
RESEARCH ARTICLE SUMMARY

Full article and list of 
author affiliations:
https://doi.org/10.1126/
science.ads9412

Science  23 April 2026 387
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Mechanical load inhibits cancer growth in mouse  
and human hearts
Giulio Ciucci†*, Daniela Lorizio†, Francesco S. Loffredo†, Serena Zacchigna†* et al. 

INTRODUCTION: The heart is rarely affected by cancer; both primary 
cardiac tumors and metastases are uncommon despite the high 
vascularization of the myocardium. The mechanisms underlying this 
resistance remain unclear. 

RATIONALE: Mechanical load has been proposed as a major mecha-
nism halting cardiomyocyte proliferation early after birth, thus 
limiting the regenerative potential of the adult mammalian heart. 
We hypothesized that it could similarly hamper the proliferation of 
cancer cells in the heart.

RESULTS: We first used an in vivo genetic model of cancer in mice, 
in which Cre-mediated recombination results in the overexpression 
of mutated K-Ras and deletion of p53, to confirm that the heart 
resists oncogenic events. Despite a comparable extent of recombi-
nation in liver, heart, and skeletal muscle, multiple cancers arose 
at different anatomical sites but never in the heart. In addition, we 
set up a mouse model of heterotopic heart transplantation to 
mechanically unload the heart in vivo. In this model, the aorta and 
pulmonary artery of the transplanted heart are surgically con-
nected with the carotid artery and external jugular vein of the 
recipient animal, respectively, thereby restoring perfusion in the 
absence of mechanical load within the left ventricle. In parallel, we 
used engineered heart tissues in which mechanical load can be 
controlled at will. In these models, mechanical load inhibited, 
whereas tissue unloading promoted the proliferation of lung 
adenocarcinoma, colon carcinoma, and melanoma cells within the 
myocardium. To investigate the mechanisms underlying these 

effects, we used spatial transcriptomics to analyze samples of 
human cancers that gave rise to both cardiac and extracardiac 
metastases. We found that cardiac metastases shared a common 
transcriptional profile, independent from the origin of the primary 
tumor. Among the most up-regulated genes in cardiac metastases 
were histone demethylases. Consistently, cardiac metastases showed 
reduced histone 3 lysine 9 trimethylation and reduced chromatin 
compaction. Similar findings were observed in our experimental 
models of cardiac load modulation in which chromatin accessibility 
and histone methylation were altered at sites controlling cancer cell 
proliferation, as determined by single-nuclei assay for transposase-
accessible chromatin with sequencing and chromatin immunopre-
cipitation sequencing. Nesprin-2, a protein known to mediate 
mechanotransduction from the cytoplasm to the nucleus, emerged 
as a key molecule sensing mechanical forces operating in beating 
hearts and translating them into reduced cell proliferation. Silencing 
of Nesprin-2 in lung cancer cells prior to their implantation in the 
heart in vivo restored the capacity of the cells to proliferate in the 
presence of physiological mechanical load, resulting in the formation 
of large tumors. 

CONCLUSION: Collectively, these results shed light on the role of 
mechanical forces in protecting the heart from cancer and may pave 
the way to cancer therapies based on mechanical stimulation. 
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Key mechanisms inhibiting cancer cell 
proliferation in the heart. Cancer cells that 
engraft into the myocardium are exposed to 
mechanical forces generated by both 
cardiomyocyte contraction and pressure-
volume load. Nesprin-2 is a key molecule in 
sensing these forces, resulting in reduced 
histone methylation and chromatin 
compaction in cancer cells, overall halting 
their proliferation. [Figure created with 
BioRender.com]
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Mechanical load inhibits cancer 
growth in mouse and 
human hearts
Giulio Ciucci1†*, Daniela Lorizio2†, Nicoletta Bartoloni1,3,  
Mauricio Budini1, Andrea Colliva1, Simone Vodret1, Anh-Vu Nguyen4, 
Lorenzo Ciacci5, Bernhard Texler4, Benno Cardini4, Rupert Oberhuber4, 
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Laura Andolfi13, Maurizio Pinamonti14, Matteo Dal Ferro14,  
Samuel Wall7, Francesco S. Loffredo11†, Serena Zacchigna1,3†* 

The heart rarely develops cancer, and, at the same time, it lacks 
regenerative capacity, as cardiomyocytes stop proliferating after 
birth. This suggests that mechanisms limiting cardiac 
regeneration may also protect against cancer. In this work, we 
investigated the role of mechanical load and used in vivo cancer 
models and ex vivo engineered heart tissues to show that 
mechanical load reduces cancer cell proliferation in the 
myocardium. Spatial transcriptomics of human cardiac 
metastases revealed decreased histone methylation and 
chromatin compaction. These changes affect chromatin 
accessibility at proliferation-related loci, with Nesprin-2 identified 
as a key mechanosensor. Our results uncover how mechanical 
forces protect the heart from cancer and suggest potential 
strategies for cancer therapy based on mechanical stimulation.

The heart is rarely affected by cancer. Both primary cardiac tumors 
and metastases are rare, an enigmatic circumstance considering the 
high vascularization of the myocardium and the constant blood flow 
through cardiac chambers (1–5). The mechanisms that protect the 
heart from cancer remain elusive. At the same time, the adult mam-
malian heart exhibits poor regenerative potential, as cardiac cells stop 
dividing early after birth (6–8). This suggests that the same mecha-
nisms that halt the proliferation of cardiac cells could also inhibit the 
growth of cancer cells in the adult heart.

Among the mechanisms that have been claimed to be responsible for 
the loss of cardiomyocyte (CM) proliferative potential at birth is a sud-
den increase in mechanical load (7, 9, 10). Consistently, cardiac unload-
ing, as happens in end-stage heart failure patients implanted with a left 
ventricular assisted device (LVAD), induces CM proliferation (11).

