelsandincrease in acetyl groups’ bioavailability, together with dis-
sociation from the nuclear lamina, might account for the specificity.
Numerous studies have highlighted the significance of H3K27me3 and
H3K9me2/3inrepressing critical developmental genes and regulating
cell fate decisions during embryonic development®. Thus, itis unsur-
prising that alterationsin the balance between methylation and acetyla-
tionat theseresidues, brought about by changesin cysteine catabolic
flux, lead to abnormal cell fate and differentiation. Yet, the precise
contribution of cysteine and methionine metabolism to epigenetic
reprogramming remains a question. Notably, the spatial conversion
of cysteine to pyruvate has not been thoroughly investigated. Nuclear
acetyl-CoA, a key player in histone acetylation, can be generated by
enzymes such as acetyl-CoA synthetase (ACSS) and ATP-citrate lyase,
both presentinthe cytosol and the nucleus. Additionally, recent stud-
iesrevealed that the mitochondrial pyruvate dehydrogenase complex
and TCA cycle-related enzymes translocate into the nucleus where
they play importantrolesinepigenetic reprogramming during zygotic
genome activation® and in primed-to-naive transitions®. Given the
importance of nuclear lamins in zygotic genome activation® and
naive pluripotency®, it would be important to study the subcellular
localization and function of these metabolic enzymes during lineage
transitions. It is also noteworthy to mention that elevated cysteine
bioavailability could potentially increase cellular acetyl-CoA levels.
This increased acetyl-CoA could freely diffuse through the nuclear
envelope® and target histone residues, potentially influencing histone
acetylation, chromatin structure and gene regulation.

In contrast to Lmna” mES cells, the dominant, gain-of-function
mutation Lmna p.G609G, associated with HGPS and premature age-
ing, resulted in decreased cysteine availability and catabolic flux. We
observed that the rerouting of cysteine catabolic flux, resulting from
decreased CBS levels, increased SUV39HL1 recruitment to chromatin
and raised H3K9me3 levels in progeroid cells. Elevated SUV39H1 and
H3K9me3 levels have also been detected in mice lacking the prelamin
A-processing metalloprotease, Zmpste24, which largely phenocopy
the features of HGPS?**°, Previous studies have shown that depletion of
Suv39hlledtoareductioninH3K9me3 levels, re-established DNA repair
ability, decreased mitochondrial ROS production, downregulated SASP
gene expression and delayed senescence in progeroid cells***°. Simi-
larly, in our study re-expression of CBS in Lmna p.G609G mES cells back
to controllevelsrestored the DNA repair capacity, mitigated mitochon-
drial ROS production, reduced SASP genes expression and prevented
senescence of progeroid Lmna p.G609G mES cells. This protective
effect is likely mediated through its role in limiting SAM availability,
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therebyreducing SUV39H1 recruitment to chromatinand attenuating
SUV39H1-dependent H3K9me3 deposition. In addition, methionine
metabolism and thereby SAM availability act as critical regulators of
epigenetic remodelling and gene expression during developmental
transitions. In humaninduced pluripotent stem cells, high methionine
demand supports elevated levels of histone methylation, including
H3K9me3, which helps maintain pluripotency. Depletion of methionine
reduces H3K9me3 and promotes mesoderm differentiation®*, How-
ever,compared with differentiated cells, embryonic stem cells contain
relatively low levels of H3K9me3-marked heterochromatin, and the
progressive accumulation of heterochromatin is thought to contribute
to the establishment of cellidentity®. Disruption of H3K9me3 through
genetic inactivation of its methyltransferases led to de-repression of
developmental genes and impaired differentiation®, indicating that
stringent regulation of H3K9me3 is crucial for proper cell fate deter-
mination. Howincreased SUV39H1 binding to chromatin and elevated
H3K9me3 levels influence cell fate and functionin response to changes
inlamin A/Clevelsremainsto be further investigated. Notably, overex-
pression of CTH alone was sufficient to rescue the cell fate and differ-
entiation defects of Lmna p.G609G mES cells, underscoring the central
role of cysteine metabolism and CTH-mediated histone acetylationin
modulating developmental potential. However, as CTH overexpres-
sionalsoinduced CBS upregulation, and vice versa, disentangling the
respective contributions of histone methylation and acetylationis chal-
lenging. Notably, depletion of both CTH and CBS markedly impaired
mesoderm specification and the differentiation of mesodermal deriva-
tives, resembling the defects observed in HGPS, which predominantly
affects mesoderm- and mesenchyme-derived lineages*.

Additionally, we observed asignificantincreasein progerinlevels
andaccumulation oflamin A/C at the nuclear peripheryinaged cardio-
myocytes, consistent with previous observationsinaged fibroblasts™.
However, unlike the widely reported global loss of H3K9me3 in aged
fibroblasts and mesenchymal stem cells’”%, we observed elevated
H3K9me3 levelsinaged cardiomyocytes. This finding aligns with recent
reports showing concomitant increases in H3K9me3 and H3K27me3
levels™ as well as reduced chromatin accessibility in aged cardiomyo-
cytes”™. This could be due to the limited CBS levels resulting in elevated
SAM availability. Notably, progeroid mice display elevated SAM:SAH
ratios, which can be normalized by methionine restriction®, a dietary
intervention that extends their lifespan. Intriguingly, dietary restriction
more broadly has been shown to confer benefits such asenhanced lon-
gevity and stress resistance”. These observations highlight the need to
furtherinvestigate how alterationsin the nuclear laminaintersect with
the activity of cysteine-generating and catabolizing enzymes, and to
exploretheir potential roles in promoting longevity and systemic health.

Finally, as we found abnormal cysteine synthesis and catabolism
in stem cells carrying LMNA mutations, we suggest that inhibiting or
activating this pathway could serve as a new therapeutic strategy in
laminopathies. Considering the substantial evidence from epidemio-
logical research and animal studies indicating the profound impact of
nutritionbefore and during pregnancy on the health and overall welfare
of offspring’, dietary interventions may hold promise in the prevention
of these diseases. On a more general note, our study emphasizes that
thereversibility of epigenetic modifications through dietary interven-
tion could counteract perturbations in genes encoding epigenetic
modifiers and highlights the need for further studies at the interface of
epigenetic alterations and metabolism in development, homeostasis
and healthy ageing.

While we have shown that abnormal cysteine synthesis and catabo-
lism during early embryogenesis alters cell fate, function and longev-
ity, and could represent a new therapeutic strategy in laminopathies,
several limitations should be considered. Modulation of the trans-
sulfuration pathway impacts the methionine-SAM methylation axis
and the folate 1C cycle, both of which are tightly interconnected and
essential for proper embryonic development. Given that pregnancy

represents a period of highly sensitive epigenetic programming, direct
pharmacological targeting of CTH and CBS during gestation carries
substantial uncertainty and risk. Safer translational strategies are
likely to involve nutritional modulation and selective, time-limited
interventions. Notably, similar changesin CTH and CBS were also found
indifferentiated cells and animal models, indicating that this pathway
remains responsive beyond early development and warrants evaluation
of its therapeutic potential in adulthood.

Methods

Mouse lines

The Lmnatml.1Yxz/J line”” was obtained from The Jackson Laboratory
and was maintained on a C57BL/6) background. The Lmna tm1.1Yxz/)
and C57BL/6) mice were housed in a pathogen-free animal facility
under standard conditions with a12 hlight-dark cycle, temperature of
20-25°Cand humidity range of 30-70%. In the ageing studies, C57BL/6)
mice aged 3 months and 24 months were designated as young and
aged groups, respectively. Embryos were collected at E3.5 and E6.5
from plug-positive mice. Both male and female mice were included in
allexperiments. Allanimal experiments were performed according to
theregulationsissued by the Committee for Animal Rights Protection
oftheState of Baden-Wiirttemberg (Regierungspraesidium Karlsruhe,
Experimental protocol Az.1-25/09 and 35-9185.81/G-17/24).

Mouse ES cellline culture and differentiation
Murine male E14-NKX2-5-EmGFP generated by Hsiao et al.”® and male
R1 (ATCC, SCRC-1011) mES cells were cultured and differentiated as
described previously”®. In brief, mES cells were maintained on mito-
mycin C-treated mouse embryonic fibroblasts in high-glucose DMEM
(Thermo Fisher Scientific) supplemented with15% FBS and 1,000 U mI™
leukemia inhibitory factor (LIF) (ESGRO, Millipore). For non-directed
differentiation, mES cells were dissociated with 0.05% trypsin-EDTA to
single cellsand EBs were formed in ES cell growth medium without LIF
in15-ul hanging drops (3.3 x 10* cells per ml) for 2 days. EBs were then
transferred to low-attachment dishes and collected on day 3-4 (germ
layer), day 5-6 (progenitor) and day 8-10 (cardiomyocyte) for analysis.
Naive mES cellswere cultured onfeedersineither high-glucose DMEM
with15%FBSand1,000 U mlI™LIF orknockout DMEM (Thermo Fisher Sci-
entific) with 10% serum replacement and 1,000 U mI™ LIF. Primed mES
cellsweregenerated by culturing naive cells on 0.1% gelatin-coated plates
in DMEM/F12 with 20% knockout serum replacement, 10 ng ml™ Activin
A, and 10 ng mI™ bFGF or in Neurobasal:DMEM/F12 (1:1) supplemented
with 2,000 U mI™ LIF and 10 ng ml™ BMP4 for 2 days. For methionine or
cysteinerestriction, mES cellswere cultured in high-glucose DMEM lacking
methionine and cystine (Thermo Fisher Scientific) supplemented with15%
FBS,1,000 U mI™ LIF andindicated amounts of L-cysteine (Sigma-Aldrich,
168149) or L-methionine (Sigma-Aldrich, M5308).

Generation of Lmna™ and Lmna p.G609G mES cell lines

The generation of Lmna™", Lmna®®***®* and L mna®®°°®/°¢*° murine
E14-NKX2-5-EmGFP ES cells has been described elsewhere®. A
similar strategy was used for CRISPR/Cas9-mediated gene editing
in R1 mES cells. In brief, two gRNAs were employed: Lmna gRNA-1:
5’-CACCGCACTGCTCACGTTCCACCAC-3’,and LmnagRNA-2: 5’-CACC
GAGCTATCAGCACTCTGTTAT-3'. Annealed gRNAs were cloned
into PX459 V2.0 (Addgene #62988) and transfected using Lipo-
fectamine 2000. Cells were selected with puromycin (4 pg ml™) for
48 h, plated on feeders and single colonies were screened by PCR and
Sanger sequencing.

