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Aswe age, structural changes contribute to progressive declinein organ

function, whichin the heart act through poorly characterized mechanisms.
Taking advantage of the short lifespan and conserved cardiac proteome

of the fruit fly, we found that cardiomyocytes exhibit progressive loss

of Lamin C (mammalian Lamin A/C homolog) with age, coincident with
decreasing nuclear size and increasing nuclear stiffness. Premature genetic
reduction of Lamin C phenocopies aging’s effects on the nucleus and
subsequently decreases heart contractility and sarcomere organization.
Notably, Lamin Creduction downregulates myogenic transcription factors
and cytoskeletal regulators, possibly viareduced chromatin accessibility.
Subsequently, we find arole for cardiac transcription factors in regulating
adult heart contractility and show that maintenance of Lamin C and

cardiac transcription factor expression, prevents age-dependent cardiac
decline. Our findings are conserved in aged nonhuman primates and

mice, demonstrating that age-dependent nuclear remodeling is a major
mechanism contributing to cardiac dysfunction.

With aging comes a progressive decline in organ function'?, but age-
related decline in heart performance is especially critical as cardio-
vascular disease is the leading cause of mortality worldwide’. Aging
results in the progressive loss of structural organization*®, which can
limit contractility"® and result in heart failure’. High prevalence of
age-related cardiac dysfunction may in part be because cardiomyo-
cyte (CM) renewal is limited® and therefore, maintenance of cardiac
function over time must rely on compensatory mechanisms; these
are multifaceted but are tightly linked to the integrity of key struc-
tural elements, for example, intercalated discs, sarcomeres and the
extracellular matrix. Reducing force on CMs or compensating with
transgenic overexpression of intercalated disc proteins can partially

reverse heart dysfunction by restoring structural organization and
gene expression®’. As physical forces transduced to the nucleus can
impact chromatin organization and induce changes in gene expres-
sion’™, nuclear changes may similarly be a mechanism contributing
to age-associated cardiac dysfunction.

Structural changes in the nucleus are primarily governed by the
nuclear lamina, an intermediate filament meshwork composed of A-
and B-type Lamins. The lamina s tethered to the cytoskeleton'" via the
linker of the cytoskeleton (LINC) complex® ™ as well as to chromatin'**
via lamina-associated domains (LADs)*. Along with the perinuclear
cytoskeleton”and chromatin'*", the nuclear lamina regulates nuclear
properties, including stiffness, size and shape'”?°. In mechanically
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active tissues, lamin mutations can give rise to muscular dystrophy?**

and cardiomyopathies®, which also manifest in premature aging
syndromes, for example, Hutchinson-Gilford progeria syndrome
(HGPS)*. Lamin mutations cause dysmorphic nuclei, epigenetic dys-
regulation and DNA damage®**; however, changes in nuclear shape,
which are conserved from invertebrates*~ to humans®, have been
observed upon aging in the absence of lamin mutations. Age-related
changesin nuclear shape also accompany loss of heterochromatin®**
and accumulation of DNA damage?. In some cases, progerin (trun-
cated Lamin A; LamA) has been identified in aging skin® and dilated
cardiomyopathy*’ in the absence of gene mutation. Furthermore,
lamin expression decreases with age in some tissues***, with loss of
Lamin B (LamB), awell-known aging marker*?, and which may decrease
CM regenerative capacity and increase ploidy**. LamA and Lamin C
(LamC), two splice variants of the Imna gene) are the dominant adult
cardiac Lamins and age-associated reduction has been observed in
mouse CMs*, but how lowered expression influences heart function
and cardiac aging is unknown. Insights from LamA haploinsufficient
mutant mice suggest that Lamin reduction is as detrimental to heart
function as progerin mutants; mice develop dilated cardiomyopathy
vialoss of sarcomere-nuclear coupling, show defective nuclear trans-
portand failto activate compensatory hypertrophic pathways®. Thus,
age-associated changes to nuclear shape and Lamin composition,
hereinreferred to as nuclear remodeling, could be amajor mechanism
contributing to organ dysfunction, yet mechanisms contributing to
age-dependent nuclear changes and how they affect tissue function
remain elusive.

To investigate a role for age-dependent nuclear remodeling
in regulating heart function, we primarily employ the invertebrate
Drosophila melanogaster. Drosophila have a short lifespan, possess
asimple tubular heart, which has a conserved cardiac proteome to
humans*¢andimportantly, undergo age-dependent cardiac decline>”’.
We identified age-dependent remodeling unique to CM nuclei that
is strongly influenced by an age-dependent reduction of LamC, the
fly homolog to mammalian Lamin A/C. Genetic reduction of LamCin
young flies phenocopies age-associated nuclear stiffening, decreases
heart contractility and sarcomere disorganization and ultimately
shortens lifespan. We show that LamC loss decreases expression of
cardiomyocyte transcription factors, as well as cytoskeletal regulators,
possibly by reducing their chromatin accessibility. Genetic reduction
of CMtranscription factors phenocopies age-dependent loss of heart
function, while preserving their expression by expressing LamC or
Hand exogenously delays cardiac decline. CM age-associated nuclear
shrinkageis conserved from flies to nonhuman primates and therefore
presents nuclear remodeling as a major mechanism contributing to
age-related organ dysfunction.

Results

Cardiomyocyte nuclei remodel during aging

Tounderstand whether age-associated nuclear remodeling influences
heart function, we first sought to characterize how nuclear properties
change uponaginginthe Drosophila heart. Using two wild-type strains
(w™ and yw), we measured nuclear size and shape at 1, 3 and 5 weeks
post-eclosure for surgically exposed hearts and specifically the A2-A3
region (Fig.1a). Our high-throughput two-dimensional (2D) segmenta-
tion approach showed that commonto both strains, CM nuclei decrease
in cross-sectional area and become more circular upon aging (Fig. 1b
and Extended DataFig.1a-c), whichis contrary to observations in other
cell types, for example, skeletal muscle nuclei’* and fibroblasts®. To
exclude that our observations were an artifact of our protocol, we
segmented nuclei from the syncytial ventral muscle that overlays the
CM pairs within the same confocal images (Fig. 1a). Here, we found
that ventral muscle nucleiincrease in size upon aging, suggesting the
reductionin nuclear size is CM specific (Extended Data Fig. 1d). Nuclear
atrophyis conservedinthree dimensions, as we found that CM nuclear

volume also decreases with age in w"*flies (Fig. 1c and Extended Data
Fig.1le). Asmorphology and mechanics are often linked, we measured
nuclear stiffness at 1and 5 weeks of age using atomic force microscopy
(AFM). CM nuclei, selected based on Hand-promoter-specific nuclear
green fluorescent protein (GFP) expression and size (smaller than the
pericardial nuclei), were more than twofold stiffer in aged flies (Fig. 1d).
Together, our results show that CM nuclei become smaller, more cir-
cular and stiffer with age.

Cardiomyocyte Lamin RNA and protein decrease during aging
Toidentify candidate genes that may regulate age-associated nuclear
structural changes, we performed bulk RNA sequencing (RNA-seq)
on isolated Drosophila heart tubes (Fig. 2a and Supplementary
Table 1). Approximately 1,494 differentially expressed genes (DEGs;
-1.25 > fold change (FC) > 1.25, (false discovery rate (FDR)-adjusted
Pvalue (P,q) < 0.05) were identified and based on Gene Ontology (GO)
analysis, represented terms primarily related to the cytoskeleton and
sarcomere, extracellular matrix (ECM) and adhesion, and chromatin
regulationand nuclear envelope (Fig. 2b and Supplementary Table 2).
Many DEGs inthis latter ontology (Extended Data Fig. 2a) are common
to age-related terms, for example, DNA damage, repair and histone
regulation (Extended DataFig. 2b). Notably, several nuclear envelope
genes were downregulated, including LamC, two homologs of nesprin,
LINC complex proteins, Klarischt (Klar) and Msp300 (Fig. 2¢). Utilizing
RNA insituwith hybridization chainreaction (HCR)* to visualize mes-
senger RNA transcripts and confirm transcriptome analyses specifically
in CMs, we found that LamC mRNA expressionindeed decreases upon
aging as did LamB transcripts (Extended Data Fig. 2C,D) consistent
with other aging systems*. Other cell types present in the heart may
explain the absence of differential expression for LamB in bulk RNA-
seq (Fig. 1a). Single nuclear RNA-seq performed as part of the Fly Cell
Atlas* indicates that CMs may represent only 3.5% of the heart nuclei
and thus is a caveat to our bulk RNA-seq approach. Subsequently, we
verified via corrected total nuclear fluorescence (CTNF) thatsize-nor-
malized expression of LamB and LamC decreased upon aging (Fig. 2d
and Extended Data Fig. 2e); however, unlike in progeria and aged donor
fibroblasts where Lamin A/C relocates from the nucleoplasm to the
nuclear envelope”, Lamins did not redistribute within aged nuclei
(Extended Data Fig. 2e).

Lamin Creduction phenocopies age-related nuclear and
cytoskeletal remodeling and shortens lifespan
Strong evidence from patients with laminopathies™*’ suggests that
Lamins regulate cell function and contribute to heart dysfunction®;
however, evidence does not suggest what effects, if any, Lamins might
have in aged hearts. Therefore, we sought to determine the effect of
Lamin downregulation on CM function. We utilized Hand**-Gal4, aheart
(CMs and pericardial cells)-specific driver, to drive the expression of
interfering RNA (RNAi) and verified cardiac-specific knockdown (KD)
for LamB and LamC, relative to their background controls (attp40 for
LamBRNAi and attp2 with Luciferase control RNAi for LamCRNA:i; Fig.
3aand Extended DataFig.3A,B). To mark nuclei, we stained the Lamin
isoform not targeted by RNAi and found that LamC and LamB reduc-
tion decreased nuclear areaand perimeter compared to age-matched
controls. Only LamBRNAinuclei were more circular at 1week than the
attp40 control (Fig. 3b and Extended Data Fig. 3C). By 4 weeks of adult-
hood, controls undergoing age-associated remodeling more closely
mirrored RNAi effects observed at1week (Extended DataFig.3D). These
distinct effects on nuclear morphology indicate that LamCand LamB
may influence nuclear properties differently. Indeed, nucleiextracted
from LamCRNAi hearts at1week were stiffer than age-matched controls
and mimicked 4-week-old control nuclei, whereas LamB RNAi heart
nucleiwere softer than controls and did not phenocopy aging (Fig. 3c).
Along with nuclear stiffness, we found differential effects on
heart function upon LamB or LamC reduction. Surgically exposed
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Fig.1|Age-associated changesin cardiac nuclear morphology and
mechanics. a, Schematic of ventral Drosophila body plan with the heart tube
inthe abdomen highlighted in blue. Expanded view of the heart tube shows
acoronal (xy) confocal section through the heart tube (center) as wellas a
transverse (xz) confocal section and schematic to highlight nuclear positionin
the luminal space (right). Asterisks indicate CM nuclei. Scale bar, 20 pm.