In this work, we confirmed that the heart resists oncogenic events 
and investigated whether mechanical load affects the proliferation of 
cancer cells in the heart, thereby explaining the low incidence of car-
diac cancer. We used both an in vivo model of mechanical unloading, 
obtained by heterotopic heart transplantation in mice, and engineered 
heart tissues (EHTs) to show that mechanical load inhibits, whereas 

tissue unloading promotes, cancer cell proliferation within the myo-
cardium. We also interrogated human samples of cardiac metastases and 
extracardiac lesions from the same patients, combined with single-nuclei 
assay for transposase-accessible chromatin with sequencing (ATAC-
seq) and chromatin immunoprecipitation sequencing (ChIP-seq) on 
cancer cells harvested from loaded and unloaded hearts in vivo, to in-
vestigate the mechanisms that inhibit cancer cell growth in the heart.

Results
Mechanical loading in the heart inhibits cancer growth in vivo
In addition to being rare, cardiac metastases tend to be smaller than 
extracardiac lesions, particularly for blood-borne metastases within the 
myocardium (12). This is often evident in the case of patients with highly 
aggressive cancers that disseminate to both the myocardium and other 
organs, as exemplified by the case of a patient affected by an aggressive 
uveal melanoma, which massively invaded both the liver and the lung 
and minimally affected the heart, with a few metastatic spots located 
mainly in the pericardial fat and very rarely within the myocardium, 
shown in Fig. 1A. To experimentally investigate whether the heart is 
protected from cancer, we systemically injected an adeno-associated vi-
rus 9 (AAV9)–based vector expressing the Cre recombinase in seven LSL-
K-RasG12D/+;p53f/f mice to induce K-Ras and p53 oncogenic events in AAV 
target cells (Fig. 1B). Despite a comparable extent of recombination in 
multiple tissues (fig. S1, A to D), expression of mutated K-Ras and loss 
of p53 resulted in the formation of five cancers at different anatomical 
sites in four mice but never in the heart (Fig. 1C). The presence of healthy 
skeletal muscle fibers close to the tumor mass and the expression of 
desmin (fig. S1E) were compatible with the formation of rhabdomyosar-
comas, originating from striated muscles in limbs, flank, neck, and face, 
in line with the high tropism of AAV vectors for skeletal muscle (13).

To assess the contribution of mechanical load to the low incidence 
and growth of cancer in the heart, we used a model of in vivo cardiac 
unloading by heterotopically transplanting a donor heart into the neck 
of a recipient syngeneic mouse. In this model, schematically represented 
in Fig. 1D, the aorta and pulmonary artery of the transplanted heart are 
surgically connected with the carotid artery and external jugular vein 
of the recipient animal, respectively, thereby restoring perfusion in the 
absence of mechanical load within the left ventricle (LV) (14, 15). 
Echocardiography of both native (loaded) and unloaded LVs confirmed 
a marked reduction in all parameters of myocardial strain metrics, in-
cluding velocity, displacement, longitudinal strain, and strain rate, in 
unloaded hearts (fig. S2, A to D, and movies S1 and S2). We observed an 
increased number of EdU+, Ki67+, and phosphohistone H3+ (pHH3+) 
CMs after 1 month of mechanical unloading in vivo together with a few 
CMs in which Aurora kinase B (AURKB) was localized at midbodies 
(fig. S2, E to L), consistent with previous evidence of regenerating CMs 
in human hearts, unloaded by LVAD implantation (11).

Leveraging this heterotopic heart transplantation (HHT) model, we 
injected 1 × 105 lung adenocarcinoma LG1233 cancer cells (16) stably ex-
pressing green fluorescent protein (GFP) intramyocardially into the LV of 
both loaded and unloaded hearts. We initially focused on lung cancer, as 
it is one of the cancer types that disseminates to the heart at a relatively 
high frequency, preferentially to the outer cardiac layers (epicardium and 
pericardium) (3). Cancer cells grew very poorly in native hearts exposed to 
physiological load, as previously described (8), rarely occupying more than 
20% of the LV area at 2 weeks after injection (Fig. 1, E and F). By contrast, 
they massively proliferated and infiltrated unloaded hearts, resulting in 
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extensive CM death and replacement 
(fig. S3) and almost complete disappear-
ance of healthy myocardium at 2 weeks 
(Fig. 1, E and F). The increased growth of 
cancer cells in unloaded hearts was not due 
to a higher engraftment, as the number of 
GFP+ cells at day 3 was comparable in con-
trol (loaded) and unloaded hearts (Fig. 1, E 
and G). We also analyzed cell death by both 
TUNEL and staining for cleaved Caspase 3 
(cCASP3) to detect cancer cell apoptosis 
and staining for RIP3 to detect necro-
sis. We did not find any GFP+TUNEL+, 
GFP+cCASP3+, or GFP+RIP3+ cells in either 
control or unloaded hearts at day 3 after 
injection (fig. S4, A to C), thus excluding the 
possibility that the different tumor size at 
day 14 was due to a higher rate of cell death 
in control hearts.

Next, we analyzed cell proliferation by 
quantifying the number of cells positive 
for Ki67 and pHH3, which label all active 
phases of the cell cycle and mitosis or 
late G2, respectively. Both markers indi-
cated a twofold increase in the number 
of proliferating cancer cells in unloaded 
hearts at both day 7 (fig. S4, D and E) and 
14 after cell injection (Fig. 1, H and I).

Collectively, these data indicate that 
lung cancer cells form larger tumors in 
unloaded hearts than in control (loaded) 
hearts and that this is due to increased 
cell proliferation in unloaded conditions.

Mechanical load inhibits cancer cell 
proliferation in engineered 
cardiac tissues
To confirm the effect of mechanical load 
in a simpler model, we adapted the EHT 
system (17), composed of neonatal rat CMs 
and fibroblasts, by inserting two metal 
braces to tune mechanical load at will 
(Fig. 2A). Specifically, braces can be rotated 
to either increase stiffness of the silicone 
posts the tissue is anchored to (increased 
load) or reduce the distance between the 
two tissue extremities, thereby resulting 
in unloading (Fig. 2A).