Generation of stable knockdown and overexpressing mES cell
lines

Female HEK293T cells (ATCC CRL-3216) were cultured in DMEM high
glucose with GlutaMAX (Gibco, 61965059) supplemented with10% FBS.
At~-70% confluence, cells were transfected with either shRNA plasmids
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targeting Cbs (ACACTATCATTGAGCCAACTT), Cth (GCTATATTTGTGTC-
CAAGGAA) or control (pLKO) for gene knockdown or overexpression
plasmids for CBS (TRCN0000473237) and CTH (TRCNO000474979),
alongwith 0.975 ng CMVARS.74 packaging plasmid and 0.525 pg VSV.G
envelope plasmid using X-tremeGENE (Roche, 6366236001). Viral
supernatants were collected 48 h post-transfectionand 100,000 mES
cellswere transduced with 2 ml virusin the presence of 8 ug ml™ Poly-
brene (Sigma-Aldrich, TR-1003-G) on 5% poly-HEMA (Sigma-Aldrich,
P3932)-coated plates for 12 h. Transduced mES cells were plated on
feeders the following day and selected with 10 ng ml™ puromycin for
48 h.For doxycycline-inducible lamin A overexpression, HEK293T cells
were transfected with 1.5 pg pLenti CMV TRE3G Neo GFP-lamin A
(Addgene #118709) and mES cells were subsequently transduced and
selected with 400 pg ml™ G418 for 48 h.

Transient gene knockdown or overexpression in mES cell

For transient experiments, mES cells were cultured feeder-free in
knockout DMEM supplemented with 10% serum replacement
and 2,000 U mI LIF. After 24 h, cells were transfected with 50 nM
ON-TARGETplussiRNA targeting Cbs, Cth, Slclal, Slcla5 or SpI (Horizon
Discovery, SMARTpool) or scrambled control using Lipofectamine
RNAiMax (Thermo Fisher). For transient overexpression, 2.5 ug CBS
or CTH plasmid (TRC OE library) was transfected using Lipofectamine
2000. Cells were used for hanging drop differentiation or other analy-
ses 48 h post-transfection.

Treatment with small molecules

The mES cells were treated for 72 hwith 4 uM UNC1999 (Selleck, S7165),
100 nM Chaetocin (Selleck, S8068) or 5 nM Trichostatin A (Selleck,
S1045) and thencollected for further analysis. Cells carrying the induc-
iblelamin A construct were treated with 1 pug ml™ doxycycline (Sigma,
D1822) toinduce expression.

Quantification of amino acids and biogenic amines

Cells were lysed in ice-cold Triton X-100 buffer (50 mM Tris-HCI, pH 7.5,
150 mM NacCl, 20 mM NaF, 10 mM Na,P,0,and 1% Triton X-100) supple-
mented with protease and phosphataseinhibitors. Lysateswere sonicated
(10's,80%amplitude, Sonoplus mini20) and centrifuged (16,000g,10 min,
4 °C). Protein concentrations were determined by Bradford assay, and
250 pg protein per sample was used for amino acid profiling. Samples
were prepared using the EZ:faast LC-MS free amino acid analysis kit
(Phenomenex) withminor modifications; internal standards (10 pl) were
added, and sample pHwas adjusted to1.5-6.0. Metabolites were analysed
by LC-MS/MS onanAgilent1290 Infinity LC system with EZ:faast AAA-MS
HPLC column coupled toaQTrap 5500 (Sciex) using positive electrospray
ionization. Intensities were normalized to internal standards, and data
were processed using Analyst v.1.6.2 and MultiQuant v.3.0.

Quantification of tricarboxylic acid cycle metabolites

Cells were lysed as above and 100 pg protein per sample was mixed
with 5x methanol and 2.5x isotope-labelled internal standard
(water:methanol, 50:50). Samples were evaporated in a vacuum con-
centrator (30 °C), reconstituted in 50 pl water and analysed by LC-MS/
MS. Conditioned medium was mixed 1:1with internal standard before
analysis. Reversed-phase LC separation was performed using a Waters
Acquity UPLC HSS T3 column (2.1 x 150 mm, 1.8 pm) at 40 °C with a
10-min gradient (0.15% formic acid in water:acetonitrile), flow rate
of 400 pl min™and injection volume of 2.5 pul. Negative-ion ESI was
employed; MRM transitions were normalized to internal standards
and calibration curves were generated using authentic standards. Data
were analysed using MetaboAnalyst v.5.0.

Metabolite profiling for cysteine flux analyses
Control and Lmna™~ mES cells were cultured feeder-free in knockout
DMEM with 10% serum replacement and 2,000 U mI LIF. After 48 h,

cells were starved for 1 h in methionine- and cystine-free DMEM/F12
containing 10% serum replacement and 2,000 U mI™ LIF. Unlabelled
L-cysteine or L-cysteine->C, (200 uM) was added for 3 h. Cells were
washed in cold PBSwith 5 uM valproicacid, collected in 85% methanol,
sonicated, incubated on ice, and proteins pelleted (12,000g, 10 min,
4°C). Supernatants were split for TCA flux (800 pl) and amine flux/
GSH analysis (200 pl). For amine flux, 700 pl water containing 100 pg
ml?homotaurine was added; samples were freeze dried, reconstituted
in 80 pl boric acid buffer, incubated on ice for 15 min and derivat-
ized with 20 pl AQC reagent (AccQ-Tag, Waters) at 55 °C for 10 min.
Samples were centrifuged (12,000g, 10 min, 4 °C) and supernatants
were analysed by LC-MS/MS. TCA flux and amine flux analyses were
performed on an Agilent 1290 Infinity Il Bio LC coupled to a 6495C
QQQ. Amine-flux separation used an Agilent ZORBAX Extend RR HD
column (2.1x150 mm, 1.8 pm) at 30 °C with a 19-min gradient (0.1%
formic acid in water/acetonitrile), flow rate of 0.3 ml min™, injection
of 5 pl and positive-ion ESI. TCA flux used an Acquity UPLC HSS T3
column (2.1 x 150 mm, 1.8 pum), 40 °C, 15-min gradient and flow of
0.3 ml min™’. Metabolites and C-isotopologues were identified via
authentic standards and retention times. Data were processed using
Analyst1.6.2, MultiQuant 3.0 and MetaboAnalyst 5.0.

Quantitative proteomic analysis of histone modifications

Cells were labelled with L-cysteine->C; and collected as described in
‘Metabolite profiling for cysteine flux analyses’. Histones were isolated
according to the protocol published by Shechter et al.”” and subse-
quently subjected to acetylomics®® from Creative Proteomics.

L-Cysteine, pyruvate, acetyl-coenzyme A and SAM
measurements

Pyruvate levels were determined using a colorimetric pyruvate assay
kit (Sigma-Aldrich, MAK332).L-Cysteine and acetyl-CoA were measured
with fluorometric assay kits (Sigma-Aldrich, MAK255 and MAK039,
respectively). SAM and SAH levels were measured withan SAH ELISA kit
(CellBiolabs, MET-5151) following the manufacturer’s instructions. For
nuclearacetyl-CoA, 5 x 10 mES cells were washed with PBS and lysedin
1mlhypotonicbuffer (50 mM Tris-HCI, pH8.0;2 mM EDTA, pH 8.0; 0.1%
NP-40;and 10% glycerol) onice for 15 min. Nucleiwere pelleted at 960g
for5minat4 °C,and resuspendedin100 placetyl-CoA assay reagent.
Nuclear fractions were sonicated, centrifuged at maximum speed for
15 minat 4 °C and 30 pl of supernatant was used for measurement.

CBS and CTH enzymatic activity assays

The mES cells were dissociated using 0.05% trypsin-EDTA, pre-plated
for 1h and collected by centrifugation. Cells were washed once with
cold PBS, lysed in a mild buffer containing 50 mmol I"! Tris-HCI, pH
8.0,150 mmol I"* NaCl, 0.1% v/v NP-40) and treated with 1 mmol I of
L-cystathionine for CTHand .-homocysteine for CBS, in the presence of
10 pmol I PLP, following incubation for 30 min at 37 °C. Next, samples
were prepared for metabolomics analysis and the respective L-cysteine
andL-cystathionine levels were detected through LC-MS/MS.

HDAC enzymatic activity assays

A total of 80,000 mES cells were seeded per well in gelatin-coated
96-well plates and cultured for 2 daysin knockout DMEM supplemented
with10% serum replacementand 2,000 U mI LIF. Before HDAC activity
measurement, wells were washed withPBSand 100 pl of phenol red-free
RPMI was added. For inhibitor control, 1 pul of 300 uM Apicidin (Enzo
Life Sciences, BML GR340-0001) was added to designated wells and
incubated at 37 °C for 30 min. HDAC class I activity was assessed by add-
ing5 plof1 MM ZLPA substrate (CBZ-Propionyllysine-AMC, GenScript)
to each well, followed by incubation at 37 °C for 2 h. Reactions were
stopped by adding 50 pl stop solution (PBS, 1.5% Triton X-100, 3 uM
Trichostatin A and 0.75 mg ml™ trypsin) and incubating at 37 °C for
20 min. AMC fluorescence was measured using a PerkinElmer EnSight
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plate reader (excitation/emission, 360/460 nm) and background signal
was subtracted using buffer blanks. Substrate conversion was deter-
mined froman AMC standard curve.

Sulfide measurement

The mES cells were dissociated using 0.05% trypsin-EDTA, pre-plated
for 1h, washed with cold PBS and lysed onice for 1 h in a buffer con-
taining 50 mmol I Tris-HCI (pH 8.0), 150 mmol I"'NaCl, 1% NP-40 and
1% Triton X-100. Lysates were centrifuged at 20,000g for 10 min at
4°C, and protein concentration was determined using a BCA assay.
Then, 300 pg of protein was incubated with 100 mmol I Tris-HCI (pH
8.0), 50 uM pyridoxal 5’-phosphate hydrate (Sigma-Aldrich, P9255),
10 mmol I L-cysteine, 0.5 mmol I L.-homocysteine (Sigma-Aldrich,
69453) and 10 puM fluorescent H,S probe 7-azido-4-methylcoumarin
(Sigma-Aldrich, 802409) at 37 °C for 2 h. Fluorescence was measured
using a Tecan Infinite 200 Pro plate reader with excitation at 340 nm
and emission at 445 nm.

ROS detection

For ROS detection, mES cells wereincubated with1 pM MitoSOX Green
(Invitrogen,M36006) for 30 minat 37 °Cina5% CO,in HBSS. After three
washes with pre-warmed HBSS, cells were analysed by flow cytometry
with a GFP channel.

Senescence 3-galactosidase staining and SPIDER
B-galactosidase assay

Toassess senescence, mES cells were either not treated or treated with
200 puM H,0, for 2 h and cultured in fresh medium for 24 h. mES cells
wereeither directly fixed for senescence 3-galactosidase staining using
aSenescence -Galactosidase Staining kit (Cell Signalling Technology,
9860S) or dissociated into single cells by 0.05% trypsin-EDTA and
stained for FACS analysis with SPiDER-[B-gal reagent (1 umol I, Dojin,
SG02-10) for 15 min at 37 °C. After washing with PBS, mES cells were
resuspended in300 pl FACS buffer (0.4% BSA/PBS) and analysed using
aBDFACSCantoll (version 8.0.1, firmware version 1.49) flow cytometer
with a488 nm excitation and 638 nm emission wavelength.