b, Images of w*#fly nuclei (left) and plot of their corresponding 2D projection
data (right). Scale bar, 5 um. n = 96,116 and 141 nuclei for 1-, 3- and 5-week-old
adults, respectively. Images were obtained from separate experimental imaging
sessions and thus the brightness of the LamB staining was autoscaled to highlight

nuclear edge and not to represent local protein concentration. ¢, 3D renderings
of cardiac nuclei (left) and their corresponding for volume and surface area.
n=27,37 and 34 nuclei for 1-, 3- and 5-week-old adult w'* flies respectively.

d, AFM nuclear indentation schematic (top) and plot of stiffness values (Young’s
modulus), for nuclei of w*flies (bottom). n = 35 and 28 nuclei for 1- and 5-week-
old adults, respectively. **P <1072 and ****P <10 by one-way analysis of variance
(ANOVA) with Tukey multiple comparisons test (b,c) and two-sided unpaired
t-test with Welch'’s correction (d). Error bars (b,c) refer to mean + s.d. and show
min to max, with median and 25th and 75th interquartile range (d).

hearts from 1- and 4-week-old adults were subjected to live, high-
speed imaging®’. We observed that 1-week-old LamC RNAIi hearts
decreased in fractional shortening (Fig. 3d,e) (the difference of sys-
tolic and diastolic heart diameters divided by the diastolic diam-
eter), relative to 1-week-old controls (Extended Data Fig. 3E,F) and
were therefore less contractile. Conversely, LamB RNAi hearts only
exhibited age-associated decreases in fractional shortening com-
parable to the attp40 background control (Fig. 3d,e). As hearts with
reduced LamC were less contractile, we examined how organized
the sarcomeres (the contractile unit of CMs) were to assess whether
organization might account for reduced fractional shortening. Using

anautomated, unbiased Fourier transform analytic®, we found a sig-
nificant decrease in CM sarcomere organization for 1-week-old LamC
RNAi hearts relative to age-matched controls, which phenocopies
the less organized 4-week-old control adult heart. Consistent with
functional data, LamB RNAi hearts exhibited only age-associated
reductionin sarcomere organization (Fig. 3f,g). As heart function is
tightly linked to survival in Drosophila, we observed that only LamC
RNA:i flies had shortened lifespan (Fig. 3h), especially for adult flies
of median age, compared to the background control. These results
suggest that LamCloss during aging may contribute to heart dysfunc-
tion via sarcomere disorganization.
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Fig.2|Natural aging downregulates nuclear envelope proteins. a, Volcano
plot and heat map of bulk RNA-seq from surgically dissected heart tubes. FC
represents 5-week-old w"** fly hearts normalized to 1-week-old hearts and P,
values were computed from quadruplicate repeats. A total of 1,494 DEGs were
assessed from cutoffs of -0.32 > log,(FC) > 0.3, (or -1.25>FC > 1.25) and P,4;< 0.05
(dashed lines) from comparisons of 15 fly hearts in quadruplicate biological
replicates; DEGs increasing and decreasing with age are shown in green and
purple, respectively. Heat maps are normalized within each gene/row. b, The top
100 molecular function and cellular component GO terms are plotted based on
elimination pruning Pvalue. Terms related to cytoskeleton and sarcomere, ECM
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and adhesion, and chromatin remodeling and nuclear envelope are annotated by
color. ¢, Givenas absolute FC, the expression of selected genes associated with
nuclear envelope terms are plotted, with LamC expression noted with italics.

d, Confocal projectionimages of CM nuclei showing LamB and LamC expression
with age (left). Scale bar, 5 um. CTNF (right), which adjusts for nucleus size, is
plotted for LamBand LamCas a function of adult fly age. n = 141,124,116, 114,107
and 69 nuclei per condition from left to right for LamC and LamB aged 1-, 3- or
5weeks of adulthood, respectively. ****P <10~ by one-way ANOVA with Tukey
multiple comparisons test. Error bars refer tomean +s.d.

Aging and Lamin Creduction alter chromatin accessibility at
mesoderm transcription factor loci

While heart dysfunction may occur via sarcomere disorganization,
the common upstream mechanism for LamCRNAi and natural aging
are unknown. Given Lamin’s role in anchoring chromatin and their
link to cardiomyopathies™, we hypothesized that cardiac dysfunction
induced by Lamin deficits could be mediated by changes in chro-
matin organization. Assay for transposase-accessible chromatin
sequencing® (ATAC-seq) was performed on isolated heart nuclei
and we verified detection of accessibility peaks mapping to Dros-
ophilaheart-specific and enriched genes Hand and tinman (tin) and
sarcomere genes Tropomyosin and Mhc (Fig. 4a). Subsequently, we
compared differentially accessible regions (DARs) for 1- and 5-week-
old wild-type (w™™), 1-week-old LamCRNA.i (versus attp2 background
control) and 1-week-old LamB RNAi (versus attp40 background con-
trol) hearts (-1.25 > FC >1.25, P,4;< 0.1). There were more DARs with
aging compared to RNAi hearts (Fig. 4b and Supplementary Table 3),
likely because aging impacts all cardiac-related cells, whereas the
RNAiwas expressed only in CMs, whichare asubset of all cells present
inthe heart tube (Fig. 1a). Notably, with less LamC, hearts had more
DARs that were less accessible versus more accessible, animbalance
also observedin aging hearts (67.5% less accessible and 55.9% more
accessible DARs). Conversely, LamB RNAi had fewer DARs overall and
fewer that were less accessible (38.0%). Thus, while nuclei get smaller
and stiffer in aged and LamC RNAi hearts, there are also changes in
chromatin accessibility.

These data could suggest that LamCreduction might have effects
on specific chromatin domains during aging, thus we asked to what
extent the same genes were affected in the same direction (more or
less accessible) for both aging and 1-week-old LamC RNAi. Analysis
of DARs common to both datasets indicated that 68% of DARs were
co-regulated, with more than half of the common DARs being less
accessible (Fig. 4c and Supplementary Table 4). Conversely, more than
half of the DARs shared between LamB RNAi and aging were mutually
more accessible. These results indicate that LamC and LamB may dif-
ferentially contribute to age-associated changes, with LamCreduction
conferringadecreasein accessibility associated with a declinein heart
performance.

To better understand how mutual DARs might contribute to
loss of function, we identified the ontological terms associated with
the genes most proximal to the less accessible regions. Mutually
less-accessible genes revealed terms for contractile fibers and cell
cortex in addition to differentiation, development and morpho-
genesis (Fig. 4d and Supplementary Table 5). Notably, the most
highly significant terms contributed genes including the Snail-type
transcription factor Escargot and the heart-specific transcription
factor Hand (Fig. 4e), which do not change in accessibility for LamB
RNAI (Fig. 4f). Hand is required for invertebrate and vertebrate CM
specification® and therefore may function beyond development to
maintain cardiac programs. If reduced chromatin accessibility leads
to protein loss upon aging, it is possible that downstream cardiac
expression could be dysregulated.
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Fig.3|LamC, but not LamB, impacts cardiomyocyte aging, heart function
andlifespan. a, Confocal cross-section images are shown for transgenic flies
knocking down LamB and LamCby RNAi (iR; right) and their background fly line
(left). Dashed lines indicate nuclear position based on DNA. Scale bar, 5 um. b,
Plots quantifying nuclear area (left) and circularity (right) based on confocal
images of LamB and LamCRNAi lines and their genetic control background at 1
week of adulthood. n =111, 95,46 and 90 (hearts per condition; left to right). c,
Plot of Young’s modulus values is shown for nuclei of the indicated adult ages
for LamC (green), LamB (blue) RNAi and their control strains (gray).n =53, 36,
63,35,38, 31,52 and 46 (hearts per condition; left to right). d, Representative
kymographs of surgically exposed heart tubes for LamC (green), LamB (blue)
RNAi and their control strains. White arrows mark the diastolic and systolic
diameters. e, Fractional shortening at1and 4 weeks of adulthood is plotted for

80

LamC (green) and LamB (blue) RNAi and their control strains. n =21,18, 21,23,
27,20,22 and 20 (hearts per condition; left to right). f, Representative images of
a-actinin staining for the indicated transgenic flies and their control backgrounds
(paired by row) used to calculate organizational index in g. Scale bar,10 pm. g,
Organizational index s plotted for each heart tube. n=22,19, 32,26, 31, 25,15 and
14 (hearts per condition; left to right). h, Kaplan-Meier survival curve for LamC
(green) and LamB (blue) RNAi and their control strains. 102,148, 95 and 200

flies for attp2, LamCRNAi, attp40 and LamB RNAI, respectively, were used in the
plot.*P<0.05,**P <1072, **P <10 and ***P <10™* by one-way ANOVA with Tukey
multiple comparisons test (b-g). ****P <10~ based on log-rank (Mantel-Cox) test
(h). Error bars refer to mean + s.d. (b,g) and min to max, with median and 25th and
75thinterquartile range (c,e).