To evaluate the robustness of EHTs to 
study the effect of load variation on cell 
proliferation, we first looked at CMs. As 
expected, mechanical unload increased 
CM proliferation at day 3, assessed by EdU 
incorporation, staining for the prolifera-
tion markers Ki67 and pHH3, and quan-
tification of CM density (fig. S5, A to G), 
in line with the results obtained in vivo in 
heterotopically transplanted hearts. By 
contrast, prolonged loading for 2 weeks 
reduced CM proliferation, as assessed by 
staining for both Ki67 and pHH3 (fig. S5, 
H and I). EdU+ nuclei were minimally in-
creased in conditions of increased load 
(fig. S5J), mostly incorporated into binu-
cleated CMs (fig. S5, K and L), consistent 

Fig. 1. Mechanical load controls cancer cell proliferation in the heart. (A) Gross appearance of en bloc resection of liver, lung, 
and heart from a patient affected by a metastatic uveal melanoma. Black arrows indicate small metastatic spots in the pericardial 
fat and in the myocardium. (B) Schematic representation of in vivo tumorigenesis experiment: AAV9-Cre vectors were injected 
intravenously in seven LSL-K-RasG12D/+;p53f/f mice; hearts, skeletal muscles, and livers were collected after 2 months.  
(C) Whole-organ sections of hearts and tumors from LSL-K-RasG12D/+;p53f/f mice injected with AAV9-Cre; healthy skeletal muscle 
fibers in high-magnification images are indicated by asterisks. (D) Schematic representation of the circulation following 
heterotopic heart transplantation. The heart is removed from the thorax of a donor mouse (left) and anastomosed to the neck 
vessels of a recipient mouse (right). In the transplanted heart, the oxygenated blood from the carotid artery bumps into the closed 
aortic valve and enters the coronary tree. The venous blood is drained back through the pulmonary artery into the jugular vein in 
the absence of blood flow into the LV. (E) Transversal sections of loaded and unloaded hearts injected with LG1233 GFP+ cancer 
cells at the indicated time points. CMs were stained for troponin (Tn). Insets show high-magnification images of engrafted cells at 
day 3. (F) Quantification of the area occupied by GFP+ cancer cells in loaded and unloaded hearts at the indicated time 
points (n = 3 biological replicates). (G) Quantification of GFP+ cancer cells in loaded and unloaded hearts at day 3 (n = 3 biological 
replicates). (H) Representative images of loaded and unloaded hearts stained for the proliferation markers pHH3 and Ki67 
together with GFP at day 14. (I) Quantification of pHH3+ and Ki67+ cancer cells in loaded and unloaded hearts at day 14 
(n = 3 to 4 biological replicates). Scale bars: 1 cm (A); 1 mm [(C) (whole organ sections) and (E)]; 100 μm [(C) (high 
magnification insets)]; 50 μm (H). Results were analyzed by either two-way ANOVA followed by a Tukey post hoc test (F) or a 
two-tailed t test [(G) and (I)]. *P < 0.05; **P < 0.01; *** P < 0.001. Data are mean ± SD.
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with improved CM maturation. The positive effect of mechanical load 
on CM maturation was confirmed by their increased cross-sectional area 
and force of contraction (fig. S5, M to P). Thus, mechanical unload pro-
motes CM proliferation, whereas the opposite happens by increasing 
the load, which reduces proliferation and induces CM maturation.

Next, we generated EHTs with the inclusion of GFP+ lung cancer 
cells (Fig. 2B). After 7 days, a time sufficient for CM maturation and 
appearance of coherent beating, we rotated the metal braces to either 
decrease or increase mechanical load for an additional 3 days. Similar 
to what was observed for CMs, unloading promoted the proliferation 
of cancer cells within the EHTs, whereas overloading halted it (Fig. 2, 
C and D). These data are consistent with the effect of in vivo unloading 
by HHT on cancer cell proliferation (Fig. 1).

To verify to what extent the EHT system reproduces the major types of 
mechanical forces that operate in a beating heart, we ran mathematical 
simulations on cardiac mechanics. Figure S6A shows an idealized rodent 
LV in which myofiber distribution rotates transmurally from the endocar-
dium (red, +60°) to the epicardium (blue, −60°). This LV contracts against 
a standard systolic cavity pressure or, in the unloaded setup, against no 
pressure (fig. S6B). This has a dramatic effect on the calculated stresses 
along the myofiber orientation (σff), the aligned sheet direction (σss), and 
the direction normal to these (σnn), reducing their magnitudes substan-
tially in all the three major components (fig. S6C). These models were vali-
dated using real echocardiography measurements in loaded and unloaded 
hearts (fig. S6, D and E) and agreed with strain parameters shown in fig. S2.

Next, we built a model for the EHT, assuming that it has a cylindrical 
shape and contracts against a spring constant that approximates the 
contraction, experimentally measured at peak systole (~15% of the EHT 
length), as shown in fig. S6F. Mechanical stresses were then calculated 
for the three configurations shown in Fig. 2A, namely during standard 
beating (control), unloading, and increased load. As shown in fig. S6G, 
the EHT exhibited the same stress patterns as the LV simulation in 
the fiber stress (σff) and orthogonal normal stresses, both circumfer-
ential (σc) and radial (σr). Increased load resulted in a substantial 
increase in magnitude of all stress components, whereas any stress 
effectively disappeared in unloaded conditions.

Collectively, these data indicate that load modulation in EHTs re-
produces the effect of cardiac unloading in vivo and that modulation 
of mechanical load has comparable effects on the proliferation of car-
diac and cancer cells both in vivo and in EHTs.

Cancer cells preferentially grow in EHT regions exposed to low 
mechanical pressure
The EHT unloading system described in Fig. 2A is not compatible with 
long-term experiments, as the unloaded tissue extensively remodels 
and tends to lose its original three-dimensional (3D) structure over 
time. Therefore, we used an alternative model in which CM contractil-
ity was modulated by the availability of calcium in the medium to 
assess the effect of prolonged cardiac unloading on cancer cell growth. 
We incorporated GFP+ lung cancer cells in tissues cultured either in 
the absence or in the presence of calcium, which resulted in static and 
beating EHTs, respectively (Fig. 2E). In line with our previous data, 
GFP+ cancer cells grew more and occupied a larger area in static than 
in beating EHTs, as shown and quantified for whole EHTs in Fig. 2, E 
and F, and for the corresponding cross-sections in Fig. 2, G and H. This 
was paralleled by reduced cell proliferation in beating EHTs (Fig. 2, I 
and J). As shown in fig. S7, the absence of calcium did not influence 
LG1233 cell proliferation in pure 2D cultures.