Western blotting

Proteins were quantified with Pierce BCA protein assay kit (Pierce
Biotechnology, 23225), separated via SDS-PAGE followed by a transfer
toanitrocellulose membrane (Sartorius, 1130641BL). After blockingin
5% skimmed milk/PBST, membranes were incubated with appropriate
primary antibodies. The membranes were then washed with PBS/0.1%
Tween-20 and incubated with a corresponding secondary antibody
for1hatroomtemperature and visualized by Amersham Imager 600.
Antibodies used in this study are listed in Supplementary Table 5.

Immunofluorescence staining
Forimmunostaining of whole-mountembryos, E3.5and E6.5 embryos
were dissected and fixed for 20 min with 4% paraformaldehyde (PFA)
in PBS at room temperature. After three washes with 0.1% Tween-20/
PBS, each 10 min, the embryos were permeabilized using 0.5% Triton
X-100inPBS for 20 minand thenrinsed three times with 0.1% Tween-20/
PBS, each 10 min, followed by incubation in blocking buffer 3% BSA/
PBSfor2 h. Theembryos were further incubated overnight at 4 °C with
primary antibodiesin 0.5% Triton X-100/1% BSA. After three consecu-
tive 10-min washes in 0.1% Tween-20/PBS, embryos were incubated
for 3 h with the corresponding secondary antibody in PBS, followed
by 4,6-diamidino-2-phenylindole (DAPI) staining.
Forimmunostaining of cells, cells were fixed with 3.7% paraform-
aldehyde for 10 min and permeabilized with 0.5% Triton X-100/PBS at
room temperature for 10 min, followed by blocking with 3% BSA/PBS
for 30 min. The cells were thenincubated with the primary antibodies
in 0.3% Triton X-100/1% BSA overnight at 4 °C. After three consecutive
5-minwashesin PBS, cells were incubated for 1 hwith acorresponding

secondary antibody in PBS, followed by DAPI staining. Antibodies used
inthis study are listed in Supplementary Table S.

Flow cytometry

Cells were washed twice with HBSS, dissociated with 1 mg ml™ col-
lagenase I at 37 °C for 30 min and blocked in 10% FBS/PBS for 30 min
at room temperature. For intracellular markers, 400,000 cells were
fixed with 3.7% paraformaldehyde for 30 min, permeabilized with 0.5%
saponin/5% FBS/PBS for 15 minonice, and stained with APC-conjugated
anti-troponin T antibody for 2 h. For OCT4, NANOG and lamin A/C,
primary antibodies were incubated 2 h, followed by incubation with
secondary antibodies for 1 h. Cells were washed and resuspended in
FACS buffer for analysis. Apoptosis was assessed using APC annexin
V and 7-AAD staining according to the manufacturer’s protocol (Bio-
Legend, 640930). Cardiomyocytes were distinguished by Nkx2-5
GFP expression.

Histone isolation and subcellular fractionation

Cells were washed with cold PBS and lysed with histone extrac-
tion buffer (10 mmol I HEPES, 1.5 mmol I MgCl,, 10 mmol I KCl,
1 mmol I dithiothreitol (DTT), 1.5 mmol I phenylmethyl sulfonyl
fluoride (PMSF), 0.2 mol I HCl and 1x protease inhibitor cocktail)
onice for 30 min, followed by neutralization with Tris-HCI, pH 9.0.
A Subcellular Protein Fractionation kit (Thermo Fisher scientific,
78840) was used to separate cytoplasmic, membrane, nuclear soluble,
chromatin-bound and cytoskeletal protein extracts according to the
manufacturer’s protocol.

RNA isolation, RT-PCR and real-time PCR

Total RNA was isolated by TRIzol RNA Isolation Reagent (Invitrogen,
15596018). cDNA was synthesized with the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, 4368813). Real-time PCR was
performed by the qPCRBIO SyGreen Blue Mix (Nippon, PB20.16-51).
Progerin expressioninyoungand aged mouse heart tissue was analysed
as previously described®. Real-time PCR primers were designed with
Primer3 and synthesized by Sigma-Aldrich. All primers used in this
study are listed in Supplementary Table 5.

RNA sequencing and data analysis

Nkx2-5-GFPmES celllines (shControl,shControl Lmna™~,shCbsLmna™",
shCthLmna™~,CBS OE, CTHOE, control, Lmna®®°"*, Lmna®®°°¢/¢*®¢and
CBS OE-L mna®s*°%/¢¢%°%) were cultured on feedersin DMEM high glucose
with 15% FBS and 1,000 U mI™ LIF. After pre-plating to remove feed-
ers, total RNA was extracted using the RNeasy Plus Universal Mini kit
(QIAGEN, 73404). RNA integrity was assessed on a Bioanalyzer 2100
(Agilent). Libraries were prepared and sequenced on a BGISEQ-500
platform. Reads were trimmed with Trimmomatic-0.39 and aligned
to the mm10 genome using STAR (-alignintronMin 20 —alignIntron-
Max 500,000). Quality control was performed using MultiQC. Read
counting was performed with HOMER (analyzeRepeats.pl, -count
exons -strand both -noadj) after creating tag directories. Visualization
in Integrative Genomics Viewer (IGV) was carried out using merged
bam files via BamTools, with bigwig files generated using deepTools
(BamCoverage, -bs 20 -smoothLength 40 -normalizeUsing RPKM
-e 150). Differential gene expression was analysed with DESeq2 (log,
fold change < -0.58 or >0.58, Padjust < 0.05). GO and KEGG pathway
analyses were performed with DAVID Bioinformatics Resources 2023.
Principal-component analysis, volcano plots and boxplots were gener-
ated using custom R scripts.

ChIP-sequencing and data analysis

A total of 1-5 million cells were crosslinked with 1% formaldehyde for
10 min atroom temperature and quenched with 125 mM glycine. Cells
were washed three times withice-cold PBS and lysed in cell lysis buffer
(50 mMTris pH8.0,2 mMMEDTA, 0.1% NP-40,10% glycerol) with protease
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and phosphatase inhibitors for 10 min onice. Nuclei were pelleted and
lysedin nucleilysis buffer (50 mM Tris pH 8.0,1% SDS and 5 mM EDTA)
for 10 min at room temperature. Chromatin was sonicated to 200-
500 bp fragments using Bioruptor Plus (45 cycles, 30 s ON/30 s OFF)
and centrifuged. Supernatants were diluted 1:10 in ChIP dilution buffer
(50 mM Tris pH 8.0,200 mM NacCl, 5 mM EDTA and 0.5% NP-40) with
inhibitors and pre-cleared with BSA-coated Protein G Sepharose beads
(GE Healthcare, 17061801) for 1 h at 4 °C. Chromatin was incubated
overnight at4 °Cwith 1 pgantibodies against H3K9ac (Cell Signalling
Technology, 9649s), H3K27ac (Active motif,39135), H3K9me3 (Abcam,
ab8898) or H3K27me3 (Millipore, 07-449), followed by incubation with
BSA-coated Protein G beads. Immunoprecipitates were washed sequen-
tially with NaClwash buffer, LiCl wash buffer and TE buffer. Complexes
were eluted with 2% SDS buffer, reverse-crosslinked at 65 °C overnight,
treated with proteinase K, and DNA was purified using the ChIP DNA
Clean & Concentrator kit (Zymo Research). Chromatin fragment size
was verified using aBioanalyzer 2100 (Agilent) and NGS libraries were
prepared with NEBNext Ultra Il DNA Library Prep kit (Illumina).

For data analysis, ChIP-seq reads were trimmed with Trimmomatic,
aligned to mm10 using Bowtie2, and PCR duplicates removed using
Picard MarkDuplicates. BAM files from replicates were merged using
BamTools. Normalized coverage tracks (bigWig) were generated using
bamCoverage from deepTools (-b 20 -smooth 40 -normalizeUsing
RPKM -e 150). Peaks were called using MACS14, and ENCODE mm10
blacklist regions were removed. Genome-wide enrichment profiles
were generated using plotProfile from deepTools. Histone mark enrich-
ment over ATAC-seq gain/loss regions (log, fold change >0.58,<-0.58;
P <0.05) was visualized using ngs.plot (v.2.47.1) and plotted in R with
ggplot2 (v.3.5.2).

For ChIP-seq, input DNA was used for normalization; for ChIP-
gPCR, primersingene desert regions were used to assess background,
and results were normalized to input. ChIP-qPCR primers were
designed with Primer3 and synthesized by Sigma-Aldrich.

Lamin A/C and SP1 ChIP were performed similarly with 5 million
cells using 5 pg lamin A/C (Abcam, ab8984) or 2 pg SP1(Santa Cruz,
sc-17824) antibody.

10x Genomics scRNA-sequencing and data analysis

Day 10 EBs were dissociated with Collagenase I as described in the
‘Flow cytometry’ section. Single live cells were sorted using SYTOX
Blue Dead Cell Stain (1:2,000, Thermo Fisher Scientific) and diluted
t0 1,000 cells per pl in 0.4% BSA. A total of 8,000 cells were used for
library preparation with the Chromium Next GEM Single-Cell 3’ kit v.3.1
(10x Genomics) and sequenced on a BGISEQ-500 platform. Raw reads
were processed using Cell Ranger (v.7.1.0), and filtered feature matrices
were integrated using Seurat (v.4.3.0). Low-quality cells expressing
fewer than 900 or more than 9,000 genes were excluded. Clustering
was performed with FindClusters (resolution = 0.5, random.seed =1
and algorithm =1). Uniform Manifold Approximation and Projection
and ¢-stochastic neighbour embedding plots were generated using
RunUMAP and RunTSNE (dims =1:30, n.neighbours = 30). Differen-
tial gene expression was visualized with VInPlot after normalization
with NormalizeData.

Hi-C and DamID data analysis

Loess-quantile normalized DamID log, Dam-laminA:Dam and
Dam-laminB1:Dam ratios were obtained from GSE17051and GSE62685.
LADs were identified using circular binary segmentation (CBS) via
LADetector with DNAcopy®”. Dpnll-fragmented genomic bins were
used, and neighbouring segments were merged with a 2-kb sliding
window; regions <25 kb were excluded. LAD coordinates were lifted
from mm9 to mm10 using UCSC LiftOver. Peripheral lamin A LADs
(LA/LB1LADs)were defined by intersectinglamin Aand lamin BLLADs,
whereas non-LAD genes overlapped neither. Scripts and the full DamID
analysis workflow are available at https://github.com/thereddylab/

LADetector. Significant genomicinteractions from Hi-C in controland
Lmna™ cellswere analysed using HOMER (v.4.2.1) with analyzeHiC (-res
5,000 -window 10,000 -superRes 10,000 -pvalue 0.01)*, Interactions
were annotated via annotatelnteractions.pl using merged H3K9ac and
H3K27ac peaks and TSS (+2 kb) from mm10 RefSeq. Interactions were
further compared with gained/lost H3K9ac, H3K27ac ChIP-seq and
ATAC-seq peaks using bedtools intersect (v.2.30.0).