Lamin Closs induces aging expression profile and represses
cardiomyocyte transcription factors

To assess whether altered chromatin accessibility might lead to tran-
scriptional dysregulation and if other cardiac-specific transcription
factors were affected, we performed bulk RNA-seq for aged attp2

background control and LamC RNAi hearts. We observed 344 DEGs
resulting from heart-specific LamCloss at1week of age and 1,998 DEGs
between 1- and 5-week-old attp2 background flies (-1.25>FC >1.25,
P,;;<0.05; Fig. 5a and Supplementary Tables 6 and 7). When compar-
ing the attp2 and w™® backgrounds, we found 688 common DEGs as a
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Fig.4 | Chromatin accessibility decreases with age and LamCRNA:i at sites
of myogenic control. a, Map of accessibility peaks for Drosophila cardiac
transcription factor genes Hand (top) and tinman (tin; top middle) and
sarcomere genes Tropomyosin (Tm1 and Tm2; bottom middle) and Mhc (bottom).
Data are shown in triplicate sequencing runs using 1-week-old adult w"*flies;
three lines plotted in the panel for 50 pooled hearts per replicate. b, Volcano
plots of the indicated aging or transgenic comparisons of DARs from ATAC-seq,
assessed from -0.32 > log,(FC) > 0.3, (or -1.25 > FC >1.25) and P,4; < 0.05. The
number of peaks is annotated at the bottom for each comparison indicating if
theregionis more (black) or less (red) accessible relative to the comparator line.
¢, Scatter-plot is shown for ATAC-seq data comparing log,(FC) in accessibility

for genes based on effects from aging and LamC (green) or LamB (blue) RNAI.
Percentages of datain each quadrant are shown. d, Top GO terms are plotted for
co-downregulated peaks (closest associated gene) in aged and LamCRNAi fly
comparisons and ordered based on the FDR-adjusted Pvalue. e, Genes within
the anatomical structure term were plotted for their fold change for aging (gray)
and LamCRNAi (green). Genes names in red represent myogenic transcription
factors or muscle-specific structure proteins. f, Map of accessibility peaks for the
myogenic transcription factor Hand. Arrows indicate the location of acommon
DARin Hand that is present and reduces in aged and LamCRNAi flies but notin
LamBRNA: flies. Multiple lines per map indicate multiple sequencing runs of
biological replicates. DAR fold change is annotated for each comparison.

function of age thateitherincreased or decreased mutually (Extended
DataFig.4A-Cand Supplementary Table 8). We then identified mutu-
ally significant DEGs from LamCRNAi and aged hearts and observed
that 110 DEGs of known function were presentin both conditions (bot-
tom left and top right quadrants; Fig. 5Sb and Supplementary Table 9).
The common DEGs yield biological process GO termsrelated to aging

(red; Fig. 5c and Supplementary Table 9), suggesting that LamC loss
creates differential gene expression similar to natural aging. We also
observedterms previously identified from ATAC-seq, including anatom-
ical structure development and morphogenesis (blue; Fig. 5c), in which
CM transcription factors tin and H15 were downregulated (Fig. 5d).
The imperfect overlap of the RNA and ATAC-seq may be accounted
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for by differences in processing of heart tissue before isolation, for
example RNA extraction was performed fromintact heartsimmersedin
Quizol, whereas nuclei were first isolated by mechanical disruption and
detergent-based lysis for ATAC-seq. HCR validated CM specificity of tin,
H15and Hand (as found to be less accessible in ATAC-seq) and showed
that all three were reduced upon aging and LamC RNAi (Fig. 5e,f).
Conversely for LamB RNAI, hearts showed only an aging phenotype
and no effect from the loss of LamB (Extended Data Fig. 4d,e). As the
CM transcriptional network is highly conserved in mammals, and the
potentialimportance of cardiac transcriptional changes on heart func-
tion, we focus our attention on Hand, Tin and H15 herein.

To confirm that LamC-dependent nuclear remodeling mediates
the reduction of CM transcription factors rather than an off-target
effect of the RNAI, we utilized heterozygous LamC null mutant flies®”.
We observed that LamC excision mutants, LamC® (375-bp deletionin
the first exon) and LamC?** (560-bp deletion in the first exon), reduce
LamC expression and nuclear size compared to wild-type back-
ground controls (Extended Data Fig. 4F,G) and similarly to LamCRNAi
(Fig.3a,b). Weidentified a corresponding reduction in heart contrac-
tility compared to the background control, which for at least LamC™
induced systolic dysfunction like heart-specific LamCRNAi (Extended
Data Fig. 4H and Fig. 3d,e). Subsequently we confirmed that the CM
transcription factors Tin, Hand and H15 were also downregulated in
atleast one heterozygous LamC mutant line (Extended Data Fig. 41,)).
Thus, we confirm a conserved LamC-dependent role inregulating CM
transcription factor expression.

Our results thus far show that LamCloss occurs with age, makes
nuclei smaller and stiffer, decreases CM transcription factor accessibil-
ity and expression and then disrupts sarcomeres to cause contractile
dysfunction; however, our results do not yet establish whether loss of
amyogenic program s critical for adult myocyte function.

Adult-onset myogenic transcription factor loss induces heart
dysfunction, whereas maintaining Lamin C preserves heart
function

The importance of myogenic transcription factors is highlighted by
substantial sarcomere defects present when any one factor is silenced
throughout development (Extended Data Fig. 5A; top). We therefore
sought to assess whether CM transcription factor loss in adulthood,
dueto age-associated LamCloss, could also influence heart function.
To approachthis, we reared Hand-Gal4 RNA:i flies from the embryonic
to pupal stages at 18 °Cto lower the efficiency of the Gal4-UAS expres-
sion system*® and then upon eclosure, the adult fly was transferred to
25°Ctoinducestrongexpression while aging (Fig. 6a). Inthe case of CM
transcription factor KD, the lowered efficiency of Gal4-UAS decreased
the expression of RNAi to allow for structurally normal heart develop-
ment (Extended Data Fig. 5A; bottom). We then assessed how RNAi
in the adult fly influenced heart function; we observed a decrease in
fractional shortening for Hand and Tin RNAi that proved similar to LamC
RNAI. While HI5RNAi did not yield a significant decrease, it indicated

atrend toward decreased contractility (Fig. 6b and Extended Data
Fig.5B-G).Inaddition, we used acomplementary method, employing
the temperature-sensitive suppressor of Gal4, TubGal80", with the
heart-specific driver Hand-Gal4 to assess the role of CM transcription
factors in the adult heart. To suppress Gal4-UAS-driven expression
during development, flies were reared at 18 °C, then at eclosure, 50%
ofadult flies were maintained at the permissive temperature (18 °C) or
shifted to the non-permissive temperature (29 °C) at which denatura-
tionofthe Gal80 suppressor enables high-efficiency Gal4-UAS expres-
sion (Extended Data Fig. 5H). Live heart imaging showed that loss of
each transcription factor in adults (2 weeks after temperature shift),
still caused asignificant decreasein fractional shortening compared to
control backgrounds, which exhibited aslight but insignificant reduc-
tioninfractional shortening possibly due torelative differences inaging
between flies maintained ateach temperature, as higher temperatures
accelerate aging (Extended Data Fig. 5i-m).

Conversely, we asked whether adult-onset LamC overexpression
could preserve myogenic factor expression and function with age.
Using the method described in Fig. 6a, we induced higher levels of
exogenous LamC expression upon eclosure and aged flies up to 7
weeks at 25 °C. We observed that nuclear area was preserved despite
aging when compared to the LacZ overexpression (OE) control; we
note that LamC OE induced nuclear divisions and thus data represent
total nuclear area per CM (Extended Data Fig. 6A,B). Subsequently,
we found that sustained LamC expression up to 7 weeks, preserved
fractional shortening and cardiac transcription factor expression
compared to control (Fig. 6¢c-e). These observations were consistent
with results using the alternative tubGal80" temperature-sensitive
induction system (Extended Data Fig. 6E-0). Finally, we asked whether
overexpression of a single CM transcription factor was sufficient to
preserve heart function upon aging and to mimic the influence of
preserved LamC using the 18 °C to 25 °C method (Fig. 6a). We found
thatHand OE generated viable adult flies, preserved heart contractility
up to 7 weeks compared to controls and led to elevated expression of
Hand, Tinand H15 transcription factors compared to controls at least
to 4 weeks of age, suggesting a degree of co-regulation (Fig. 6f,g and
Extended Data Fig. 6C,D). Together, our results establish that adult
loss of myogenic programs is mediated by age-associated LamCloss,
which may modulate their chromatin accessibility and subsequently
reduces adult CM function (Fig. 7a).

Nuclear remodeling and myogenic transcription factor lossis
conserved in mice and nonhuman primates

Despite physiological differences between tubular and chambered
hearts, there is noteworthy overlap between the Drosophila and
human cardiac proteomes*¢. We therefore sought to assess whether
similar structural and transcriptional changes are conserved from
the fly heart to the mammalian heart*. We observed in both mouse
and monkey heart sections that nuclear size decreased and circular-
ity increased upon aging, as we found in the fly heart tube (Fig. 7b,c).

Fig. 5|LamCloss transcriptionally regulates myogenic transcription factors.
a, Volcano plot and heat map of bulk RNA-seq from surgically dissected heart
tubes from LamCRNA:i flies compared to attp2 control background flies at 1

week of age. The 344 DEGs were assessed from cutoffs of -0.32 > log,FC > 0.3, (or
-1.25>FC>1.25) and P,4;< 0.05 (dashed lines) from comparisons of 15 fly heartsin
quadruplicate biological replicates; DEGs increasing and decreasing with LamC
RNAiare showningreen and purple, respectively. Heat maps are normalized
within each gene/row. b, Scatter-plot comparing log,FC fromaging (1and 5
weeks of age) and LamCRNAi compared to control background (attp2). Number
of DEGs represent genes of known function. Data were categorized based on

the cellular component GO term most closely matched. Distance from the red
dashed line of unity was used identify co-regulated genes whose biological
process GO terms were annotated and ordered based on their FDR Pvalue (c).

d, Genes within the anatomical structure term were plotted for their fold change

for aging (gray) and LamCRNAi (green). Genes names in red represent myogenic
transcription factors or muscle-specific structure proteins. e,f, Representative
images of in situ HCF for transcription factors H15, Hand and tin, co-stained with
4,6-diamidino-2-phenylindole (DAPI), for LamCRNAi and control attp2 flies at 1
and 4 weeks of adulthood (e) with quantification for each transcription factor (f)
also shown (right) and quantification of the per cell percent area covered by each
transcript. For HIS, n =39, 76, 64 and 45 cells for 1-week-old control, 1-week-old
LamC RNAI, 4-week-old control and 4-week-old LamCRNAI, respectively. For
Hand,n=71,84,52and 43 cells for 1-week-old control, 1-week-old LamCRNAi,
4-week-old control and 4-week-old LamCRNAI, respectively. For tin,n = 69,
101,103 and 85 cells for 1-week-old control, 1-week-old LamCRNAi, 4-week-old
control and 4-week-old LamCRNAI, respectively. *P < 0.05, P <1072, **P< 107
and ****P <10~* by one-way ANOVA with Tukey multiple comparisons test. Bars (f)
represent min to max, with median and 25th and 75th interquartile range.
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Furthermore, immunofluorescence staining of the mouse heart sec-
tions confirmed reduction of Lamin A/C (Fig. 7b), consistent with that
seenin Drosophila.Subsequently, we found that mammalian homologs

genes. These data suggest that the functional decline attributed to
CMtranscriptionfactorlossinflies could be aconserved mechanism,
caused in part by physical remodeling of the nucleus.

of fly transcription factors Hand1, Nkx2.5 (homolog of tin) and Thx20

(homolog of H15) significantly decreased expression in aging mice
hearts (Fig. 7d and Extended Data Fig. 7A,B) and that Hand1, Hand2
and Nkx2.5 significantly decreased in expression in aging nonhuman
primate rhesus macaque hearts (Fig. 7e and Extended Data Fig. 7C,D),
when normalized to at least one of three different, stable housekeeping