We also observed that cancer cells localized preferentially in the 
outer layers of beating EHTs, avoiding the central part, whereas they 
were evenly distributed in static EHTs (Fig. 2G). By leveraging our 
simulated EHT model, shown in fig. S6F, we characterized the beating 
EHT along the radial direction over an entire simulated twitch, taking 
into account the higher number of myocytes toward the outer layers 
of the EHT, as observed microscopically. The results of this analysis 

in fig. S8, A and B, showed higher hydrostatic pressure in the internal 
region of the EHT at peak systole. By quantifying the number of cancer 
cells in multiple concentric layers within each EHT, we confirmed that 
they were equally distributed in static EHTs. By contrast, in beating 
EHTs, cancer cell density formed a gradient that was inversely related 
to the one of hydrostatic pressure (fig. S8C), suggesting that higher 
compressive forces negatively modulated cancer cell proliferation.

The reduced proliferation of LG1233 cells in the center of beating 
EHTs could be due to metabolic competition for nutrients between 
CMs and cancer cells. To experimentally assess this hypothesis, we 
harvested the supernatant from both static and beating EHTs and 
added it to LG1233 cells. We did not observe any change in LG1233 
cell proliferation, indicating that similar nutrient content was available 
in the two media (fig. S9, A and B). In addition, we cocultured LG1233 
cells with neonatal rat CMs, either kept in physiological conditions or 
paced at 180 beats per minute. As shown in fig. S9, C to F, LG1233 cells 
proliferated less in the presence of paced CMs, but this did not result 
in different glucose uptake, showing that there was no major metabolic 
competition between CMs and cancer cells.

Thus, both mechanical load and compressive forces generated by 
CM contraction inhibit cancer cell proliferation in EHTs, independent 
of major alterations in nutrient availability.

Histone demethylases are up-regulated in human cardiac metastases
To investigate the molecular mechanisms by which cancer cells sense 
mechanical stimuli in the beating heart and translate them into inhibi-
tion of cell proliferation, we interrogated the transcriptional profile of 
cancer cells that naturally grow in the myocardium, as in the case of 
human cardiac metastases. We collected samples from patients af-
fected by three different primary tumors (lung adenocarcinoma, colon 
carcinoma, and cutaneous melanoma), which disseminated to both 
the heart and other organs, depicted in Fig. 3A. On these samples, we 
performed spatial transcriptomics using the GeoMX technology, which 
allows profiling the transcriptome of specific cell types by capturing 
cells identified by specific markers. In particular, we stained and cap-
tured lung and colon carcinoma cells with antipancytokeratin anti-
bodies and melanoma cells with antipremelanosome protein (PMEL) 
antibodies (Fig. 3B) and compared the expression profiles of cancer 
cells in either cardiac metastases or extracardiac sites, including both 
primary tumors and extracardiac metastases. Unsupervised hierarchi-
cal clustering based on the most differentially expressed genes [DEGs, 
n = 1753, analysis of variance (ANOVA) P < 0.01] allowed complete sepa-
ration between cardiac metastases, primary tumors, and extracardiac 
metastases and showed that cardiac metastases shared a common tran-
scriptional profile independent from the origin of the tumor (Fig. 3C). 
Gene ontology revealed that the most enriched pathway in cardiac me-
tastases was “histone demethylation,” showing the highest number of 
DEGs and the highest levels of gene up-regulation (Fig. 3D and table S1). 
When comparing multiple regions of interest (ROIs) within cardiac me-
tastases, we found that most histone demethylases were particularly up-
regulated in the center of the lesion compared with its border (fig. S10), 
in line with the results obtained in EHTs (fig. S8).

Consistent with the up-regulation of several histone demethylases, 
the levels of histone 3 lysine 9 trimethylation (H3K9me3) were lower 
in the nuclei of cardiac metastases compared with those detected in 
primary tumors and extracardiac metastases (Fig. 3, E and F). These 
changes in H3K9me3 were paralleled by an altered chromatin state, 
which was less compact in cardiac metastases than in extracardiac 
lesions. As shown in Fig. 3, G and H, the coefficient of variation (CV) 
of DNA compaction, a commonly used method to assess chromatin 
compaction (18–20), was reduced in cardiac metastases compared with 
that in extracardiac lesions.