Statistics and reproducibility

All experiments were performed at least three times with biologi-
callyindependent replicates, and n values always refer to biologically
independent samples. Randomization was not applicable, as group
allocation was determined by mouse genotype or genetic manipula-
tion. Cell culture treatments (compound exposure, gene silencing
or overexpression) were applied in parallel to avoid bias. Whenever
possible, investigators were blinded during data acquisition. Samples
were labelled with sequential numbers during preparation and, in most
cases, throughout data collection, image acquisition and metabo-
lite analyses. No animals were excluded from the study. Immunoblot
images in Fig. 1g represent more than six independent experiments;
those in Fig. 3d,g,i represent three independent experiments, with
quantifications provided. Extended Data Fig. 1f shows immunoblots
fromthreeindividual mES cell clones, with quantifications. Immunob-
lotsinFigs.5p and 7c-jarerepresentative of at least three independent
experiments with similar results. Data are presented asmean = s.d. No
statistical methods were used to predetermine sample sizes; however,
chosen sample sizes are consistent with previous studies”*. Data dis-
tribution was assumed to be normal but this was not formally tested.
Group differences were evaluated using unpaired two-tailed Student’s
t-tests or one-way/two-way analysis of variance (ANOVA) followed by
Tukey’s multiple-comparison test, as specified in the figure legends.
Statistical analyses and figure preparation were performed using
GraphPad Prismv.9.4.1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequencing data generated in this study have been deposited in the
Gene Expression Omnibus under accession code GSE248534. The
proteomics data have been deposited in the PRIDE repository under
accession number PXD071040.

Lamin A DamlID (GSE62685)%, lamin B1DamID (GSE17051)'® ATAC-seq
data from Lmna™", Lmna®°°“"* and Lmna®¢%°%/¢¢*° mES cell as well as
Hi-CandRNA-seqdatafromLmna™ embryonicstem cell (GSE164069)>
were retrieved from previously published studies. Single-cell sequenc-
ing data of mouse embryos were retrieved from GSE100597 (ref. 50).
ATAC-seq data of naive and primed mES cells were retrieved from
E-MTAB-7207 (ref. 85). RNA-seq data of young and aged individuals, as
well as patients with progeriawere retrieved from GSE113957 (ref. 86).
Source data are provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Up-regulation of Cbs and Cth upon Lmnaloss.

a, Quantification of the distance of Cbs and Cth to nuclear periphery inindividual
nuclei of Lmna+/+and Lmna-/- mES cells. Cbs: Lmna™* (n=105) and Lmna-/-
(n=161); Cth: Lmna™* (n=106) and Lmna-/- (n=103). b, Integrative Genomics
Viewer (IGV) tracks of ATAC-seq and RNA-Seq of control (grey), and Lmna-/- mES
cells (red) at the Cbs and Cth locus. Significantly increased peaks are highlighted
inbeige boxes. ¢, Relative fold changes in ATAC-seq signal at the transcription
start site (TSS) and distal regions of Cbs and Cthin Lmna-/- mES cells compared
to control mES cells. Differential accessibility was calculated in DESeq2 using
two-sided Wald test. n = 3 biological replicates. d, RNA-seq analysis showing
RPKM values of Cbs and Cth in Lmna-/- and control mES cells. n = 3 biological
replicates. Differential expression was calculated in DESeq2 using two-sided
Wald test. e, CTH (left) and CBS (right) enzymatic activity in control and Lmna-/-

mES cells. n =3 biological replicates. Purified CBS and CTH protein served as
apositive control. f, g, Immunoblot analysis of key enzymes involved in the
one-carbon metabolismin control and Lmna-/- mES cells (f), and quantification
of protein relative fold changes (g). n = 3 biological replicates. h, i, Representative
immunoblot for SP1 (h) and ATF4 (i) in chromatin-bound fraction (CBF) and total
protein extract of control and Lmna-/- mES cells. Lamin Bland «-Tubulin served
asaloading control. j, Relative mRNA expression of Cbs and Cth in WT mES cells
treated with DMSO or the Ezh1/2 inhibitor UNC1999. n = 4 biological replicates. k,
ChIP-qPCR for H3K27me3 at the Cth and Cbs promoter in control and Lmna-/-
mES cells normalized to input. n = 4 biological replicates. 1, ChIP-qPCR for
H3K27me3 and SP1in mES cells treated with DMSO or UNC1999. n = 3 biological
replicates. Differencesin a, e, g, j-1 were assessed using an unpaired two-tailed
Student’s t-test. Data are presented as mean + SD.
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Extended DataFig. 2| Progerin suppresses Cbs and Cthin ESCs. a, Confocal
images of immunostainings for lamin A/C (red), lamin B1(green), and DAPI
(nucleus, blue) of Lmna** and Lmna®®°®/°®**¢ mgS cells. Scale bar, 4 um. b,
Quantification of lamin A/C fluorescence intensity in Lmna™* and Lmna®°°¢/¢¢0%¢
mES cells. n =82 for Lmna** and n = 71 for Lmna®°°“/®®**¢ Boxplots show median
(centreline), 25™-75th percentiles (box), and 1.5x Interquartile Range (whiskers).
¢, Overlap of genes showing decreased ATAC-Seq signal in Lmna®®%* and
Lmna®6%°%/%6%°¢ mES cells with genes within LA/LB1LADs. d, qPCR analysis of
Cbsand Cthexpressionin Lmna™*, Lmna®°”*, and L mna®°°/%*%°¢ mES cells.

n =4biological replicates. e, Quantification of relative fold changes in CBS and
CTH proteinlevelsin Lmna**, Lmna®®®*, and Lmna®°°¢/****° mES cells.n =4

o/

biological replicates. f, Representative immunoblot for SP1in chromatin bound
fraction and total protein extract of control and Lmna®°®%®*°¢ mgs cells. Lamin
Bland a-Tubulin served as aloading control. g, ChIP-qPCR analysis of SP1
enrichment at Cth and Cbs gene promoter region in control and Lmna®°°¢/6¢0%¢
meES cells; GD, gene desert region, used as a negative control. ChIP-qPCR results
arenormalized to the corresponding input signals. n = 4 biological replicates. h,
ChIP-qPCR for H3K27me3 and Lamin A/C at the Cth and Cbs promoter in control
and Lmna®®%%*°¢ mES cells normalized to input. n = 3 biological replicates.
Data are presented as mean + SD. Differences inb, g and h were assessed using an
unpaired two-tailed Student’s t-test; in d, and e using one-way ANOVA with Tukey
correction. ns: not significant.
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Extended Data Fig. 3 | See next page for caption.
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Extended DataFig. 3| Lamin A/C-dependent CTH and CBS activation drives
the transition from naive to primed pluripotency. a, Pathway impact analysis
of day 3 (D3) EBs versus naive mES cells. n = 6 biological replicates. Significance
was calculated using a one-sided hypergeometric test in MetaboAnalyst

5.0.b, Intracellular methionine (Met), homocysteine (Hcys), cystathionine
(Cysta) and cysteine (Cys) levelsinmESC (n = 6) and D3 (n=6),D6 (n=3) or

D10 (n=3) EBs.c,d, Immunoblot analysis of CBS, CTH, lamin A/C and lamin B1
(c) and intracellular cysteine levels (d) in mES cells cultured in naive or primed
conditions. n =4 biological replicates. e, Intracellular cysteine levels in HLhESC
cultured in naive and primed conditions (n = 6)’. f,g, OCT4 immunostaining

(f) and percentage of cells highly expressing NANOG (NANOG"e") determined
by FACS analysis of control and Lmna-/- mES cells after silencing with control
shRNA or shRNA against Cth or Cbs or of CTH or CBS-overexpressing (OE) mES
cells (g). n =3 biological replicates. Scale bar, 40 pm. h, Heatmap representation
of primed genes in RNA-Seq (n = 2) of control and Lmna-/- mES cells after

Cthor Cbssilencing. i, FACS analysis (top) and percentage of OCT4"€" cells

(bottom) in mES cells cultured in standard medium, medium depleted of
cysteine, or supplemented with AOAA for 48 h. n = 4 biological replicates.j, 1,
Immunostaining of CBS, CTH, and Lamin A-GFP (j) and fluorescence intensity
(I)atOh(n=31,30and142), 6 h(n=49,35and115),8 h(n=40,30and 113),12h
(n=35,30and 67),and 24 h (n =44, 30 and 79) after doxycycline treatment

of mES cells overexpressing pLenti-CMV-TRE3G-Neo-GFP-Lamin A plasmid.
Scale bar, 10 um. k, Relative Cth and Cbs mRNA expression (left) or cysteine
levels (right) 6 hafter doxycycline treatment. n = 3 biological replicates. m,
Percentage of NANOG"" cells determined by FACS analysis at different time
points after doxycycline treatment. n = 3 biological replicates. n, 0 FACS analysis
(n) and percentage of NANOG"" cells (0) in mES cells overexpressing inducible
GFP-Lamin A cultured in naive conditions or primed conditions for 24 h with or
without doxycycline.n =3 biological replicates. Datainb, d, e, g, i,k, I, mand
orepresent mean + SD. Differences in e and k were assessed using an unpaired
two-tailed Student’st-test;inb, d, g, i,1, mand o by one-way ANOVA with Tukey
correction. ns: not significant.
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Extended Data Fig. 4| Lmna depletion leads to increased cysteine metabolism
and the transition from naive to primed pluripotency in R1mES cells.

a, b, Immunoblot analysis of lamin A/Cin E14 and RLmES cells (a), and
quantification of lamin A/C protein relative fold changes from three biological
replicates (b). ¢, Representative FACS analysis of lamin A/C and NANOG
expression in E14 and RLmESC. d, Immunoblot analysis of CBS, CTH, lamin A/C
levelsin RLmES cells cultured in naive (15% FCS/LIF) or primed (bFGF/Activin
A) conditions. e, Relative fold change of intracellular cysteine levels in RLmES
cells cultured under naive conditions (2i/LIF), as well as in RLmES cells and
epiblast stem cells (EpiSC) cultured under primed conditions (bFGF/Activin
A)'.n=6Dbiological replicates. f, g, Immunoblot analysis of lamin A/C, CBS and