Discussion

The role that nuclear remodeling has on heart function during natu-
ral aging has thus far been largely unexplored. Here, we demonstrate
that CM nuclear remodeling (age-related loss of nuclear lamins), is
intimately linked with tissue-level dysfunction. Genetically inducing
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Fig. 6 | Myogenic transcription factors maintain heart contractility in
aged flies. a, Schematic of temperature-sensitive transgenic expression where
18 °C minimizes Gal4-mediated expression up to adult fly eclosure. At 25 °C
transgene expression is high enabling assessment of gene role in adult heart.
b, Quantification of fractional shortening for surgically exposed hearts with
Hand-Gal4 driving expression of LamCRNAi (green), Hand RNAi (red), Tin
RNAI (pink) and respective control attp2 (gray) and HISRNA.i (blue) with attp40
control (gray) with temperature schedule shownina; n=10,12,18,15,19 and 14
(heart tubes left to right). ¢, Fractional shortening plots for Hand-Gal4-driven
LamC overexpression (OE) by the regime shown in a with control, OE of LacZ;
n=20,20,16,19,18,16 (heart tubes per age, left to right). d, Representative

images of RNA in situ with HCF for Hand, H15 and Tin transcripts, with
corresponding quantification of the per cell, percentage area for each transcript,
for LacZ controland LamCOEineand Hand OEingeach at1,4 and 7 weeks at
25°C.Scalebar,5pm.e, n=36,47,27,34,29,43 (CM nuclei per genotype per age,
left to right). f, Fractional shortening plots for Hand-Gal4-driven expression of
Hand OE by the regime shown in awith control, OE of LacZ; n =20, 20, 16, 21,19,18
(hearttubes per age, left toright). g, n=36,47,27,30, 35, 35 (note, same control;
CM nuclei per age, left to right). *P < 0.05,*P <1072, **P<102and ***P<10™*

by one-way ANOVA with Kruskal-Wallis test and Dunn’s comparisons test (b)

and two-way ANOVA with Sidak’s multiple comparisons test. In all graphs, bars
represent min to max, with median and 25th and 75th interquartile range.
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Fig.7|Nuclear remodeling induces adult-onset transcription factor loss, a
process conserved in mice and nonhuman primates. a, Schematic depicting
how age-associated, cardiac-specific reduction of nuclear lamins reduces nuclear
volume and chromatin accessibility, especially for myogenic transcription
factors. With less muscle transcription from key cardiac loci, sarcomeres become
disordered with age and heart function is reduced. Lamin OE can overcome
age-associate reduction and preserve function. b, Immunofluorescent staining
of mouse heart sections at 9 and 29 months of age with anti-LamA/LamC

(green) and DAPI (magenta). Scale bar, 30 um. Below shows plots of projected
nuclear area and circularity with respective ages; n = 3 biological replicates

and three technical replicates. ¢, Immunofluorescent staining of monkey left
ventricle sections at 8.9 and 25.5 years of age with anti-LamA/LamC (green)

and DAPI (magenta). Scale bar, 30 pm. Plots of projected nuclear area and

circularity with respective ages (bottom); n = 3 biological replicates and three
technicalreplicates. d,e, qPCR results are plotted for mouse (d) and rhesus
macaque (e) for the myogenic transcription factors Hand1, Hand2, Nkx2-5and
TBX20 as normalized by housekeepers Eeflel, Rpl4 and ACTB for mouse and
Rpl13a, Rpl20 and TUBB2 for macaque. Data were normalized to maximum

and minimum expression within each gene and housekeeper for heat map. Bar
graphand regression indicate the mean expression and s.e.m. across all genes
and housekeepers for each animal; = 0.50 and 0.71 for mouse and macaque,
respectively. *P < 0.05,**P <1072, **P <102 and ***P <10"* by two-sided unpaired
t-test (b,c, circularity) and with Welch’s correctionin (b,c, nuclear area).
Significance in d and eindicate deviation from O for simple linear regression.
Error bars (b, left and center, ¢) refer to mean * s.d. and min to max, with median
and 25th and 75th interquartile range (b, right).

nuclearremodeling leads to reductionin heart contractility, sarcomere
disorganization and shortens lifespan by mimicking transcriptional
changesthat occurinnatural aging. Our findings suggest that transcrip-
tional misregulation downstream of nuclear remodeling may occur

dueto altered chromatin accessibility and notably, this represses CM
fate transcription factors and sarcomeric structural components. We
show that preserving ‘youthful’ nuclear properties such as high Lamin
expressionand nuclear morphology, maintains CM transcription factor
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expression and heart function. These changes are conserved in both
mice and nonhuman primates demonstrating nuclear remodeling and
myogenic transcriptional programs as potential therapeutic targets
for preserving heart function during aging.

Our observations of age-associated nuclear remodeling in Dros-
ophila, mouse and nonhuman primate CMs are in contrast to existing
observations in Caenorhabditis elegans intestinal cells*, Drosophila
skeletal muscle®, aged human fibroblasts® and what is currently under-
stood for progeria-related laminopathies'>*****, Rather thanincreasing
insize and dysmorphia, we observe that aging CM nuclei atrophy and
become rounder, although more recent findings also indicate tissue-
specificnuclear remodelingin C. elegans®®*°. We demonstrate that CM
nuclei stiffen upon aging in situ, an observation only seen previously
in cell culture for progeria cells after multiple rounds of passaging”.
Further supported by our assessment of non-CM ventral muscle nuclei
that hypertrophy with age within the heart tube, our findings suggest
that CMs have specific mechanisms mediating nuclear remodeling.

In the context of Drosophila CMs, we sought to understand how
nuclear remodeling occurred upon aging and identified that nuclear
lamins, LamC and LamB, in addition to nesprin-related proteins Klar
and Msp300, were downregulated upon aging. Consistent with our
data, Lamin B hasbeen previously reported to be downregulated with
age*™*® possibly due to its role in senesence*?, whereas a functional
role for age-associated Lamin A/C reduction has not previously been
explored. We found that genetically reducing LamC prematurely
was sufficient to induce aging-like nuclear atrophy, but conversely,
overexpression was required to change nuclear size in Xenopus and
HeLa”. While A and B-type Lamins differentially contribute to nuclear
mechanics®, we observed that reduction of A-type LamC increased CM
nuclear stiffness despite softening of cultured cell nuclei with reduced
Lamin A/C expression®**, These differences could be accounted for by
several hypotheses. First, DrosophilaLamB and LamC could have dif-
fering functions compared to mammalian counterparts, although in
other cell types, thereis conservation between Drosophila and human
Lamins®. Second, it is increasingly apparent that nuclei respond dif-
ferently in 2D and three-dimensional (3D) environments. In 2D cell
culture, nuclear wrinkling indicates membrane laxity, whereas in 3D
environments®***, wrinkling is dependent on actin filaments intrusion
into the perinuclear space and wrinkling infers high membrane ten-
sion®. Third, cell- or developmental-specific differences may result
inalternative mechanics uponLamin depletion. For example, Jevtic et
al.showthatindifferentiated Xenopus cells, very high levels of Lamins
can in fact decrease nuclear size”. Fourth, cell-specific LADs at the
nuclear periphery show unique phenotypes with Lamin A/C mutations
inhumaninduced pluripotent stem cell-derived CMs versus adipocytes
and hepatocytes®. Thus, differential Lamin—-chromatin interactions
could similarly contribute to altered mechanical regulation in aging
cardiomyocytes versus other cell types.

Given the linkage of nuclear lamina to sarcomeres via the LINC
complex, and chromatinvia LADs', as well as the functional deficits we
uncovered, our data provide confirmation of arole for A-type Lamins
in age-dependent regulation of heart function. Removal of Lamins
disrupts chromatinattachment to the nuclear periphery, higher-order
chromatin organizationand caninfluence gene expression®”°, These
studies focus predominantly on stem cell fate and maturation, yet
our data now suggest differences in post-mitotic tissues. We identi-
fied that in both aging and LamC reduction, differentially accessible
peaks were skewed toward decreased accessibility, despite evidence
that heterochromatin is lost in Lamin A/C mutants and with aging>~".
Correspondingly, studies specifically disrupting LADs yield conflict-
ing results depending on cell origin; Chang et al. reported chromatin
decompaction and redistribution in breast cancer cells’’, whereas
Ulianov et al. found that topological-associated domains decondensed
but global chromatin density increased in embryonic-derived Drosoph-
ila S2 cells®®, Similarly, maintaining lamina but disrupting chromatin

attachmentincreased chromatin compactionin C. elegans embryos®.
Disrupting LADs can also show localized alterations in accessibility,
with recent work demonstrating LamB loss leads to repositioning of
disease-causing loci away from the nuclear periphery in post-mitotic
neurones’' and alters repressive H3K9me3 marks in C. elegans™. Two
available datasets analyzing B-type LADs in Drosophila™"* identified
327 LADs in protein-coding regions, 40% of which corresponded to
peaksin our dataset; however, less than 4% of the LADs were differen-
tially regulated with LamC RNAi and and <2% changed with LamB RNAi,
suggesting an LAD-independent aging mechanism. These conflicting
examples, along with our data, suggest that accessibility both globally
and locally for specific loci, could be context specific and our data
propose that in the context of aging, reduced accessibility is coupled
to dysfunction.

We show that ultimately, Lamin-mediated nuclear remodeling
is a conserved process in vertebrates that reduces the expression of
CM transcription factors, for example, Hand/HAND1/2, Tin/NKX2-5
and H15/Tbx20. We observe that specifically Hand is less accessible
with aging and LamC reduction. In Drosophila, the highly conserved
Tintranscription factorisanearly initiator of cardiogenesis and binds
between Hand exons 3 and 4 (ref. ), anintron that we observe to have
reduced accessibility upon LamC reduction (Fig. 4f). Thus, reduced
gene accessibility could further downregulate Hand and downstream
myogenic transcription. We predict that reduced chromatin acces-
sibility might also account for the reduction of Tin/NKX2-5 and H15/
Tbx20 with age across flies, mice and monkeys. Our findings provide a
Lamin-mediated interpretation for previous observations of reduced
NKX2-5 in aged, isolated mouse CMs’® and provides them with a role
beyond development. We show in Drosophila that their adult-specific
reduction givesrise toamarked reductioninheart function, supported
by studies that find an adult-specific role for TBX20 when deleted in
mice”””. Consistent with these observations, CM transcription fac-
tors are misregulated in remodeling events leading to heart failure®°,
for example, HAND is downregulated in rodent hypertrophy® and in
human cardiomyopathy®. Furthermore, senescent myoblasts in aged
skeletal muscle, exhibit altered myogenic transcription factors and
resultinsmaller myotubes®*®*, Together, Lamin-mediated misregula-
tion of myogenic transcriptional programs likely has a major impact
on mediating heart dysfunction during aging and may precede the
development of heart failure. As preserving LamC maintained CM
transcription factor expression and heart function despite aging in
flies,and heart function was also preserved with adult Hand expression,
our findings suggest that nuclear lamina remodeling is upstream of
myogenic transcription regulation and a mechanism contributing to
age-related organdysfunction. These findings present several avenues
forinvestigating therapeuticinterventions toincrease healthspaninto
advanced age.