Thus, cancer cells that reach the human heart up-regulate histone 
demethylases, which results in a reduction of both H3K9me3 and 
chromatin compaction.
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Fig. 2. Mechanical load controls cancer cell proliferation in EHT. (A) Schematic representation of control EHT (left) and its adaptation to induce either unloading (top right) 
or increased load (bottom right). (B) Representative immunofluorescence image of an EHT composed of both Tn+ CMs and GFP+ cancer cells. (C) Immunofluorescence images 
of EHTs exposed to control, unloading, and increased load stained for GFP, Tn, and EdU. (D) Quantification of the percentage of proliferating EdU+ cancer cells in EHTs exposed to 
control, unloading, and increased load (n = 3 to 4 biological replicates). (E) Representative low-magnification images of EHTs composed of both CMs and LG1233 GFP+ cancer 
cells cultured in the absence (static) or presence (beating) of calcium. (F) Quantification of the area occupied by LG1233 GFP+ cancer cells in static and beating EHTs (n = 7 
biological replicates). (G) Representative cross sections of static and beating EHTs stained for Tn and GFP. (H) Quantification of LG1233 GFP+ cancer cell density in static and 
beating EHTs (n = 5 to 6 biological replicates). (I) Representative immunofluorescence staining of static and beating EHTs stained for Ki67 and GFP. (J) Quantification of Ki67+ 
proliferating LG1233 GFP+ cancer cells in static and beating EHTs (n = 3 to 4 biological replicates). Scale bars: 50 μm [(B) and (I)]; 20 μm (C); 1 mm (E); 100 μm (G). Results 
were analyzed by either one-way ANOVA followed by a Dunnett’s post hoc test (D) or a two-tailed t test [(F), (H), and (J)]. *P < 0.05; **P < 0.01; *** P < 0.001. Data are 
mean ± SD.
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Fig. 3. Spatial transcriptomics on human samples reveals lower levels of histone methylation and chromatin compaction in cardiac metastases compared to 
extracardiac tumors. (A) Hematoxylin or eosin staining of primary cancers that disseminated to both the heart and extracardiac sites. (B) Representative immunofluorescence 
of cardiac metastases in which carcinoma cells were stained for pancytokeratin, melanoma cells were stained for PMEL, and CMs were stained for Troponin. (C) Heat map 
showing unsupervised clustering based on most differentially expressed genes. Gene expression was expressed as normalized value after row standardization and displayed as 
gradient colors from higher (dark red) to lower (dark blue) expression. (D) Volcano plot of differential gene expression comparing cardiac and extracardiac metastases, with 
indication of the most up-regulated genes belonging to the histone demethylation pathway in cardiac metastases. Log2(FC) (FC, fold change) and −log10(P) are represented on 
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Mechanical load reduces histone methylation and chromatin 
compaction, altering accessibility in genomic regions relevant for 
cancer growth
To validate the effect of mechanical load on histone methylation and chro-
matin compaction, we analyzed the same parameters in our experimental 
models of load modulation. First, we stained loaded and unloaded hearts 
injected with LG1233 cancer cells for H3K9me3 and observed that loaded 
hearts showed reduced H3K9m3 (Fig. 4, A and B), which was paralleled 
by decreased chromatin compaction (Fig. 4, C and D). In the same model, 
we also performed single-nuclei ATAC-seq on cancer cells harvested from 
loaded and unloaded hearts to analyze chromatin accessibility within gene 
regulatory regions. Peak calling and analysis of differentially accessible 
regions (DARs) demonstrated higher chromatin accessibility in cancer 
cells grown in loaded hearts. Gene ontology revealed a few pathways 
particularly enriched in loaded hearts, including “cell cycle arrest,” “extra-
cellular sensing,” “mechanosensing,” “cytoskeleton,” “chromosomal insta-
bility,” and “calcium homeostasis,” correlated with marked accessibility in 
regions associated with calcium-dependent (Ccbe1, Syt6) and mechano-
sensing genes (Piezo2, Add2) (Fig. 4, E and F). On the other hand, path-
ways related to “cancer cell metabolism” were selectively less active in 
loaded hearts (Fig. 4E).

To verify whether increased chromatin accessibility was associated 
with loss of the H3K9me3 heterochromatin mark, we profiled H3K9me3 
genomic distribution using ChIP-seq assay. Almost all the significantly 
(P < 0.05) different H3K9me3 peaks showed a reduction of ChIP-seq 
signal intensity in loaded compared with in unloaded hearts (Fig. 4G). 
We again performed gene ontology and found that pathways identified 
by the analysis of DARs and differentially H3K9me trimethylated re-
gions largely overlapped. In particular, regulatory regions of genes 
encoding for proteins that drive specific steps in the biological path-
ways activated by loading showed both increased chromatin accessibil-
ity and reduction of H3K9me3 ChIP-seq signals, including genes known 
to inhibit cancer cell proliferation (Fam107b, Ptprs, and Spred2; Fig. 4E 
and fig. S11A). Consistently, a good correlation was found between the 
t-statistics of genes commonly identified by ATAC-seq and ChIP-seq 
(correlation coefficient r = 0.51, P < 0.0001; fig. S11B). To further assess 
the functional link between chromatin compaction and histone meth-
ylation, we analyzed static and beating EHTs. Also in this case, me-
chanical load induced by cardiac beat resulted in reduced chromatin 
compaction and H3K9me3 (Fig. 5, A to D). To assess whether H3K9me3 
was not only associated with but causally linked to cancer cell pro-
liferation, we silenced the major lysine-specific demethylases (KDMs), 
which target H3K9 (21) and were up-regulated in human cardiac meta
stases. As expected, silencing of both KDM4C and KDM4D (fig. S12A) as 
well as their combination in LG1233 cells, prior to their inclusion in 
EHTs, resulted in increased H3K9me3 (Fig. 5, E and F). This increase 
was in turn associated with larger areas occupied by cancer cells as well 
as higher LG1233 cell density in beating EHTs (Fig. 5, G to J).

Thus, mechanical load reduces chromatin compaction and H3K9me, 
with relevant modification in chromatin accessibility in genomic 
regions that control cancer cell proliferation both in vivo and in EHTs.

Nesprin-2 translates mechanical load into reduced cancer 
cell proliferation
Next, we investigated the mechanism by which mechanical forces af-
fect chromatin accessibility. A key mechanotransducer, which translates 

extracellular stimuli into nuclear responses, is the linker of nucleo-
skeleton and cytoskeleton (LINC) complex, composed of nesprin and 
sun proteins in the outer and inner membrane, respectively (22). To 
explore whether members of the LINC complex are required by cancer 
cells to sense mechanical load and translate it into an inhibition of 
cell proliferation, we individually silenced each of the four nesprins 
(Syne1, Syne2, Syne3, and Syne4) as well as the two sun protein coding 
genes (Sun1 and Sun2) by specific small interfering RNAs (siRNAs) in 
LG1233 cells (fig. S12, A to D) and assessed their proliferation in beat-
ing EHTs. As shown in Fig. 6, A and B, silencing of both Nesprin-2 and 
Nesprin-4 increased the area occupied by LG1233 cells as well as LG1233 
cell density in EHT cross-sections (Fig. 6, C and D), whereas none of 
the siRNAs promoted cell proliferation in 2D pure cell culture (fig. S13). 
Next, we assessed the expression and silenced both Nesprin-2 and 
Nesprin-4 in additional cancer cell lines, representative of the cancer 
types analyzed in our spatial transcriptomics on cardiac metastasis, 
namely CT26 colon cancer cells and B16-F10 melanoma cells (fig. S14, 
A to E), and again assessed their proliferation in beating EHTs. Silencing 
of Nesprin-2 resulted in increased area occupied by cancer cells and 
cell density within EHT cross-sections for both CT26 cells (fig. S14, F 
to H) and B16-F10 cells (fig. S14, I to K), pointing to Nesprin-2 as a key 
mechanotransducer in controlling the proliferation of multiple cancer 
cell types in beating cardiac tissues. Also in these cell lines, silencing 
of either Nesprin-2 or Nesprin-4 did not affect cell proliferation in 
culture (fig. S14, L to S). Next, we assessed whether Nesprin-2 was 
required to alter chromatin status in response to mechanical load. As 
shown in Fig. 6, E to H, silencing of Nesprin-2 in LG1233 cells increased 
both chromatin compaction and H3K9 methylation in beating EHTs.