CTHin controland Lmna-/- RLmES cells (f), and quantification of CBS and CTH
protein relative fold changes from three biological replicates (g). h, Relative fold
change of intracellular cysteine levels in control and Lmna-/-RImES cells.n= 6
biological replicates. i, j Representative histograms showing FACS analysis (i)
and percentage of NANOG"#" cells (j) in control and Lmna-/-RImES cells.n =3
biological replicates. k, Phase contrast images showing colony morphology

of controland Lmna-/-RLmES cells. Scale bar, 50 um. 1, gPCR analysis of genes
found to be upregulated in E14 Lmna-/- mES cells, measured in control and
Lmna-/-RImES cells. n = 4 biological replicates. Differences inb, g, h,jand I were
assessed using an unpaired two-tailed Student’s t-test; in e were assessed using
one-way ANOVA with Tukey correction. Data represent mean + SD.
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Extended Data Fig. 5| Enhanced cysteine metabolism promotes histone
acetylation in Lmna mutant mES cells. a, H,S levels generated through CBS/
CTHin controland Lmna-/- mES cells. n = 3 biological replicates. Purified CBS and
CTH proteins served as positive control. b, Expression of cysteine transporters
inRNA-seq datasets of control and Lmna-/- mES cells. n = 3. RPKM: reads per
kilobase of transcript per million mapped reads. Differential expression was
calculated in DESeq2 using two-sided Wald test. ¢, Total (left) and nuclear (right)
acetyl-CoA levels of control and Lmna-/- mES cells determined by fluorometric
Acetyl-Coenzyme A assay. n = 3 biological replicates. d, Immunoblots analysis
of H3K9ac, H3K27ac, H3K56ac and pan-H3ac levels in control and Lmna-/- mES
cells (top), and quantification of protein relative fold changes (bottom,n=3
biological replicates). e, Immunoblot analysis of CBS, CTH, and pan-H3ac levels
in WT mES cells after Cbs or Cth single knockdown (top) or knockdown of both
Cbs and Cth (bottom). f, Immunoblot analysis of H3K9ac, H3K27ac, and pan-
H3aclevelsin WT mES cells after 0,1, 3, 6,9, and 24 h of AOAA treatment (top),

and quantification of protein relative fold changes (bottom, n = 3 biological
replicates). g, Immunoblot analysis of whole cell lysates for L-lysine acetylated
proteins in control and Lmna-/- mES cells. h,Immunoblots analysis of H3K9ac,
H3K27ac, H3K56ac and pan-H3ac levels in control and Lmna-/- RI mES cells (top),
and quantification of protein relative fold changes (bottom, n = 3 biological
replicates). i, Quantification of H3K9ac, H3K27ac and pan-H3ac relative fold
changes in control, Lmna®%/°*>®, and L mna®%°/°®** mES cells overexpressing
both CBS and CTH. n =3 biological replicates. j, Immunostaining for H3K9ac
(magenta), and Lamin A-GFP (top) and quantification (bottom) of H3K9ac
fluorescence intensity at O (n =80), 6 (n = 67), 8 (n=55),12 (n = 60), and 24
(n=66) hours after treatment with doxycycline of WT mES cells overexpressing
the pLenti CMV TRE3G Neo GFP-Lamin A plasmid. Scale bar, 10 um. Dataina-d,
f,h,iandjare presented as mean + SD. Differences ina-d, and h were assessed
using an unpaired two-tailed Student’s t-test. Differencesinf,iand jwere
assessed by one-way ANOVA with Tukey correction. ns: not significant.
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Extended Data Fig. 6| CTH/CBS upregulation results in gene activation of
lamin A/C-dependent genes. a, Overlap of genes upregulated in Lmna-/- mES
cells with genes downregulated in Lmna-/- ESCs after shRNA mediated silencing
with shRNA against Cth or Cbs. b, Split violin plots representing the log10

(PRKM + 0.1) for transcripts of genes in LA/LB1LADs and non-LADs in RNA-seq
datasets of control, Lmna-/- mES cells or Lmna-/- mES cells after ssRNA mediated
silencing with control shRNA or shRNA against Cth or Cbs. RPKM, Reads Per
Kilobase per Million mapped reads. ¢, Overlap of genes upregulated in Lmna-/-
meES cells with genes upregulated in CTH OE or CBS OE mES cells. d, Split violin
plots representing the log10 (RPKM + 0.1) for transcripts of genesin LA/LB1LADs
and non-LADs in RNA-seq datasets of control, CBS OE and CTH OE mES cells.

e, Dot-plot representation of gene ontology analysis of genes upregulatedin CTH
OE and CBS OE mES cells or genes upregulated in CTH OE or CBS OE and Lmna-/-

mES cells. f, Overlap of the genes downregulated in Lmna®°%/°**°° mES cells with
genes upregulated in CTH OE and CBS OE mES cells. g, Dot-plot representation
of gene ontology analysis of genes both downregulated in Lmna®°°%/¢¢*°¢ mESC
and upregulated in CTH OE or CBS OE mESC. h, qPCR analysis of genes found
within LA/LB1LADs and outside LADs in control, Lmna®°¢/¢*®¢ mESC as well

as Lmna®°°/¢¢°%¢ mES cells after CTH or CBS overexpression. n = 4 biological
replicates. Datainh are presented as mean = SD. In the split violin plots, the
centre line represents the median, the upper bound corresponds to the 75th
percentile, and the lower bound corresponds to the 25th percentile. Differences
ina, cand fwere assessed using one-sided hypergeometric test; Differencesind
were assessed using an unpaired two-tailed Student’s t-test; Differences in b and
hwere assessed using one-way ANOVA with Tukey correction. Significanceine
and g was generated from DAVID with a one-sided Fisher’s exact test.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| Abnormal cysteine metabolism uponlamin A/C
mutation induces aberrant cell fate choices. a, b, qPCR analysis of cardiac
progenitor marker genes in D6 EBs (a) and CM marker genes in D10 EBs (b),
differentiated from mES cells cultured in medium containing the indicated
amounts of cysteine. n = 3 biological replicates. ¢, Representative FACS analysis
of cTnT* CMs in D10 EBs differentiated from mES cells cultured in medium
containing the indicated concentrations of cysteine. n = 3 biological replicates.
d, Representative FACS analyses of cTnT+ cardiomyocytes at D10 of
differentiation of control and Lmna-/- mES cells after shARNA mediated silencing
with control shRNA or shRNA against Cth or Cbs. e, Immunostaining for a-actinin
(red) and DAPI (blue) in D10 EBs differentiated from control ESCs and Lmna-/-

meES cells either non-treated or treated with AOAA for 48 h before differentiation.

Scale bar, 10 pm. f, t-SNE plot of 10x genomics scRNA-Seq datasets of D10
EBs differentiated from control, Lmna-/- and Lmna-/- mES cells after sShRNA

mediated silencing of Cth. Cell types: CM: cardiomyocyte, ECs: endothelial cell,
SMC: smooth muscle cell, Mono/M®: Monocytes/ Macrophages, NPCs: neuron
progenitor cell, Hepa: hepatocyte, Ery: erythrocyte. g, Violin plots showing
differential gene expressionin the different cell clusters in D10 EBs differentiated
from control, Lmna-/- and Lmna-/- mES cells after shRNA mediated silencing of
Cth. Cell types: CM: cardiomyocyte, SMC: smooth muscle cell, Ep: epithelial cell,
Hepa: hepatocyte, Ery: erythrocyte, NPCs: neuron progenitor cell. h, i, QPCR
analysis of germ layer markers in D4 EBs (h) and CM marker genes in D10 EBs (i)
differentiated from control, Lmna®®°®* and Lmna®®°%¢**¢ ESCs. n = 4 biological
replicates. Dataina, b, handiare presented as mean + SD. Differencesina, b, h,
andiwere assessed using one-way ANOVA with Tukey correction. Differences in
gwere assessed using one-way ANOVA with Tukey’s correction after aggregating
single-cell expression datato a pseudo-bulk level.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8| Perturbated cysteine metabolism results in

DNA damage and senescence in Lmna p.G609G mES cells. a, Ratio of
S-adenosylmethionine (SAM) to S-adenosylhomocysteine (SAH) measuredin
control, Lmna-/- and Lmna®°°®/¢®°¢ mES cells transfected with control, Cbs
shRNA, or CBS OE plasmid. n = 4 biological replicates. b, Immunoblot analysis for
CBSand CTHin siRNA mediated Cbs, Cth single or double knockdown mES cells.
¢, Immunoblot analysis for SUV39H1in soluble nuclear extracts (SNE) of control
and Lmna-/- mES cells either not treated or treated with 50 umol/L SAM for 6 h.
d, Immunoblot analysis of y-H2AX and CBS levels in control and Lmna®°°%/¢60%¢
mES cells, and Lmna®°°%/¢¢%°¢ mES cells infected with different concentration

of lentivirus carrying CBS cDNA. e, Immunostaining for y-H2AX (red) and DAPI
(blue) of control, Lmna®®%/¢6%°¢ and CBS OF L mna®*“/c¢** mES cells either not
treated (w/o) or treated with H,0, for 1 h and allowed to repair in fresh medium
for 0 hand 4 h.Scale bar, 10 pm. f, Representative histograms showing FACS

analysis of the percentage of SPIDER SA -gal+ cells in mES cells either not treated
(w/o) or treated with H,0, for 2 hand cultured in fresh medium for 24 h. g, qPCR
analysis of Cdkn2a and SASP marker genes in control and Lmna®°/¢*°¢ mES
cells, as well as in Lmna®®®°¢/°®°° mES cells overexpressing CBS. n = 4 biological
replicates. h, Ratio of peripheral to nucleoplasmic mean lamin A/C fluorescence
intensity (left) and nuclear size (right) in young (3-month-old) and aged
(24-month-old) mice. Left: n = 51 CMs for each group; Right: young (n =107) and
old (n =118).i, Immunoblot analysis of H3k9me3 and H3 in protein extracts from
young (3-month-old) and aged (24-month-old) mice. n = 7 mice for each group.
Jj, qPCR analysis of Cdkn2a and SASP gene expression in hearts of young
(3-month-old) and old (24-month-old) mice. n = 7 mice per group. Dataina, g, h
andj are presented as mean + SD. Differences inh and j were assessed using an
unpaired two-tailed Student’s t-test. Differences in aand g were assessed using
one-way ANOVA with Tukey correction. ns: not significant.
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Extended Data Fig. 9| Working modelillustrating the interplay between the
nuclear lamina and cysteine metabolismin regulating stem cell fate and
longevity. a, During naive-to-primed state transition, RA signallinginduces a

reduction in Lmna expression, thereby enhancing SP1 occupancy on chromatin.