Methods

Drosophila melanogaster

Fly stocks were raised in non-crowded conditions on standard fly food
medium consisting of yeast, cornstarch and molasses (10% yeast, 12%
sugar and 1.5% agar). Flies were raised at 25 °C except for the tempera-
ture-sensitive fly crosses (Hand-Gal4 crosses in Fig. 6 and Hand-Gal4,
TubGal80ts; TubGal80ts; crosses in Extended Data Figs. 5 and 6), which
were raised at 18 °C until eclosure, then transferred to 25 °C (Fig. 6)
or18°Cand 29 °C (Extended Data Figs. 5 and 6), respectively. Freshly
eclosed flies were collected and aged such that day of collection was
day 1. Flies were transferred to fresh food every 2-3 d. Female flies
were used for subsequent heart analysis to ensure consistent heart
morphology. The following fly lines were used from the Bloomington
stock center: white-1118 (w™), yellow-white (yw), attp2; UAS-Luciferase
(31603), UAS-LamC-RNAi (31621), attp40 (36304), UAS-LamB-RNAi
(57501), UAS-Stinger-GFP (84277), UAS-tinman-RNAi (50663), UAS-H15-
RNAI (57415), UAS-Hand-RNAi (28977). Hand**Gal4 was acquired from
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Olsen Laboratory” and modified by the Bodmer laboratory to make
Hand*’Gal4, TubGal80"; TubGal80%. UAS-LamC, Lamc™ and LamC?®
were gifted by the Walrath laboratory.

Mouse

All mouse experiments were performed in according to the guide-
lines established by the Institutional Animal Care and Use Committee
(IACUC) at the University of California San Diego. Use of aged C57BL/6
mice was approved by the University of California San Diego IACUC
under study no.S08172. Allanimals were provided with food and water
ad libitum until the specific age time point at which point animals were
killed by asphyxiation followed by cervical dislocation. The lower sec-
tion of the left ventricle was removed from five young (5 months old),
threejuvenile (9 months old), four adult (14 months old) and three aged
(24 months old) mice and snap-frozenin liquid nitrogen immediately
after resection and stored at —-80 °C. The remainder of the heart was
washed in phosphate-buffered saline (PBS) before embeddingin OCT
for cryosectioning. OCT boats containing hearts were frozenondry ice
with methyl butane before storage at -80 °C.

Rhesus macaque

Tenadult male rhesus monkeys (8.87,9.7,10.66,12.88,14.12,18.81,19.59,
23.39,24.73 and 25.48 years of age) were maintained at the National
Institute on Aging (NIA) inaccordance with National Institutes of Health
(NIH) IACUC protocol AG000238-07 (Effects of Aging on Experimental
Atherosclerosisin Nonhuman Primates). Left ventricular samples from
macaque were flash-frozen for qPCR analysis or were formalin-fixed
and paraffin-embedded and subsequently sectioned forimmunofluo-
rescence analysis.

Fly heart dissection

Flies were anesthetized with FlyNap (Carolina Biological Supply) and
dissectedinartificial hemolymph that was oxygenated using aerators
as previously described™.

Immunofluorescence and imaging

Hearts dissected in oxygenated artificialhemolymphwere relaxed using
10 mMEGTA in oxygenated artificial hemolymph and immediately fixed
with4%formaldehydein the same EGTA hemolymphsolution for20 min.
The hearts were then rinsed 3x with PBS and washed for 3 x 10 min with
0.5% Triton100-X in PBS (PBST). The hearts were then blocked with 1%
BSAin PBST (PBST-BSA) for 30 min. Primary antibodies were prepared as
indicated belowin PBST-BSA and incubated overnight at4 °C.PBST and
PBST-BSA washes were repeated and secondary antibodies with DAPland
phalloidin were prepared in PBST-BSA and incubated for 1.5-2 hatroom
temperature. Following secondary incubation, hearts were washed for
3 x 20 min with PBST and then rinsed 3x with PBS to remove detergent.
Antibodies and dyes used were mouse anti-LamC (DSHB, LC28.26),1:500
dilution; mouse anti-LamB, 1:100 dilution (DSHB, ADL195); mouse anti-
actinin (DSHB, 2G3-3D7) 1:100 dilution; DAPI (Sigma), 1:500 dilution;
rhodamine-phalloidin (Thermo Fisher, R415),1:250 dilution and donkey
anti-mouse Alexa Fluor 488 (Thermo Fisher, A21202),1:500 dilution.

For imaging, the cuticle around the hearts was subsequently
trimmed down to asmallrectangle to prevent obstruction of the heart,
then hearts were transferred to Fluormount G slide-mounting medium
for antibody-based imaging or ProLong Glass Mountant (Invitrogen)
for HCRimaging. The A2-A3 region of the heart was imaged on a Zeiss
LSM780 inverted confocal microscope with a x40 objective, 1x zoom,
0.44-pm depth resolution for nuclear imaging or 0.88 um for actinin
and HCRimaging and at aresolution of 2,148 x 1,076 xy pixels.

Mouse heart sectionsembedded in OCT were cryosectioned and
stored at —-80 °C before fixation and staining. Slides were directly
fixed with 4% PFA in PBS for 20 min at -20 °C with regular agitation to
prevent freezing. Slides were subsequently washed 3 x 5 min with PBS
and permeabilized for1 hwith 1% PBS-Triton 100-X. Primary antibody

was prepared in 10% fetal bovine serum (FBS) with PBS (anti-Lamin
A/C 1:250 dilution, Cell Signaling Technology, 4C11) and incubated
overnight at 4 °C. Slides were subsequently washed for 3 x 5 min with
PBS before applying secondary antibody (donkey anti-mouse Alexa
Fluor 488, Thermo Fisher, A21202, 1:500 dilution) and DAPI (Sigma).
Slides were then washed for 3 x 5 min with PBST and then PBS. Finally,
samples were prepared for imaging using ProLong Glass Antifade
Mountant (Invitrogen). Samples were imaged on aKeyence All-in-One
BZ-X Series Fluorescence Microscope, with a x60 objective, 1x zoom,
1-umdepthresolution and 1,920 x 1,440 xy pixel resolution.

Macaque heart sections were received from the NIA. For staining
and imaging, slides were first rehydrated using the following steps:
2 x10 minwith Xylene, 100% ethanol, 95% ethanol (in deionized water),
70% ethanol and 50% ethanol before rinsing with deionized water.
Slides were subsequently immersed in PBS with 0.5% Triton X-100 for
30 min and incubated with DAPI (Sigma) for 30 min, before 3 x 5 min
washes with PBST and 3 x 5 min with PBS. Slides were prepared using
ProLong Glass Antifade Mountant (Invitrogen) andimaged as described
for mouse heart sections.

Fly nuclear morphology and intensity analysis

For 2D analysis of nuclear morphology, 3D stack images were acquired of
the A2-A3 region of the heart as described above (Immunofluorescence
and Imaging). The A2-A3 heart region possesses 3-4 CM pairs and there-
fore 6-8 total CM nuclei. Using ImageJ, CM nuclei were cropped from the
larger heart image, within a 22.17 um?/ 224 pixel? box with the minimal
number of z slices to eliminate out-of-plane nuclei from the cuticle or
ventral muscle overlaying the CM nucleus. The cropped nuclei were then
segmented in FlJIby themacroincludedinthe supplementary softwarefile.

The results were saved and analyzed in Excel. To calculate the
aspect ratio the minor axis was divided by the major axis and to cal-
culate the circularity the Excel function ‘=(4 x PI() x C2) / D2*2’ was
used. The data were presented and the appropriate statistical tests
were performedin Prism.

For 3D analysis of nuclear morphology, the FIJl 3D Mesh plugin®
was used onthe LamC channel of the cropped nucleistacks. The param-
eters for seeding and expanding the mesh were as follows: y, 200.0;
pressure, 0.06;image weight, 0.05; 3, 0.0; &, 1.0; steric neighbors, 0.0;
and divisions, 3.0. Volume and surface area from exported results were
copied to Prism for graphing and statistical testing.

The CTNF was calculated using Image]J. Cropped nuclear stacks,
a binary image of the Lamin channel and max projection image were
generated as described above. Aregion of interest (ROI) was generated
from the binary image and overlaid onto the max projectionimage and
areaand integrated density were measured for the Lamin channel. The
relevant macrois included in a supplementary softwarefile.

Subsequently, to account for changes in nuclear size, the back-
ground is subtracted relative the area. A clear region outside the
nucleus was selected from the Lamin channel and the mean intensity
was measured. Then, the following equation was used to calculate
the approximate protein amount: CTNF = integrated density — (mean
intensity x nuclear area).

Laminlocalization

A custom Python code®® was modified to assess the intensity of Lamin
at radially increasing distances from the center of the nucleus to the
periphery for the max projected images also generated for nuclear
morphology and intensity analysis (Extended Data Fig. 2F). The aver-
age mean intensity measurement at periphery was then divided by
the average mean intensity the center to obtain the fold enrichment
of Lamin at the periphery.

Sarcomere organization
Using ImageJ and confocal stack images of actinin-stained hearts, the
dorsal region of the A2-A3 region was projected to isolate a planar
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region of sarcomeres and eliminate actinin-stained sarcomeres from
the ventral side of the CMs and ventral muscle. ROIs with asingle layer
of sarcomeres uninterrupted by non-CM cells were then cropped and
saved. The isolated actinin regions from the A2-A3 region were then
batch processed using a published MatLab code® that uses a scan-
ning Fourier transform to calculate organizational index. The input
parameters included a sarcomere length of 2.5-3.2 um, a sarcomere
directionality of 90°, a scanning resolution of 16 and at the appropri-
ate pixel-to-pm ratio.

Lifespan assay

To determine lifespan, virgin females were collected and up to 30
flies were separated into each vial. The flies were maintained at 25 °C
and transferred to fresh food every 2-3 d, when dead flies were also
counted.