To further link Nesprin-2 with cardiac mechanotransduction, we 
repeated the experiment in both static and overloaded EHTs. Nesprin-2 
silencing in static EHTs did not affect the size of the area occupied 
by LG1233 (fig. S15, A and B) and B16-F10 cells (fig. S15, C and D). 
The increase in the area occupied by Nesprin-2-silenced CT26 cancer 
cells in static EHTs (fig. S15, E and F) was unlikely due to cell pro-
liferation, as cell density was not affected (fig. S15, G and H), but 
was rather due to cell size increase upon Nesprin-2 silencing (fig. S14O). 
In all cell types, the effect of Nesprin-2 silencing was even higher in 
the presence of increased mechanical load (fig. S15, I and J for LG1233, 
K and L for CT26, and M and N for B16-F10 cells) when many cells 
proliferated also in the central part of the EHT, characterized by 
high hydrostatic compressive pressure (0 to 120 mm, fig. S15O).

Lastly, we silenced Nesprin-2 in LG1233 cells prior to their implanta-
tion in vivo in beating hearts (fig. S16). Consistent with the data obtained 
in EHTs, silencing of Nesprin-2 allowed cancer cells to extensively expand 
and proliferate within the myocardium (Fig. 6, I to L). In line with the 
previous results, Nesprin-2 silencing increased chromatin compaction 
and H3K9me3 in LG1233 cells implanted in beating hearts (Fig. 6, M to P).

Collectively, our data show that mechanical load in beating heart 
tissue reduces histone methylation and chromatin compaction in can-
cer cells, resulting in increased chromatin accessibility at sites that 
control cancer cell proliferation. Nesprin-2 is a key mediator in this 
mechanotransduction process that inhibits cancer cell growth in the heart.

Discussion
In this manuscript, we demonstrated that variations in mechanical 
load have a dramatic effect on the growth of cancer cells within heart 

the x axis and y axis, respectively. Red and blue dots denote genes significantly overexpressed or silenced in cardiac metastases, respectively (P < 0.05), whereas gray dots 
represent genes without difference in expression between the two groups. (E) Representative images of H3K9me3 in the nuclei of cardiac and extracardiac lesions from the 
samples analyzed by spatial transcriptomics. (F) Quantification of colocalization of H3K9me3 and H3 in cardiac and extracardiac lesions from the samples analyzed by spatial 
transcriptomics (n = 14 to 25 microscopic fields from three cardiac metastases and seven extracardiac tumors). (G) Representative images of chromatin compaction in the 
nuclei of cardiac and extracardiac lesions from the samples analyzed by spatial transcriptomics. (H) Coefficient of variation calculated based on the DAPI fluorescent images 
represented in (G) (n = 1184 to 2370 nuclei from three cardiac metastases and seven extracardiac tumors). Scale bars: 1 cm (A); 0.5 cm (B); 20 μm [(E) and (G)]. Results in (F) 
and (H) were analyzed by a two-tailed t test. **P < 0.01; *** P < 0.001. Data are mean ± SD.
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Fig. 4. Mechanical load reduces chromatin compaction and H3K9me3  in vivo associated with altered chromatin accessibility. (A and B) Representative images (A) and 
quantification (B) of colocalization between H3K9me3 and H3 in LG1233 GFP+ cancer cells in loaded and unloaded hearts (n = 4 biological replicates). (C and D) Representative 
images (C) and quantification (D) of chromatin compaction by DAPI staining of LG1233 GFP+ cancer cells in loaded and unloaded hearts (n = 840 to 860 nuclei from three 
loaded and five unloaded hearts). (E) Results of GSEA on DARs and H3K9me3 peaks between loaded and unloaded hearts, grouping gene sets by process. Red dots indicate a 
significant enrichment; blue dots incidcate a significant depletion. The dot size shows the number of DAR or H3K9me3 peaks in each gene set, and results are ordered from high 
to low normalized enrichment score (NES) levels. (F) Volcano plot showing DARs between loaded and unloaded hearts (n = 2 biological replicates). Blue and red indicate highly 
accessible peaks in unloaded and loaded samples, respectively; gray indicates no difference between samples. (G) Circos plot showing log2FC ChIP-seq signal intensity of 
H3K9me3 peaks in loaded versus unloaded samples; red and blue dots indicate peaks showing significantly reduced and increased signals, respectively. Gray segments in the 
outer circle represent the 20 chromosomes of the mouse genome. Scale bars: 20 μm (A); 10 μm (C). Results in (B) and (D) were analyzed by a two-tailed t test. *P < 0.05;  
***P < 0.001. Data are mean ± SD.
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Fig. 5. Mechanical load reduces chromatin compaction and H3K9me3 in EHTs. (A and B) Representative images (A) and quantification (B) of chromatin compaction by 
DAPI staining of LG1233 GFP+ cancer cells in static and beating EHTs (n = 15 to 25 nuclei from five beating and three static EHTs). (C and D) Representative images (C) and 
quantification (D) of colocalization of H3K9me3 with H3K9 in LG1233 GFP+ cancer cells in static and beating EHTs (n = 3 to 5 biological replicates). (E and F) Representative 
images (E) and quantification (F) of colocalization of H3K9me3 with H3 in LG1233 GFP+ cancer cells treated with the indicated siRNAs in beating EHTs (n = 5 biological 
replicates). (G) Representative low-magnification images of EHTs containing LG1233 GFP+ cancer cells treated with the indicated siRNAs. (H) Quantification of the area 
occupied by LG1233 GFP+ cancer cells upon treatment with the indicated siRNAs (n = 4 to 7 biological replicates). (I) Quantification of the density of LG1233 GFP+ cancer cells 
in EHT cross sections upon treatment with the indicated siRNAs (n = 5 to 6 biological replicates). (J) Representative cross sections of EHTs containing LG1233 GFP+ cancer cells 
treated with the indicated siRNAs. Scale bars: 10 μm (A); 20 μm [(C) and (E)]; 200 μm (G); 100 μm (J). Results were analyzed by either a two-tailed t test [(B) and (D)] or 
one-way ANOVA followed by a Dunnett’s post hoc test [(F), (H), and (I)]. *P < 0.05; **P < 0.01. Data are mean ± SD.
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Fig. 6. Nesprin-2 is required by cancer cells to sense mechanical load and inhibit proliferation. (A) Representative images of EHTs containing GFP+ LG1233 cells treated 
with the indicated siRNAs. A higher magnification of the squared region is shown on the right for each EHT. (B) Quantification of the area occupied by GFP+ LG1233 cells treated 
with the indicated siRNAs (n = 5 to 8 biological replicates). (C) Cross sections of EHTs containing GFP+ LG1233 cells treated with the indicated siRNAs. (D) Quantification of the 
GFP+ LG1233 cell density in EHT cross sections upon treatment with the indicated siRNAs (n = 3 to 8 biological replicates). (E) Representative images of chromatin compaction 
by DAPI staining of GFP+ LG1233 cells treated with indicated siRNA in EHTs. (F) Coefficient of variation calculated based on DAPI (n = 43 to 49 nuclei from seven siNTs and eight 