Increased SP1binding promotes the upregulation of the cysteine-generating
and -metabolizing enzymes Cbs and Cth. This, in turn, boosts de novo cysteine
synthesis, leading to enhanced histone H3 acetylation at lysine 9 and lysine 27.
Theresulting chromatin changes drive epigenome remodelling that is essential

for subsequent differentiation and germ layer formation. b, In naive pluripotent
stem cells, lamin A/C suppresses Cth and Cbs expression, thereby limiting
cysteine bioavailability. CTH and CBS are highly upregulated in ESC with lamin
A/Closs-of-function (Lmna-/-) or decreased in ESC with lamin A/C dominant,
gain-of-function mutation (Lmna p. G609G) leading to either enhanced or
reduced cysteine metabolism and rewiring of the methionine cycle. Ultimately,
these non-physiological levels of CTH and CBS are responsible for abnormal
epigenetic signatures, genomic instability and aberrant cell fate and function.
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O [0 OKX [ 0
OO0 X X XOKX XK

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  The following standard software provided by instrument suppliers was used for data collection:
Flow cytometry: BD FACSCanto Il
WB: Amersham Imager 600(GE Healthcare Life Sciences)
Immunofluorescence : Leica DMi8 microscope ( Leica); Zeiss LSM 710 confocal microscope(Zeiss)
LC-MS: Agilent 1290 Infinity Il LC system (Agilent, Waldbronn, Germany) coupled to either a QTrap 5500 mass spectrometer (Sciex, Darmstadt,
Germany) or a 6495C QQQ mass spectrometer (Agilent Technologies, Waldbronn/Germany).
Analyst 1.60:Sciex (Darmstadt, Germany)
Fluorescence reader: Tecan instrument (Infinite 200 Pro, TECAN)

Data analysis The following software was used for data analysis:
IGV2.8.13, https://software.broadinstitute.org/software/igv/download
Image J 1.47v, https://imagej.nih.gov/ij/download.html
BD FACSDiva Software (version8.0.1, firmware version 1.49 BD FACSCanto Il), https://www.bdbiosciences.com/en-eu/products/software/
instrument-software/bd-facsdiva-software
FCS Express 7,https://denovosoftware.com/full-access/download-landing/
Zen 2.3, https://www.zeiss.de/mikroskopie/produkte/mikroskopsoftware/zen-lite/zen-lite-download.html
DAVID v2023qg4 , https://david.ncifcrf.gov/summary.jsp
Heatmapper, http://www.heatmapper.ca/expression/
MUSCLEMOTION V1.0 ,https://github.com/I-sala/MUSCLEMOTION
MultiQuant 3.0, :https://sciex.com/products/software/multiquant-software
Metaboanalyst 6.0, https://www.metaboanalyst.ca/
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GraphPad Prism v9.4.1, https://www.graphpad.com/

Calculate and draw custom Venn diagrams, http://bioinformatics.psb.ugent.be/webtools/Venn/

STAR version 2.7.3a, https://github.com/alexdobin/STAR/blob/master/doc/STARmanual.pdf

Trimmomatic version 0.39, http://www.usadellab.org/cms/?page=trimmomatic

BamTools version 2.5.1, https://github.com/pezmaster31/bamtools

MultiQC version 1.6, https://multigc.info/

DESeq?2 version 1.28.0, http://bioconductor.org/packages/release/bioc/vignettes/DESeq2/inst/doc/DESeq2.html

Ngsplot version 2.41.4, https://github.com/shenlab-sinai/ngsplot

Homer version 4.11, http://homer.ucsd.edu/homer/motif/

Bowtie2 version 2.3.4.1, https://github.com/BenlLangmead/bowtie2

SAMtools version 1.7, http://www.htslib.org/

Picard-tools version 1.119, https://broadinstitute.github.io/picard/

deepTools version 3.3.0, https://deeptools.readthedocs.io/en/develop/

MACS?2 version 2.1.1.20160309, https://pypi.org/project/MACS2/

Bedtools version 2.28.0, https://bedtools.readthedocs.io/en/latest/

R package DiffBind version 2.16.0, http://bioconductor.org/packages/release/bioc/vignettes/DiffBind/inst/doc/DiffBind.pdf
R package ChIPseeker version 1.24.0, https://guangchuangyu.github.io/software/ChlPseeker/

R package rtracklayer version 1.48.0, https://bioconductor.org/packages/release/bioc/html/rtracklayer.html

R package EnhancedVolcano version 1.6.0, https://github.com/kevinblighe/EnhancedVolcano

CellRanger (v.7.1.0), https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/installation?
src=website&Iss=organic/direct/direct&cnm=wbr-2020-08-21-event-ra_g-p_scmage-apac-2020-08-21-event-ra_g-p_scmage-
apac&cid=7011P000000oPkw/

Seurat (v. 4.3.0),https://satijalab.org/seurat/articles/install

LADetector, https://github.com/thereddylab/LADetector?tab=readme-ov-file

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Sequencing data generated in this study have been deposited in GEO database under accession code GSE248534. The proteomics data have been deposited in the
PRIDE repository under accession number XXXX

Lamin A DamID (GSE62685) 87, lamin B1 DamID (GSE17051)18 ATAC- seq data from Lmna-/-, LmnaG609G/+ and LmnaG609G/G609G mESC as well as Hi-C and
RNA-Seq data from Lmna-/- ESC (GSE164069) 33 were retrieved from previously published studies. Single cell sequencing data of mouse embryos were retrieved
from GSE10059750. ATAC-seq data of naive and primed mESC were retrieved from E-MTAB-720788. RNA-seq data of young, aged individuals, as well as progeria
patients were retrieved from GSE11395789. Source data are provided with this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical measures were used to determine sample size. Sample size is based on our experience and on publications by other groups.
Data exclusions  No data were excluded.

Replication All experiments were performed at least three independent times. The number of independent experiments and biological replicates in each
data panel is indicated in the figure legends. All attempts at replication were successful.

Randomization  Randomization was not applicable, as group allocation was determined by mouse genotype or genetic manipulation. Cell culture treatments
(compound exposure, gene silencing, or overexpression) were applied in parallel to avoid bias.

Blinding Whenever possible, investigators were blinded during data acquisition. Samples were labeled with sequential numbers during preparation
and, in most cases, throughout data collection, image acquisition, and metabolite analyses.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
IZ Antibodies |:| IZ ChlP-seq
IZl Eukaryotic cell lines |:| IZ Flow cytometry
|:| Palaeontology and archaeology IZ |:| MRI-based neuroimaging

|z Animals and other organisms
|:| Clinical data

|:| Dual use research of concern

|:| Plants

NXXOXOOS

Antibodies

Antibodies used Rabbit monoclonal anti-CTH (D1N1D), Cell Signaling Technology, Cat# 19689T, RRID: AB_2798824, 1:100 for IF and 1:1000 for WB
Rabbit monoclonal anti-CBS (D8F2P), Cell Signaling Technology, Cat# 14782T, RRID: AB_2798609, 1:100 for IF and 1:1000 for WB
Mouse monoclonal anti-LaminA/C (E-1), Santa Cruz,Cat# sc-376248, RRID:AB_10991536, 1:100 for IF, 1:100 for FACS,1:1000 for WB
Mouse monoclonal anti-LaminA/C (131C3), Abcam, Cat# ab8984,RRID:AB_306913,1:100 for IF, 1:1000 for WB
Rabbit polyclonal anti-LaminB1, Abcam, Cat# ab16048, RRID: AB_10107828, 1:1000 for WB
Mouse monoclonal anti-LaminB1, Santa Cruz, Cat# sc-374015,RRID:AB_10947408,1:1000 for WB, 1:00 for IF
Rabbit monoclonal anti-Acetyl-Histone H3 (Lys9) (C5B11), Cell Signaling Technology, Cat# 9649S, RRID: AB_823528, 1:1000 for WB
Rabbit monoclonal anti-Acetyl-Histone H3 (Lys27) (D5E4), Cell Signaling Technology, Cat# 8173, RRID: AB_10949503, 1:1000 for WB
Rabbit polyclonal anti-Histone H3ac (pan-acetyl), Invitrogen, Cat# PA5-114693, RRID: AB_2899329, 1:1000 for WB
Rabbit polyclonal anti-Histone H3 (tri methyl K9), Abcam, Cat# ab8898, RRID: AB_306848, 1:5000 for WB,1:100 for IF
Rabbit polyclonal anti-trimethyl-Histone H3 (Lys27) Antibody, Millipore, Cat# 07-449, RRID:AB_310624, 1:100 for IF
Rabbit polyclonal anti-Acetyl-Histone H3 (Lys56), Cell Signaling Technology, Cat# 4243T, RRID: AB_10548193, 1:1000 for WB
Rabbit polyclonal anti-Acetyl-Histone H4 (Lys8), Cell Signaling Technology, Cat# 2594T, RRID: AB_2248400, 1:1000 for WB
Rabbit polyclonal anti-Acetylated-Lysine, Cell Signaling Technology, Cat# 9441S, RRID: AB_331805, 1:1000 for WB
Rabbit polyclonal anti-Histone H2B, Abcam, Cat# ab1790, RRID: AB_302612, 1:1000 for WB
Rabbit polyclonal anti-Histone H3, Abcam, Cat# ab1791, RRID: AB_302613, 1:1000 for WB
Rabbit monoclonal anti-Phospho-Histone H2A.X (Ser139) (20E3), Cell Signaling Technology, Cat# 9718T, RRID: AB_2118009, 1:100 for
IF and 1:1000 for WB
Rabbit monoclonal anti-SUV39H1 (D11B6), Cell Signaling Technology, Cat# 8729T, RRID: AB_10829612, 1:1000 for WB
Rabbit monoclonal anti-AHCYL1/IRBIT (D3A5G), Cell Signaling Technology, Cat#t 94248T, RRID: AB_2800225, 1:1000 for WB
Rabbit monoclonal anti-Thymidylate Synthase (D5B3), Cell Signaling Technology, Cat# 9045T, RRID: AB_2797693, 1:1000 for WB
Rabbit monoclonal anti-MTHFD1L (D8T7L), Cell Signaling Technology, Cat# 14999T, RRID: AB_2798681, 1:1000 for WB
Rabbit monoclonal anti-MTHFD2 (D8W9U), Cell Signaling Technology, Cat# 41377T, RRID: AB_2799200, 1:1000 for WB
Rabbit monoclonal anti-SHMT1 (D3B3J), Cell Signaling Technology, Cat# 80715T, RRID: AB_2799957, 1:1000 for WB
Rabbit monoclonal anti-MTHFR (D1E4V), Cell Signaling Technology, Cat# 25164T, RRID: AB_2798897, 1:1000 for WB
Rabbit polyclonal anti-3-MPST, Sigma-Aldrich, Cat# HPA001240, RRID: AB_1079408, 1:1000 for WB
Rabbit polyclonal anti-a-Tubulin, Cell Signaling Technology, Cat# 2144S, RRID: AB_2210548, 1:1000 for WB
Mouse monoclonal anti-Alpha-Actinin ACTN2, Boster Biological Technology, Cat# MA1104, RRID: 1:100 for IF
Goat polyclonal anti-cardiac troponin |, Abcam, Cat# ab56357, RRID:AB_880622, 1:00 for IF
Mouse monoclonal Anti-phospho-Histone H2A.X (Ser139), Millipore, Cat# 05-636-1, RRID: AB_2755003, 1:100 for IF and 1:1000 for
WB
Mouse monoclonal anti-OCT3/4 (C-10), Santa Cruz, Cat# sc-5279, RRID: AB_628051, 1:100 for IF and 1:50 for FACS
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Validation

Rabbit polyclonal anti-NANOG, Cell Signaling Technology Cat# 3580, RRID:AB_2150399, 1:100 for FACS

Mouse monoclonal anti-SP1, Santa Cruz Biotechnology Cat# sc-17824, RRID:AB_628272, 1:1000 for WB

CD31 (PECAM-1) Monoclonal Antibody (390), APC, eBioscience™, Thermo Fisher Scientific, Cat# 17-0311-82, RRID: AB_657735, 1:40
Alexa Fluor® 647 Mouse Anti-Cardiac Troponin T Clone 13-11, BD Biosciences, Cat# 565744, RRID: AB_2739341, 1:40