Live heartimaging

Hearts were dissected as previously described**and heart function was
assessed using high-speed digital imaging (142 f.p.s., 9300 EM-CCD
cameras, Hamamatsu), a x10 water-immersion lens and HCImageLive
software (Hamamatsu). Using semi-automatic optical heartbeat analy-
sis software (SOHA)¥, fractional shortening (FS) was calculated from
the end diastolic diameter (EDD) and end systolic diameters (ESD) by
(FS=EDD -ESD/EDD).

Nuclear extraction

Overall, 30-60 dissected hearts were removed from their cuticle and
transferred to 1 ml of ice-cold Nuclei EZ lysis buffer (Sigma-Aldrich
Nuclei EZ Prep isolation kit) in a 1 ml glass douncer. Twenty loose
strokes followed by 10 min on ice and then 15 tight strokes aided dis-
sociation of nuclei from the hearts. The solution was transferred to
alow-bind Eppendorf tube and centrifuged at 500g for 5 min. The
supernatant was removed, the nuclear pellet was resuspendedin fresh
ice-cold Nuclei EZ lysis buffer and incubated on ice for 5 min. Spin-
ning, removal of supernatant, resuspension and incubation on ice
wasrepeated once more. The samples were centrifuged againat 500g
before removing the supernatant and resuspending the pellet in PBS
for nuclear AFM or Nuclei EZ storage buffer for ATAC-seq.

Atomic force microscopy

For AFM, isolated nuclei in PBS were spun (500g, 3 min) onto 12-mm
coverslips coated with poly-D-lysine (1 ug pl™ was used to coat cover-
slips for 5 min, thenrinsed with purified water and left to dry overnight).
Coverslips were transferred to a glass slide, secured with vacuum
grease and covered ina PBS droplet for AFM. Indentation experiments
were performed on an MFP-3D Bio Atomic Force Microscope (Oxford
Instruments) mounted in a Ti-U fluorescent inverted scope (Nikon
Instruments) and used Asylum Research 13, Igor Pro 6.34A software.
Nanoworld PNP-TR tips were calibrated for their spring constant using
the thermal noise method and used for probingisolated nuclei. A trig-
gerforceof 2 nN, anapproach velocity constant of at 2 um s*and aforce
distance of 6 umwere used to generate aforce map with12 points across
2 um? Hand4.2-Gal4 was used to drive expression of GFP and thus only
GFP-positive nuclei were selected for indentation. The software was
used to calculate the Young’s modulus using the Hertz equation®, Any
poor fits to the indentation curve were excluded. Then, the average
Young’s modulus was calculated from the force map.

Bulk RNA-seq

For gene expression analysis, corresponding adult flies were dissected
as previously described* to expose the heart. Fat cells were carefully
removed from either side of the length of the heart. A minimum of
15 hearts were then pulled from the cuticle using fine forceps and
pooled together in Eppendorf tubes containing 300 pl of Qiazol lysis
reagent. Hearts were mechanically homogenized using a handheld

tissue homogenizer and plastic pestles. Afterward, a further 400 pl
of Qiazol lysis reagent was added and the tube flash-frozen in liquid
nitrogen. Samples were stored for up to 2 weeks at —80 °C until RNA
extraction was performed. Total RNA was then extracted and puri-
fied using the QIAGEN miRNeasy Mini kit (cat. no. 217004) as per the
protocol. The purified RNA was then processed by the Institute for
Genomic Medicine at University California San Diego. RNA integrity
was analyzed using an Agilent Tape station system and precise RNA
concentration determined using a Qubit 2.0 Fluorometer. Libraries
were built using the lllumina TruSeq Stranded RNA High-Throughput
Library Prep kit and sequenced on a NovaSeq 6000 for samples with
RNA integrity numbers at 9.0 and above.

RNA-seq data were analyzed using Rosalind (https://rosalind.
onramp.bio/), withaHyperScale architecture developed by Rosalind.
Reads were trimmed using cutadapt®. Quality scores were assessed
using FastQC"°. Reads were aligned to the D. melanogaster genome
build dmé using STAR”. Individual sample reads were quantified using
HTseq” and normalized via relative log expression using the DESeq2
R library”. Read Distribution percentages, violin plots, identity heat
maps and sample multidimensional scaling (MDS) plots were generated
as part of the quality control step using RSeQC’*. DEseq2 was also used
to calculate fold changes and Pvalues and perform optional covariate
correction. Clustering of genes for the final heat map of DEGs was
performed using the partitioning around medoids method using the
fpc R library®. Hypergeometric distribution was used to analyze the
enrichment of pathways, GO, domain structure and other ontologies.
The topGO R library®® was used to determine local similarities and
dependencies between GO terms to perform Elim pruning correction.
Several database sources were referenced for enrichment analysis,
including Interpro”, NCBI’® MSigDB®*'°°, REACTOME'" and WikiPath-
ways', Enrichment was calculated relative to aset of background genes
relevant for the experiment. Panther was used to assess GO terms for
gene lists generated in Rosalind.

Hybridization chainreaction

Hearts were dissected as previously described* to expose the heartina
2.5-mmdish. The hearts were relaxed with10 mM EGTA in oxygenated
hemolymph and fixed with 4% formaldehyde in 0.1% Tween 20, PBS for
20 min. Next, the hearts were washed for 2 x 5 min with 0.1% Tween 20,
PBS. Thenonice, hearts were incubated each for 5 min with 25%, 50%,
75%,100%, 75%, 50% and finally 25% methanol in PBS. Hearts were then
permeabilized for 2 h at room temperature with 1% PBST. A second
fixation was repeated at room temperature and samples were washed
for 2 x 5 min with 0.1% Tween, PBS onice. Then, a 50% 0.1% Tween 20,
PBS; 50% 5% SSCT (20x SSC, 10% Tween 20 and ultrapure water) solu-
tion was used to wash the samples for 5 min on ice and replaced by
5x SSCT for a further 5 min. The cuticle with the heart attached was
then trimmed down to asmall rectangle and carefully transferred toa
96-well plate well (each containing amaximum of seven hearts). Within
the well, the hearts were incubated with probe hybridization buffer
(Molecular Instruments) onice for 5 min, then the plate was transferred
to 37 °Cfor 30 min. Then, 2 pl of each probe (Molecular Instruments)
was prepared in 200 pl of probe hybridization buffer and incubated
overnight with the hearts at 37 °C. The following day, samples were
washed for 4 x 15 min with probe wash buffer (Molecular Instruments),
twice with 5x SSCT and 1 x 5 min with amplification buffer (Molecular
Instruments). To prepare the hairpins for fluorescence amplification,
2 plof corresponding hland h2 were heated to 95 °Cfor 90 s and cooled
inthe dark for 30 min. The cooled hairpins were then added to 100 pl
of amplification buffer and incubated with the hearts overnight at
room temperature in the dark. On the next day, while maintained in
the dark, samples were washed for 2 x 5 min with 5x SSCT; 2 x 30 min
with5x SSCT;1x 5 min with 5x SSCT and finally rinsed 3x with PBS. DAPI
(1:250 dilution) was added with the first 5x SSCT 30-min wash or stained
subsequently for 15 min in PBST, followed by 3 x 10-min PBST washes
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and 3x PBS rinses. Samples were prepared and imaged as described
above (Immunofluorescence and Imaging).

To quantify RNA expression levels, processed hearts were imaged
asdescribed asabove and thenimportedintoImage). For Hand, Tinman
and H15 quantification, the A2-A3 heart region confocal stack was con-
verted to a max projection, duplicated and then binarized. Using the
max projected image as aguide, the cytoplasmic pockets surrounding
the CM nuclei were then then traced and the ROl copied to the binary
imaged for particle analysis. As the segmentation was imperfect for
transcripts very close together and to account for differences in pocket
size, the percentage area covered by the transcripts was used to assess
statistical significance in Prism (GraphPad).

AsLamCand LamB are expressed in cells other than the CM nuclei
(ventral muscle nuclei and cuticle), the narrowest stacks were taken
around the nuclear-cytoplasmic pocket to eliminate interfering non-
CM transcripts and then the same analysis was conducted as for H15,
Tinmanand H15. The macroisincludedin the supplementary software
file.

Bulk ATAC-seq

ATAC-seqwas performed on2,000-5,000 nuclei per sample as outlined
elsewhere. Samples were permeabilized in cold nuclear permeabiliza-
tion buffer (0.2% IGEPAL-CA630 (18896, Sigma), 1 mM dithiothreitol
(D9779, Sigma), protease inhibitor (05056489001, Roche) and 5%
BSA (A7906, Sigma) in PBS (10010-23, Thermo Fisher Scientific)) for
Sminonarotatorat4 °C followed by centrifugation for 5 min at 500g
at4 °C. After decanting the supernatant, the pellet wasresuspendedin
cold tagmentation buffer (33 mM Tris-acetate, pH 7.8 (BP-152, Thermo
Fisher Scientific), 66 mMK-acetate (P5708, Sigma), 11 mM Mg-acetate
(M2545, Sigma) and 16% DMF (DX1730, EMD Millipore) in molecular
biology grade water (46000-CM, Corning)) followed by incubationwith
tagmentation enzyme (FC-121-1030; lllumina) at 37 °C with shaking for
30 min. Tagmented DNA was purified using a MinElute PCR purifica-
tion kit (28004, QIAGEN). The resulting libraries were amplified using
NEBNext High-Fidelity 2x PCR Master Mix (M0541, NEB) with primer
extensionat 72 °Cfor 5 min, denaturation at 98 °C for 30 s, followed by
eight cycles of denaturationat 98 °Cfor10 s, annealingat 63 °Cfor30 s
and extensionat 72 °C for 60 s. After purification of amplified libraries
using a MinElute PCR purification kit (28004, QIAGEN), double-sided
size selection was performed using SPRIselect beads (B23317, Beckman
Coulter) with 0.55x beads and 1.5x to sample volume.

Sample processing from FASTQ

FASTQ files were submitted through the UCSD Epigenetics ATAC-seq
pipeline (https://github.com/epigen-UCSD/atac_seq_pipeline), based
on the ENCODE pipeline. Briefly, reads were aligned using bowtie2,
convertedtouncompressed BAMfiles, sorted and index using: bowtie2-
X2000-mm-local -1 $fastql -2 $fastq2 | samtools view -Su /dev/stdin
| samtools sort AND index >xxx.PE2SE.bam &.bai 2> align.log. Poorly
mapped (<30 mapping score), duplicate, multimapped and mitochon-
drial reads were removed using samtools and picard. Tn5 adaptors were
removed by truncating + end reads by 4 bp and —end reads by 5 bp and
then written to final output BAMs.