D
ow

nloaded from
 https://w

w
w

.science.org at Z
hejiang U

niversity on A
ugust 25, 2026



Research Article

Science  23 April 2026 10 of 15

tissue. In particular, mechanical load inhibited cell proliferation in 
both beating hearts in vivo and in EHTs in vitro, whereas unloading 
resulted in the opposite effect and restores cancer cell proliferative 
potential. The use of multiple and complementary models adds reli-
ability to our findings, overcoming some limitations associated with 
both the HHT model (nonmechanical effects due to an inflammatory 
foreign-body response, which could alter the immune response to can-
cer cells) and the intracardiac injection of cancer cells (myocardial 
damage and repair processes that could affect cancer cell growth).

The effect of mechanical load on CM proliferation was already docu-
mented in humans implanted with LVAD and in a model of myocardial 
infarction in mice, showing that unloading promotes CM proliferation 
(11, 23). Our findings provide evidence that a similar mechanism halts 
cancer cell proliferation in the heart, possibly protecting it from cancer. 
We initially focused on intracardiac implantation of lung adenocarci-
noma cells, as the lung is constantly exposed to mechanical stimulation, 
similar to the heart. However, the type of mechanical force exerted on 
cancer cells that reside in the two organs is likely different. Whereas a 
compressive, positive pressure is exerted in the heart because of CM 
contraction, as also shown in our model, the lung is stretched by a nega-
tive pressure, exerted by diaphragm and intercostal muscle contraction. 
In addition, lung cancer is positioned in the middle of the list of cancer 
types that are reported to metastasize to the heart (3); thus, it appeared 
suitable to assess the effects of both increasing and decreasing mechani-
cal load. We validated our findings using both melanoma and colon 
cancer cells, which disseminate to the heart at high and low frequency, 
respectively (3–5). We also used a genetic model in which cancer forma-
tion is induced by two oncogenic events that frequently occur in human 
cancers, namely, loss of p53 and expression of a mutated form of K-Ras. 
Using this model, we confirmed that the heart is protected from cancer, 
as activation of these two oncogenic events never resulted in aberrant 
cell proliferation in the heart, although it led to the formation of multiple 
rhabdomyosarcomas in peripheral muscles, similar to lesions induced 
in LSL-K-RasG12D;p53f/+;MyoD-Cre mice in which the Cre recombinase 
is expressed under the control of the MyoD muscle-specific promoter (24).

Mechanobiology has so far focused mainly on the mechanisms by 
which cells sense alterations in matrix stiffness and other physical 
properties of the extracellular milieu to eventually translate them into 
altered cell behaviors, such as proliferation and invasiveness (25, 26). 
More limited information is available on the role of physical forces in 
modulating cell biology. Although several studies have analyzed the 
effects of cell stretch on gene expression and cell proliferation (27, 28), 
our work provides evidence for the role of compressive forces, such as 
those generated in a beating heart, in inhibiting cancer cell growth. 
In line with our findings, cancer-associated fibroblasts have been re-
ported to compress cancer cells, resulting in altered localization of 
YAP and decreased proliferation (29). Volumetric compression by os-
motic pressure similarly inhibited melanoma cell proliferation and 
migration in culture (30).

We also explored whether alterations in cancer cell proliferation in 
the heart may be justified by metabolic competition for nutrients with 
beating CMs, which consume high amounts of energy. Our experimental 
data do not support this hypothesis, in line with the different metabolic 

substrates preferentially used by CMs (fatty acids) and cancer cells 
(glucose). In addition, cardiac unloading has been shown to shift CM 
metabolism toward glycolysis (31), which should further increase the 
competition and thus reduce cancer cell proliferation, which is exactly 
the opposite of what we observed. Still, we cannot exclude that other 
mechanisms different from mechanical stimulation could contribute 
to protect the heart from cancer.

To shed light on the mechanism that translates mechanical load 
into an inhibition of cell proliferation, we interrogated the transcrip-
tome of cancer cells that reached and proliferated in the heart, as in 
the case of human cardiac metastases, and compared it with that of 
primary tumors and extracardiac metastases in the same individuals. 
Among the most up-regulated genes in cardiac metastases, indepen-
dent of the tumor origin, were histone demethylases.