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 555, Thermo Fisher Scientific, Cat# A-31570,
RRID: AB_2536180, 1:500

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488, Thermo Fisher Scientific, Cat# A-21202,
RRID: AB_141607, 1:500

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488, Thermo Fisher Scientific, Cat# A-21206,
RRID: AB_2535792, 1:500

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 555,Thermo Fisher Scientific, Catalog #
A-31572, RRID:AB_162543, 1:500

Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 555, Thermo Fisher Scientific, Catalog # A-21432,
RRID:AB_2535853, 1:500

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647, Thermo Fisher Scientific,Catalog #
A-31571, RRID:AB_162542, 1:500

All antibodies used were purchased from commercial vendors and were selected because they have been validated by the
manufacturer and multiple publications. Validation details and relevant publications are detailed in their respective websites.
Rabbit monoclonal anti-CTH (D1N1D): https://www.cellsignal.com/products/primary-antibodies/cystathionine-g-lyase-d1n1d-rabbit-
mab/19689

Rabbit monoclonal anti-CBS (D8F2P): https://www.cellsignal.com/products/primary-antibodies/cbs-d8f2p-rabbit-mab/14782

Rabbit polyclonal anti-LaminB1: https://www.abcam.com/lamin-b1-antibody-nuclear-envelope-marker-ab16048.html

Mouse monoclonal anti-LaminB1: https://www.scbt.com/p/lamin-b1-antibody-b-10?
srsltid=AfmBOopNCPeJNBLeUrCQCY9SToDOfuwqRpFdALEBFEVIrtDchyNKuyav

Mouse monoclonal Anti-Lamin A/C Antibody (E-1): https://www.scbt.com/p/lamin-a-c-antibody-e-1?productCanUrl=lamin-a-c-
antibody-e-1&_requestid=793642

Mouse monoclonal anti-LaminA/C (131C3): https://www.abcam.com/en-us/products/primary-antibodies/lamin-a-lamin-c-
antibody-131c3-nuclear-envelope-marker-ab8984?srsltid=AfmBOogXsm9Ah1GRvIIhgYM6wJFRgoGc5dN_3cwwU6BhH4te-KMKZyQ1K
Mouse monoclonal anti-SP1: https://www.scbt.com/p/spl-antibody-e-3?
srsltid=AfmBOo0ZVpIXB_FcglpZYfmaD7MNKRTReyk_2Tm100ZY1aZ7fYXHrWki

Rabbit monoclonal anti-Acetyl-Histone H3 (Lys9) (C5B11): https://www.cellsignal.com/products/primary-antibodies/acetyl-histone-
h3-lys9-c5b11-rabbit-mab/9649

Rabbit monoclonal anti-Acetyl-Histone H3 (Lys27) (D5E4): https://www.cellsignal.com/products/primary-antibodies/acetyl-histone-
h3-lys27-d5e4-xp-174-rabbit-mab/8173

Rabbit polyclonal anti-Histone H3ac (pan-acetyl): https://www.thermofisher.com/antibody/product/Histone-H3ac-pan-acetyl-
Antibody-Polyclonal/PA5-114693

Rabbit polyclonal anti-Histone H3 (tri methyl K9): https://www.abcam.com/products/primary-antibodies/histone-h3-tri-methyl-k9-
antibody-chip-grade-ab8898.html

Rabbit polyclonal anti-trimethyl-Histone H3 (Lys27) Antibody: https://www.merckmillipore.com/DE/en/product/Anti-trimethyl-
Histone-H3-Lys27-Antibody, MM_NF-07-449°?ReferrerURL=https%3A%2F%2Fwww.google.com%2F

Rabbit polyclonal anti-Acetyl-Histone H3 (Lys56): https://www.cellsignal.com/products/primary-antibodies/acetyl-histone-h3-lys56-
antibody/4243

Rabbit polyclonal anti-Acetyl-Histone H4 (Lys8): https://www.cellsignal.com/products/primary-antibodies/acetyl-histone-h4-lys8-
antibody/2594

Rabbit polyclonal anti-Acetylated-Lysine: https://www.cellsignal.com/products/primary-antibodies/acetylated-lysine-antibody/9441
Rabbit polyclonal anti-Histone H2B: https://www.abcam.com/products/primary-antibodies/histone-h2b-antibody-chip-grade-
ab1790.html

Rabbit polyclonal anti-Histone H3: https://www.abcam.com/products/primary-antibodies/histone-h3-antibody-nuclear-marker-and-
chip-grade-ab1791.html

Rabbit monoclonal anti-Phospho-Histone H2A.X (Ser139) (20E3): https://www.cellsignal.com/products/primary-antibodies/phospho-
histone-h2a-x-ser139-20e3-rabbit-mab/9718

Rabbit monoclonal anti-SUV39H1 (D11B6): https://www.cellsignal.com/products/primary-antibodies/suv39h1-d11b6-rabbit-
mab/8729

Rabbit monoclonal anti-AHCYL1/IRBIT (D3A5G): https://www.cellsignal.com/products/primary-antibodies/ahcyl1-irbit-d3a5g-rabbit-
mab/94248

Rabbit monoclonal anti-Thymidylate Synthase (D5B3): https://www.cellsignal.com/products/primary-antibodies/thymidylate-
synthase-d5b3-xp-rabbit-mab/9045

Rabbit monoclonal anti-MTHFD1L (D8T7L): https://www.cellsignal.com/products/primary-antibodies/mthfd1l-d8t7I-rabbit-
mab/14999

Rabbit monoclonal anti-MTHFD2 (D8W9U): https://www.cellsignal.com/products/primary-antibodies/mthfd2-d8w9u-rabbit-
mab/41377

Rabbit monoclonal anti-SHMT1 (D3B3J): https://www.cellsignal.com/products/primary-antibodies/shmt1-d3b3j-rabbit-mab/80715
Rabbit monoclonal anti-MTHFR (D1E4V): https://www.cellsignal.com/products/primary-antibodies/mthfr-d1le4v-rabbit-mab/25164
Rabbit polyclonal anti-3-MPST: https://www.sigmaaldrich.com/DE/en/product/sigma/hpa001240

Rabbit polyclonal anti-a-Tubulin: https://www.cellsignal.com/products/primary-antibodies/a-tubulin-antibody/2144

Mouse monoclonal anti-Alpha-Actinin ACTN2: https://www.bosterbio.com/anti-alpha-actinin-antibody-monoclonal-ma1104-
boster.html

Goat polyclonal anti-cardiac troponin I: https://www.abcam.com/en-us/products/primary-antibodies/cardiac-troponin-i-antibody-
ab563577srsltid=AfmBOopI8LNpj210dbfOkINE3GGADhIsMgblw6QznfePZ0S0jZG410Cz

Mouse monoclonal Anti-phospho-Histone H2A X (Ser139): https://www.merckmillipore.com/DE/de/product/Anti-phospho-Histone-
H2A.X-Ser139-Antibody-clone-JBW301,MM_NF-05-636?ReferrerURL=https%3A%2F%2Fwww.google.com%2F

Mouse monoclonal anti-OCT3/4 (C-10): https://www.scbt.com/p/oct-3-4-antibody-c-10?productCanUrl=oct-3-4-antibody-
c-10&_requestid=798972

Mouse monoclonal anti-SP1: https://www.scbt.com/p/sp1-antibody-e-3?srsltid=AfmBOooHIlatg7dQ-
Br5rpFghpBVZSWKklil3yyt_M9pJbxRIR_sDUEVC_
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Rabbit polyclonal anti-NANOG: https://www.cellsignal.com/products/primary-antibodies/nanog-antibody/3580?
srsltid=AfmBOopHhn0zYBu5UxvkoAjVUr7A_ZYYJy1VSBHb34qcUCOB-blhemTE

Alexa Fluor® 647 Mouse Anti-Cardiac Troponin T Clone 13-11: https://www.bdbiosciences.com/en-nz/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/alexa-fluor-647-mouse-anti-cardiac-troponin-t.565744

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 555: https://www.thermofisher.com/antibody/
product/Donkey-anti-Mouse-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-31570

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488: https://www.thermofisher.com/
antibody/product/Donkey-anti-Mouse-|gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21202

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488: https://www.thermofisher.com/antibody/
product/Donkey-anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 555: https://www.thermofisher.com/
antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-31572

Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 555: https://www.thermofisher.com/antibody/
product/Donkey-anti-Goat-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A-21432

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647: https://www.thermofisher.com/
antibody/product/Donkey-anti-Mouse-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-31571

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Female HEK293T cells and male R1 mESCs were purchased from ATCC (CRL-3216 and SCRC-1011 ); male E14-NKX2-5-EmGFP
ESCs generated by Hsiao et al as described in : Marking embryonic stem cells with a 2A self-cleaving peptide: a NKX2-5
emerald GFP BAC reporter. PLoS One 3, e2532 (2008).

E14-NKX2-5-EmGFP ESCs line authentication was based on the detection of cellular green fluorescent protein. HEK293T cells
and R1 mESCs were authenticated by ATCC.

Mycoplasma contamination Cell lines were mycoplasma negative.

Commonly misidentified lines No commonly misidentified lines were used in the study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

The Lmna tm1.1Yxz/J and C57BL/6J mice were obtained from Jackson Laboratory. All animal experiments were performed according
to the regulations issued by the Committee for Animal Rights Protection of the State of Baden-Wirttemberg (Regierungspraesidium
Karlsruhe). Mice were housed in a specific pathogen-free animal facility under standard conditions with a 12 hour light/dark cycle ,
temperature of 20-25 degrees and humidity range of of 30-70%.Both male and female mice at the indicated in the figure legends
age were used within the study.

No wild animals were used in this study.
Both male and female mice at the indicated in the figure legends age were used within the study.
No field-collected samples were used in this study.

All animal experiments were performed according to the regulations issued by the Committee for Animal Rights Protection of the
State of Baden-Wiirttemberg (Regierungspraesidium Karlsruhe, Experimental protocol Az.: 1-25/09 and 35-9185.81/G-17/24).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

N/A

N/A

N/A
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ChlP-seq

Data deposition

|Z| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|Z| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links Sequencing data generated in this study have been deposited in GEO database under accession code GSE248534.
May remain private before publication.