Computational analysis was conducted as described by Whitehead
etal.””andis summarized as follows: BAM files were downloaded from
UCSD Center for Epigenomics, sorted and indexed with samtools. Peak
calling was performed using MACS2 using the following commands:
call peak -f BAMPE -g dm-q 0.01-nomodel-shift -100-extsize 200-
keep-dup all. MACS.xls output files and sorted BAMs were used to
construct a Diffbind 3.0.9 sample sheet for each comparison: 1- week-
old versus 5-week-old w"™ samples, wild-type versus LamB iR attp40
samples and wild-type versus LamC iR attp2 samples. Samples were
read into R Studio using dba(), count densities per peak were calculated
using dba.count(), filtering out peaks with <1 read per sample and a
summit width of 100 (as recommended by the Diffbind3 vignette).

Differential accessibility was calculated using the EdgeR wrapper of
dba.analyze(). BED files were generated for each comparison using
dba.report() and annotated using HOMER annotatePeaks.pl. Regions
werefiltered based onalog,FC 0of 0.32and FDR < 0.1. Common features
between comparisons were isolated using dplyr’sinner_join function
of the ‘Nearest.Refseq’ column output of HOMER. Plots were gener-
ated using ggplot2 and ggrepel packages. Panther was used to assess
GO terms for gene lists.

Quantitative PCR for monkey and mouse left ventricle

Total RNA was isolated from mouse and monkey frozen left ventricle
sections by first grinding frozen tissue in a pestle and mortar with
liquid nitrogen to ensure that samples did not degrade. Ground tis-
sue was transferred to an Eppendorf tube and resuspended in 600 pl
of RLT lysis buffer from the RNeasy mini RNA extraction kit (QIAGEN).
The suspension was then transferred to a QlAshredder column and
centrifuged at <10,000g for 5 min for further homogenization. The
supernatant was collected and total RNA was extracted using the RNAe-
asy mini RNA extraction kit (QIAGEN) as per the protocol. RNA quality
was assessed using an Agilent Tape station system. Poly(A)" RNA was
reverse transcribed using oligo(dT) reagent of the SuperScript IV First-
Strand Synthesis kit (Thermo Fisher) and cDNA library generated using
manufacturers protocol with a final RNase step. RT-qPCR was then
performedintriplicate for eachsample using SYBR Green PCR Master
mix (Thermo Fisher) and the CFX96 hardware (Bio-Rad). Each gene of
interest was normalized to three housekeeping genes'**'® using the
A CT equation 2 AveCacol-AveCalK) primer sequences are shown in Sup-
plementary Table 10 and validated for specificity by melt temperature
and efficiency by DNA concentration titration are shown below.

Statistics and reproducibility

Microsoft Excel 2011, MatLab 2020a, Python and Prism 9 software
were used to present dataand conduct statistical analysis. The respec-
tive statistical tests and n values are described in the figure legends.
For nuclear morphology and intensity analysis and HCR, 6-8 nuclei
were cropped from the A2-A3 heart section and a minimum of seven
hearts were assessed. For RNA extraction, 15 hearts were collected
per condition and at least three biological replicates were acquired.
For nuclear extraction, 30-50 hearts were extracted per condition
and 3-5 replicates were obtained. For SOHA live heart imaging, >13
hearts wereimaged and analyzed. For actinin organization, >14 hearts
were analyzed. For lifespan assays, more than 100 flies were recorded.
The following statistical significance cutoff was applied: NS P> 0.05,
*P<0.05,**P<0.01,**P < 0.01,***P< 0.0001. No tests were conducted
to measure statistical power or normality of distributions. Data were
only excluded ifthey met the criteria of the ROUT method for identify-
ingone or more outliers with a Q of 1%, conducted in GraphPad Prism.
Neither the experiments or analysis were randomized or blinded.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

RNA-seq and ATAC-seq data are deposited at Gene Omnibus Express
accession codes GSE185967 and GSE185923, respectively. Source data
filesare provided and all supporting data from this study are available
fromthe corresponding author upon reasonable request.

Code availability

Software to image fly hearts, analyze their contraction and create
kymographs (SOHA) is available at http://sohasoftware.com/index.
html. Python code to assess lamin distribution is available at http://
englea52.github.io/Englerlab/. Any Image] macros have beenincluded
inthe supplementary softwarefile.
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Extended Data Fig.1|Nuclear Dynamics in Cardiac and Skeletal Muscle
Cells. (A) Kaplan-Meier survival curve for yw (gray) and w* (black) flies.
n=103 and flies, respectively, were used in the plot. p < 10> based on Log-Rank
(Mantel-Cox) test between the two strains. (B) Plots of 2D projected area (left)
and circularity data (right) for yw flies.n =129,108, and 143 for yw flies at 1-, 3-,
and 5 weeks, respectively. (C) Cardiomyocyte nuclear area (left) and aspect
ratio (right) plotted for ' and yw flies as a function of adult age. n = 96, 116,
and 141 nuclei for for w™*flies and n =129, 108, and 143 for yw flies at 1-, 3-,

and 5 weeks of adulthood, respectively. (D) Ventral muscle nuclear area (left),
perimeter (center), and aspect ratio (right) from w”*flies at 1-, 3-, and 5 weeks
ofadulthood. n =528, 604, 661 ventral muscle nuclei from w'*flies at 1-, 3-,and
5weeks of adulthood. (E) Representative images of the 3D wireframe mesh of
cardiomyocyte nuclei from w"*flies at 1- (top), 3- (middle), and 5 weeks (bottom)
ofadulthood. Scale bar is 5 pm. *p < 0.05, **p <1072, **p <1073, and ***p <10* by
one-way ANOVA with Tukey multiple comparisons test. Error barsin all graphs
refer tomean + /- SD.
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Extended Data Fig. 2| Natural Aging Downregulates LamC and LamB but does
not affect their localization. (A) MA plot of all genes from 1- and 5-week adult
w8 fly hearts showing log, fold change (FC) and mean normalized expression
counts. Datais shownin black for genes -1.25 <FC <1.25 (dashed lines) or p-adj
>0.05. Open circles represent genes that do not map to a nuclear ontological
term. Green and purple data represent DEGs that are up- or downregulatedin
5-week adult flies, respectively. (B) Cellular component and molecular function
ontological terms for genes associated with the nuclear envelope GO term,
organized by their elimination pruning p-value. (C) Representative images of
1and 5 week w"*fly heart nuclei stained for DNA, and LamC (green) and LamB
(purple) mRNA transcripts. Scale bar, 5 um. (D) Left plot shows area percentage
occupied by mRNA transcripts per cardiomyocyte in 1- and 5-week-old adult w™*®
fly hearts. Right plot normalizes data to mean area at 1 week for each transcript.

n=49,36,49, and 36 nuclei from w"*flies at 1and 5 weeks for LamCand LamB,
respectively. (E) Corrected total nuclear fluorescence (CTNF) of 1, 3, and 5 week
yw(flies for LamC (top) and LamB (bottom). n = 94,106, and 133 nuclei for LamC
and n=173,115, and 90 nuclei for LamB for 1,3, and 5 week adults, respectively. (F)
Image showing a representative nucleus with multiple lines radiating out from its
centroid (left) to create line plots that are averaged into a single radial profile of
the fluorescent intensity (right). Lower panel, the ratio of edge to center intensity
isplotted. n=72, 63,73, and 33 nuclei from w"*flies at 1and 5 weeks for LamCand
LamB, respectively.n =51, 87,77, and 42 nuclei from yw flies at 1and 5 weeks for
LamCand LamB, respectively. *p < 0.05, *p <1072, **p <107, and ****p <10* by
one-way ANOVA with Tukey multiple comparisons test. Bars in (D) refer to min to
max, with median and 25" and 75" interquartile range and error bars in (E-F) refer
tomean +/-SD.
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attp40 LamB iR attp40 LamB iR
1wk 4wk

T T T T
attp40 LamB iR attp40 LamB iR
1wk 4wk

attp40 LamB iR attp40 LamB iR
1wk 4wk

Nature Aging


http://www.nature.com/nataging

Article

https://doi.org/10.1038/s43587-022-00323-8

Extended Data Fig. 3| Validation and Morphological and Functional
Characterization of LamB and LamC RNAi lines. Corrected total nuclear
fluorescence (CTNF) for cardiomyocytes from (A) LamCRNAi and (B) LamB
RNAI fly lines and their respective controls, that is, attp2 and attp40,n =47, 36,
79, and 69 nuclei from attp2 and LamCRNA:i flies at 1and 4 weeks (left to right).
n=53,29,65,and 61 nuclei from attp40 and LamBRNAi flies at 1and 4 weeks
(left to right). (C) Plots quantifying nuclear perimeter (left, n =111, 96, 46, and 89
nuclei/condition) and aspect ratio (right, n =113, 97, 46, and 92 nuclei/condition)
for LamB, LamCRNAi and their genetic controls. (D) Plots quantifying nuclear
area, perimeter, aspect ratio, and circularity (left to right) for LamB and LamC
RNAi lines and their genetic control background at 4 weeks. For all plots, n =136,

101, 86, and 95 nuclei/condition left to right. (E-F) Plots of diastolic and systolic
diameters, and shortening velocity determined from SOHA imaging for attp2
control and LamC RNAiflies (E), and attp40 control and LamB RNAi flies (F) at1
and 4 weeks. Each LamCRNAi plots, n =21, 23, 25, and 27 nuclei/condition, left to
right. Each LamB RNAi plots, n =31, 21, 26, and 25 nuclei/condition, left to right.
For panels A-D, *p < 0.05,*p <102, **p <1073, and ***p <10* from a two-sided
unpaired t-test at each time point and RNAi line. For E-F, *p < 0.05, *p <1072,

**p <1073, and ***p <10* by one-way ANOVA with Tukey multiple comparisons
test. Error barsin (A-D) refer to mean +/-SD, and barsin (E, F) refer to min to max,
with median and 25" and 75" interquartile range.
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Extended Data Fig. 4 | Validation of transgenic fly background, effects of
LamB on myogenic transcription factor expression, and LamC heterozygous
flies. (A) Volcano plot and (B) heat map of bulk RNA-seq from surgically
dissected attp2heart tubes. Fold change represents 5-week attp2 fly hearts
normalized to 1-week-old hearts and p-adj was computed from quintuplicate.
1,998 differentially expressed genes (DEGs) were assessed from cutoffs of