Files in database submission ES_shControl_RNA_seq_r1
ES_shControl_RNA_seq_r2
ES_shControl_Lmna_KO_RNA_seq_rl
ES_shControl_Lmna_KO_RNA_seq_r2
ES_shCth_Lmna_KO_RNA_seq_rl
ES_shCth_Lmna_KO-_RNA_seq_r2
ES_shCbs_Lmna_KO_RNA_seq_rl
ES_shCbs_Lmna_KO-_RNA_seq_r2
ES_CTH_OE_RNA_seq_r1
ES_CTH_OE_RNA_seq_r2
ES_CBS_OE_RNA_seq_rl
ES_CBS_OE_RNA_seq_r2
ES_Control_H3K9acChlP_seq_rl
ES_Control_H3K9acChlP_seq_r2
ES_Lmna_KO_H3K9acChIP_seq_rl
ES_Lmna_KO_H3K9acChIP_seq_r2
ES_CTH_OE_H3K9acChlP_seq_rl
ES_CTH_OE_H3K9acChlP_seq_r2
ES_CBS_OE_H3K9acChIP_seq_rl
ES_CBS_OE_H3K9acChlIP_seq_r2
ES_Control_H3K27acChIP_seq_rl
ES_Control_H3K27acChIP_seq_r2
ES_Lmna_KO_H3K27acChIP_seq_rl
ES_Lmna_KO_H3K27acChIP_seq_r2
ES_CTH_OE_H3K27acChIP_seq_rl
ES_CTH_OE_H3K27acChIP_seq_r2
ES_CBS_OE_H3K27acChlIP_seq_rl
ES_CBS_OE_H3K27acChlIP_seq_r2
ES_Control_inputChlIP_seq_rl
ES_Control_inputChlIP_seq_r2
ES_Lmna_KO_inputChlIP_seq_rl
ES_Lmna_KO_inputChIP_seq_r2
ES_CTH_OE_inputChIP_seq_rl
ES_CTH_OE_inputChlIP_seq_r2
ES_CBS_OE_inputChIP_seq_rl
ES_CBS_OE_inputChIP_seq_r2
PLKO_LmnaKO_H3K9ac_repl
PLKO_LmnaKO_H3K9ac_rep2
LmnaKO_shCbs_H3K9ac_repl
LmnaKO_shCbs_H3K9ac_rep2
LmnaKO_shCth_H3K9ac_repl
LmnaKO_shCth_H3K9ac_rep2
In_PLKO_LmnaKO_repl.
In_PLKO_LmnaKO_rep2
In_LmnaKO_shCbs_repl
In_LmnaKO_shCbs_rep2
In_LmnaKO_shCth_repl
In_LmnaKO_shCth_rep2
ES_Ctr_H3K9me3_seq_rl
ES_Ctr_H3K9me3_seq_r2
ES_Lmna_KO_H3K9me3_seq_rl
ES_Lmna_KO_H3K9me3_seq_r2
ES_LmnaG609G_homo_H3K9me3_seq_rl
ES_LmnaG609G_homo_H3K9me3_seq_r2
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Genome browser session No longer applicable
(e.g. UCSC)

Methodology

Replicates RNA-Seq, Chip-Seq experiments were performed with at least two independent biological replicates.




Sequencing depth

ES_shControl_RNA_seq_rl. fq.gz, 36527932, single end
ES_shControl_RNA_seq_r2.fq.gz, 38941414, single end
ES_shControl_Lmna_KO_RNA_seq_rl.fq.gz, 34352653, single end
ES_shControl_Lmna_KO_RNA_seq_r2.fq.gz, 40680629, single end
ES_shCth_Lmna_KO_RNA_seq_rl.fq.gz, 34027415, single end
ES_shCth_Lmna_KO-_RNA_seq_r2.fq.gz, 36305274, single end
ES_shCbs_Lmna_KO_RNA_seq_rl.fq.gz, 33410706, single end
ES_shCbs_Lmna_KO-_RNA_seq_r2.fq.gz, 39094061, single end
ES_CTH_OE_RNA_seq_rl.fq.gz, 34883870, single end
ES_CTH_OE_RNA_seq_r2.fq.gz, 40336328, single end
ES_CBS_OE_RNA_seq_rl.fq.gz, 36172886, single end
ES_CBS_OE_RNA_seq_r2.fq.gz, 32936885, single end
mES_Ctr_LA_expl_r1,20897825, pair end

mES_Ctr_LA_expl _r2,21016738, pair end
mES_Ctr_LA_expl_r3,21322334, pair end
mES_LA_G609G_het_expl_r1,21831933, pair end
mES_LA_G609G_het_expl_r2,23192274, pair end
mES_LA_G609G_het_expl_r3,21976860, pair end
mES_LA_G609G_homo_expl_rl1,22956566, pair end
mES_LA_G609G_homo_expl_r2,23249595, pair end
mES_LA_G609G_homo_expl_r3,22928374, pair end
mES_Ctr_Lmna_exp2_rl, 26622967, pair end
mES_Ctr_Lmna_exp2_r2,20444308, pair end
mES_LA_G609G_homo_exp2_rl1,20939375, pair end
mES_LA_G609G_homo_exp2_r2,20474256, pair end
mES_LA_G609G_homo_CBSOE_exp2_r1,23471993, pair end
mES_LA_G609G_homo_CBSOE_exp2_r2,21856010, pair end
ES_Control_H3K9acChlIP_seq_r1, 13500280, pair end
ES_Control_H3K9acChlIP_seq_r2, 18198267, pair end
ES_Lmna_KO_H3K9acChIP_seq_rl, 17602321, pair end
ES_Lmna_KO_H3K9acChIP_seq_r2, 14343527, pair end
ES_CTH_OE_H3K9acChlP_seq_rl, 15114927, pair end
ES_CTH_OE_H3K9acChlP_seq_r2, 12930648, pair end
ES_CBS_OE_H3K9acChlP_seq_rl, 18232789, pair end
ES_CBS_OE_H3K9acChlP_seq_r2, 16344770, pair end
ES_Control_H3K27acChIP_seq_rl, 15766339, pair end
ES_Control_H3K27acChlIP_seq_r2, 18497279, pair end
ES_Lmna_KO_H3K27acChIP_seq_rl, 15627205, pair end
ES_Lmna_KO_H3K27acChlP_seq_r2, 16276725, pair end
ES_CTH_OE_H3K27acChlIP_seq_r1, 15271505, pair end
ES_CTH_OE_H3K27acChlIP_seq_r2, 14818565, pair end
ES_CBS_OE_H3K27acChlIP_seq_rl, 15465764, pair end
ES_CBS_OE_H3K27acChIP_seq_r2, 20599038, pair end
ES_Control_inputChlIP_seq_r1, 15001581, pair end
ES_Control_inputChlIP_seq_r2, 14271097, pair end
ES_Lmna_KO_inputChlP_seq_r1, 14198892, pair end
ES_Lmna_KO_inputChlP_seq_r2, 12555791, pair end
ES_CTH_OE_inputChlIP_seq_r1, 16341109, pair end
ES_CTH_OE_inputChlIP_seq_r2, 11350261, pair end
ES_CBS_OE_inputChIP_seq_r1, 2313708, pair end
ES_CBS_OE_inputChIP_seq_r2, 1293000, pair end
PLKO_LmnaKO_H3K9ac_rep1,24948564,single end
PLKO_LmnaKO_H3K9ac_rep2,25631029,single end
LmnaKO_shCbs_H3K9ac_repl1,29787426,single end
LmnaKO_shCbs_H3K9ac_rep2,29083801,single end
LmnaKO_shCth_H3K9ac_rep1,26801692,single end
LmnaKO_shCth_H3K9ac_rep2,26672179,single end
In_PLKO_LmnaKO_rep1,19718408,single end
In_PLKO_LmnaKO_rep2,11812384,single end
In_LmnaKO_shCbs_rep1,13755481,single end
In_LmnaKO_shCbs_rep2,15537788,single end
In_LmnaKO_shCth_rep1,25698816,single end
In_LmnaKO_shCth_rep2,18168241,single end
ES_Ctr_H3K9me3_seq_r1, 24959930, pair end
ES_Ctr_H3K9me3_seq_r2, 23706959, pair end
ES_Lmna_KO_H3K9me3_seq_rl, 23096993, pair end
ES_Lmna_KO_H3K9me3_seq_r2, 21754969, pair end
ES_LmnaG609G_homo_H3K9me3_seq_rl, 25998548, pair end
ES_LmnaG609G_homo_H3K9me3_seq_r2, 21665543, pair end
Day10_EB_Control_scRNA_seq_r1.fq.gz 388105318, pair end
Day10_EB_Lmna_KO_scRNA_seq_rl.fq.gz 375739739, pair end
Day10_EB_Lmna_KO_CTH_KD_scRNA_seq_rl.fq.gz 367193535, pair end
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Antibodies H3K9ac antibody: Cell Signaling Technology, 9649S; H3K27ac antibody: Active motif, 39135; H3K9me3 antibody: Abcam, ab8898;

Peak calling parameters = MACS14 (default settings)

Data quality ChIP-seq reads were trimmed with Trimmomatic, aligned to mm10 using Bowtie2, and PCR duplicates removed using Picard
MarkDuplicates.

Software Bowtie2 version 2.4.4, STAR version 2.7.3a, ngsplot version 2.47.1, Deseq2 version 1.28.1

Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
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|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation EBs were washed twice with HBSS and dissociated with 1 mg/ml collagenase | (Cell Systems, LS004196) at 37°C for 30 min.
Single cells were washed with 5% FCS/PBS and then blocked in 10% FCS/PBS buffer for 30 min at room temperature. For
FACS staining of intracellular markers, 400,000 single cells obtained from EBs were fixed with 3.7% (wt/vol)
paraformaldehyde for 30 minutes at room temperature. After washing twice in 5% FCS/PBS, cells were permeabilized with
0.5% saponin/5% FCS/PBS for 15 minutes on ice and incubated with 2.5 pl APC-conjugated anti-troponin T antibody (BD
Biosciences, 565744) in 100l permeabilization buffer for 2 hours at room temperature in a dark place. Cells were washed
three times with PBS and resuspended in FACS buffer for FACS analysis. For FACS analysis of OCT4, NANOG and Lamin A/C
expression, cells were first stained with OCT4 (Santa Cruz, sc5279, 1:40) ,NANOG (Cell Signaling, 3580S, 1:100) and lamin A/C
(Santa Cruz, sc-376248; 1:100) for 2 hours followed by staining with corresponding secondary antibody (Thermo Fisher
Scientific, 1:200) for 1 hour at room temperature. After washes with PBS, cells were resuspended in 300l FACS buffer for
FACS analysis. For the apoptosis assay by FACS, one million cells were stained with 5 pl APC Annexin V and 5 pl 7-AAD in 100
ul Annexin V Binding Buffer for 15 min at room temperature, following the manufacturer’s instructions for the APC Annexin V
Apoptosis Detection Kit with 7-AAD (BioLegend, 640930). Cells were then resuspended in 400 pl Annexin V Binding Buffer
and analyzed by FACS. Cardiomyocytes (CMs) and non-CMs were distinguished based on Nkx2-5 GFP expression. For ROS
detection, mESCs were incubated with 1uM of MitoSOX green (Invitrogen™, M36006) for 30 min at 37°Cin a 5% CO2 in
HBSS. After 3 washes with pre-warmed HBSS, cells were analyzed by flow cytometry with GFP channel.

Instrument BD FACSCanto I, BD FACSAria Ilu

Software Data were collected and analyzed using BD FACSDivaTM software(version8.0.1) and FCS Express™ 7.
Cell population abundance Post sorting confirmed the high purity of the sorted populations.

Gating strategy Unstained cells were used to define negative cell populations and set gates for analysis.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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