-0.32 > log,(FC) > 0.32 (or -1.25 > FC >1.25) (dashed lines) from comparisons of
15fly hearts per replicate; DEGs increasing and decreasing with age are shown in
greenand purple, respectively. Heat map columns were hierarchically clustered
using Euclidean distance and linkage shown by the dendrogram. Heat maps are
normalized within each gene/row. (C) 635 of 688 genes were co-regulated DEGs
(92.3%) in the w8 and attp2 control fly hearts, and plotted based on their fold
change with age. DEGs were annotated based on their ontological categorization
as nuclear (orange), extracellular matrix (ECM; green), or cytoskeletal (blue). A
subset of DEGs either did not fit those categories (black/white) or lacked aknown
ontology (gray). Only 7.7% of all DEGs were dysregulated. (D) Representative
images of attp40 control and LamBRNA: flies at 1 and 4 weeks showing H15, Hand
and Tintranscription factor mRNA and DAPI. Scale bar is 5 pum. (E) Quantification

ofthe per cell percentage area for each transcript in attp40 control and LamB
RNAi fliesat1and 4 weeks. For H15,n =93, 87, 85, and 71 cells, left to right. For
Hand, n=111, 96,105, and 76 cells, left to right. For Tin, n =105,118,102, and 76
cells, left to right. (F) Quantification of cardiomyocyte nuclear area, circularity
and LamC corrected total nuclear fluorescence for 1-week-old female control
yw/w™8 and heterozygous LamC excision mutants yw/w™S:LamC**¥/+ and yw/
w1 amC?/+ fly hearts and their representative images in (G) showing staining
for LamC (green) and DNA (Magenta), scale bare =5 pm. For (F), n =29, 26, 25
(CM nuclei, left to right) (H) Quantification of heart parameters: fractional
shortening, diastolic diameter and systolic diameter for background control
and heterozygous LamC excision mutants. n =17,16,16 (heart tubes, left to right)
(I) Representative images of Hand, H15 and Tin mRNA in heterozygous LamC
excision mutants, presented with quantification of per cell percentage area for
each transcriptin (J). n=52,39,46 (CM nuclei, left to right). *p < 0.05, *p <1072,
“*p <1073, and ***p < 10* by one-way ANOVA with Tukey multiple comparisons
test. Box plotsin (E, H,J) refer to min to max, with median and 25" and 75™
interquartile range and error bars in (F) refer to mean + /- SD.
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Extended Data Fig. 5| Effects of Adult Myogenic Transcription Factor Loss on
ofHeart Tube Morphology and Function. (A) Representative images of A2-A3
heart region visualized by phalloidin (F-Actin) with theindicated transgenes
expressed under the control of the Hand-Gal4 promoter. Scale bar is 10 pm. At
least three heart tubes were imaged for each condition. (B) Diastolic and (C)
systolic diameters of heart tubes from control fly lines (attp40 and attp2) and
their corresponding transgenic flies expressing the indicated RNAi.n =10, 12,18,
15,19 and 14 (heart tubes, left to right). (D) CM nuclear area in attp2 control and
LamCRNAi hearts subject to regime described in Fig. 6a.n=29 and 22 (CM Nuclei,
left to right). (E-G) Quantification of the per cell, percentage area for Hand, H15
and Tin transcripts upon KD of (E) LamC, (F) Hand (red), Tin (pink) and respective
control attp2 (grey), and (G) HIS5 (blue) and attp40 control (grey), induced as

inFig. 6a.n=32and 26 (CM Nuclei/genotype) in (E), n =20, 23,28 (CM Nuclei/
genotype, left to right) in (F) and n =43 and 42 (CM Nuclei/genotype) in (G). (H)
Schematic of temperature-sensitive transgenic expression where 29 °C enables
transgenic expression due to the denaturation of Gal4 transcription factor
suppressor, Gal80®. (I) Fractional shortening of surgically exposed heart tubes
at18°Cand 29 °C for controls (black), and KD of tin (pink), Hand (brown), and
H1S5 (blue) with corresponding diastolic and systolic diametersin (J-M).n=13,
15,18,15,26,27,16,19,29,27,29, and 21 (heart tubes/transgene/ temperature;
left to rightas shownin (I)). *p < 0.05, *p <1072, **p <1073, and ****p <10* by
independent t-test and one-way ANOVA with Kruskal-Wallis test and Dunn’s
comparisons test. Box plots show to min to max, with median and 25" and 75™
interquartile range and error bars in (D) refer to mean + /- SD.
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Extended DataFig. 6 | Effects of LamC and Myogenic Transcription Factor
Overexpression. For panels A-D and as outlined in Fig. 62, flies were reared
at18 °C and shifted to 25 °Cupon eclosure. Nuclear area (A) and CTNF (B) for
hearts overexpressing LacZ (control) and LamC from 1to 7 weeks. n =31, 41,
23,30,26,and 31cells (A, left to right) and n = 31, 31, 24, 29,30, and 40 cells (B,
left to right). (C) Diastolic and (D) systolic diameters of LacZ and Hand OE flies
at1,4,and 7 weeks of adulthood. (E) Representative images (left) for nuclei
from flies at 18 °C and 29 °C expressing GFPN' transgene or LamC OE from
HandGal,tubGal80";tubGal80" based upon regime described in SSH. Scale bar
is 5pm. Plots of (F) projected nuclear area, (G) circularity, and (H) and corrected
total nuclear fluorescence (CTNF) of LamC protein as a function of temperature
and transgene expression. n = 39,40, 46, and 41 nuclei (left to right). (I) For
GFPMSand LamC OE at 18 °C and 29 °C, representative images of LamC mRNA

transcripts. Scale bar is 5 pm. (J) Quantification of LamC transcript area per CM
in GFPN'S and LamC OE hearts, at 18 °C and 29 °C. n =24, 36,20 and 40 CMs, left
toright. Diastolic (K) and systolic (L) diameters, and (M) fractional shortening
for GFPNSand LamC OE at 18 °C and 29 °C.n =32,19,30 and 26 heart tubes, left
toright. (N). A plot for each transcription factor is shown and quantifies the per
cell, percentage area for each transcript. For all transcripts, n =50, 56,49 and 35
cells, left to right. (O) Representative images for tin (pink), Hand (brown), and
H15 (blue) transcripts in GFPN and LamC OE at 18 °C and 29 °C. Scale bar is 5 um.
*p < 0.05,*p <1072, **p <1073, and ****p < 10* by two-way ANOVA with Sidaks
multiple comparisons test (A-D) and one-way ANOVA with Kruskal-Wallis test and
Dunn’s comparisons test (F-N). Error barsin (A, B, F-H) refer to mean + /- SD and all
box plots display min to max, with median and 25" and 75" interquartile range.
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published code (Salick, M. R. et al. The scanning gradient Fourier transform (SGFT) method for assessing sarcomere organization and
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Data analysis RNA-Sequencing data was analyzed by ROSALIND® (https://rosalind.onramp.bio/). ATAC-sequencing data was analyzed through UCSD's center
for epigenetics ATAC-seq pipeline (https://github.com/epigen-UCSD/atac_seq_pipeline). Microsoft Excel 2011, and Prism 9 Software was
used for statistical analysis.
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Life sciences study design

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

Sample size No sample size calculation was performed since we planned experiements based on earlier studies form the Rolf Bodmer and Adam Engler
laboratories. N numbers were always sufficient to obtain a measurement for a positive control, e.g., a sufficient number of hearts were
pooled to measure bulk transcriptome by RNA-seq.

Data exclusions  Data was only excluded if data point was deemed an outlier by the ROUT method with 1% Q, using GraphPad Prism 9.

Replication Nuclear morphology and intensity, HCR and Sarcomere Organization measurements were assessed from at least 7 heart tubes. Survival
experiments were repeated 2-3 times. AFM measurements were obtained at least 3 times on separate days. Sequencing analysis was
conducted at least 3 times from at least 15 pooled hearts. Live heart measurements were obtained from at least 13 hearts and in most cases

repeated on separate days. Mouse and non-primate heart tissue was assessed across at least three samples.

Randomization  Samples were not randomized, however live heart and lifespan experiments were carried out on separate days, and repeated weeks to
months apart to reduce the chance of batch effects.

Blinding Analyses were not formally blinded, but imaging or dissection of live hearts were often performed by separate individuals. Live heart analysis
and nuclear segmentation was performed in batch across genotypes so were in many cases effectively blinded.
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Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Human research participants
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Antibodies
Antibodies used Mouse anti-LamC (DSHB, LC28.26), 1:500. Mouse anti-LamB, 1:100 (DSHB, ADL195). Mouse anti-actinin (DSHB, 2G3-3D7) 1:100. DAPI
(Sigma), 1:500. Rhodamine-Phalloidin (ThermoFisher, R415), 1:250. Donkey anti-mouse Alexa Fluor 488 (ThermoFisher, A21202),
1:500. anti-Lamin A/C (Cell Signaling, 4777)
Validation anti-LamC (DSHB, LC28.26) and anti-LamB, 1:100 (DSHB, ADL195) were verified against their RNAi as shown in Figure 3A.

anti-actinin (DSHB, 2G3-3D7) was generated and verified by Saide et al., (d0i:10.1083/jcb.109.5.2157)
anti-Lamin A/C 4777, Cell Signaling was verified by the company.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The following fly lines were used from the Bloomington stock center: white-1118, w1118, yellow-white yw, attp2; UAS-Luciferase
(#31603), UAS-LamC RNAI (#31621), attp40 (#36304), UAS-LamB RNAi (#57501), UAS-Stinger-GFP (#84277), UAS-tinman RNAI
(#50663), UAS-H15 RNAI (#57415), UAS-Hand RNAI (#28977). Hand4.2Gal4 was acquired from Olsen Laboratory and modified by the
Bodmer lab to make Hand4.2Gal4, TubGal80ts; TubGal80ts. UAS-LamC, Lamc187, and LamC296 was gifted by the Wallrath
laboratory. Female flies were used for all studies. C57BL/6 male and female mice were used in aging studies (5 x 5 month, 3 x 9
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month, 4 x 14 month and 3 x 24 month). Male Rhesus macaque (no strain) were also used at ages 8.87, 9.7, 10.66, 12.88, 14.12,
18.81, 19.59, 23.39, 24.73, and 25.48 years.

Wild animals This study did not involve wild animals.

Field-collected samples  This study did not involve collection of animals from the field.

Ethics oversight All mouse experiments were performed in according to the guidelines established by the Institutional Animal Care and Use
Committee at the University of California San Diego. Use of aged C57BL/6 mice was approved by the University of California San
Diego Institutional Animal Care and Use Committee under study #508172. All animals were provided with food and water ad libitum

until the specific age time point at which point animals were euthanized by asphyxiation followed by cervical dislocation.

Rhesus Macaques were maintained at the NIA in accordance with NIH Institutional Animal Care and Use Committee protocol
AG000238-07 (Effects of Aging on Experimental Atherosclerosis in Nonhuman Primates).

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