Aberrant histone modifications, including methylation at specific ly-
sines, are among epigenetic alterations known to drive tumorigenesis 
(32–35). KDM proteins, which dynamically regulate histone methylation, 
have been associated with several aspects of cancer progression, including 
proliferation, migration, invasiveness, and drug resistance (36). There are 
eight KDM subfamilies (KDM1 to KDM8), differing in both structure and 
lysine targets (36). Both KDMs and histone lysine methyltransferases 
(KMTs) control cancer cell viability and tumor progression (37), implying 
a complex scenario in which chromatin organization influences multiple 
aspects of tumor growth. We focused on H3K9me3, as this is one of the 
major hallmarks of heterochromatin that promotes dynamic gene expres-
sion patterns, facilitating tumor evolution and aggressiveness in various 
cancers (38–42). In accordance with previous evidence showing that me-
chanical forces reduce H3K9me3 levels and the essential role of H3K9me3 
in promoting chromatin compaction (27, 28, 39, 43–45), our data indicate 
that mechanical load exerted by beating heart tissue reduces both 
H3K9me3 and chromatin compaction in cancer cells. Indeed, we invari-
ably detected lower H3K9me3 levels and less-compact chromatin when-
ever mechanical load was increased in our experimental settings (in native 
versus heterotransplanted hearts in vivo, in overloaded versus unloaded 
EHTs, and in human cardiac metastases versus extracardiac lesions from 
the same patients). To assess whether these changes in H3K9me3 were 
causally associated with reduced cancer cell proliferation in response to 
mechanical load, we silenced KDM4C and KDM4D in cancer cells and 
showed that this indeed resulted in increased cell proliferation. These 
data are relevant considering recent clinical trials targeting both KDMs 
and KMTs for cancer therapy (46). Whether these treatments may have 
an impact on the incidence of cardiac cancers, as suggested by our find-
ings, remains an open question and warrants further investigation.

Epigenetic modifications, such as H3K9me3, profoundly alter chro-
matin accessibility (47). By leveraging single-cell ATAC-seq (scATAC-
seq) and H3K9me3 ChIP-seq on cancer cells injected in both loaded 
and unloaded hearts, we confirmed that mechanical load reduces 
H3K9me3 and increases chromatin accessibility for genes involved in 
cell cycle arrest, extracellular sensing, mechanosensing, cytoskeleton, 
and calcium homeostasis, consistent with reduced cancer cell growth. 
Among the up-regulated pathways, “maintenance of cell number” and 
“negative regulation of cell cycle” are obviously related to the reduced 
cancer cell proliferation observed in loaded hearts. Other up-regulated 

siSyne2s). (G and H) Representative images (G) and quantification (H) of H3K9me3 and H3 colocalization in GFP+ LG1233 cells treated with the indicated siRNAs in EHTs (n = 6 
biological replicates). (I) Representative immunofluorescence images of hearts injected with GFP+ LG1233 cells transduced with lentiviral vectors expressing the indicated 
shRNAs. CMs were stained for Tn. (J) High-magnification images of GFP+ LG1233 cells transduced with the indicated shRNAs and injected into the heart, stained for Ki67.  
(K) Quantification of the area occupied by GFP+ LG1233 cells transduced with the indicated shRNAs and injected into the heart (n = 4 to 5 biological replicates). (L) Quantifica-
tion of GFP+Ki67+ LG1233 cells transduced with the indicated shRNAs and injected into the heart (n = 4 biological replicates). (M and N) Representative images (M) and 
coefficients of variation (N) of chromatin compaction by DAPI staining of GFP+ LG1233 cells transduced with the indicated shRNAs (n = 320 to 400 nuclei from four hearts per 
group). (O and P) Representative images (O) and quantification (P) of H3K9me3 colocalization with total H3 in the nucleus of GFP+ LG1233 cells transduced with the indicated 
shRNAs and injected into the heart (n = 4 biological replicates). Scale bars: 300 μm (A); 100 μm (C); 20 μm [(E) and (M)]; 10 μm (G); 3 mm (I); 50 μm (J); 30 μm (O). Results 
were analyzed by one-way ANOVA followed by a Dunnett’s post hoc test [(B) and (D)] or a two-tailed t test [(F), (H), (K), (L), (N), and (P)]. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. Data are mean ± SD.
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pathways in both scATAC-seq and H3K9me3 ChIP-seq suggest that 
cancer cells respond to cardiac load by increasing their awareness of 
the extracellular space and stimuli by up-regulating mechanosensing 
pathways, such as “detection of abiotic stimulus,” “detection of external 
stimulus,” “response to mechanical stimulus,” “mechanoreceptor dif-
ferentiation,” and “Notch signaling pathway.” In addition, the up-
regulation of several cytoskeleton-related pathways (“microtubule 
polymerization or depolymerization,” “actomyosin structure organiza-
tion,” “positive regulation of cytoskeleton organization,” and “actin fila-
ment organization”) suggests that cancer cells reshape their structure 
to adapt to compressive forces in the beating heart. Lastly, our data 
indicate that cardiac load activates pathways involved in “regulation 
of lipid metabolic process,” “regulation of carbohydrate metabolic pro-
cess,” and “glutathione metabolic process,” which are notably altered 
in cancer (48, 49), and in line with the evidence that mechanical cues 
influence cancer metabolism in different ways (25, 50). Additionally, 
interesting pathways up-regulated in cancer cells growing in loaded 
hearts are those related to “calcium homeostasis,” consistent with the 
evidence that loss of calcium homeostasis is an important driving force 
in the initiation and progression of malignant diseases (51).

Alterations in chromatin remodeling in response to extracellular stimuli 
usually involve the activity of members of the LINC complex, which is 
emerging as the most relevant mediator in mechanotransduction pro-
cesses. Thus, we expected it to be part of the mechanosensing pathway 
used by cancer cells to respond to mechanical load in the heart, in line 
with several mutations in LINC complex–encoding genes that are associ-
ated with cardiomyopathies (52). Among its members, Nesprin-2 was iden-
tified as a key molecule required by multiple cancer cell types to halt their 
proliferation in response to mechanical load, as its silencing allowed cells 
to grow in both beating EHTs and hearts in vivo. Our data are consistent 
with the documented role of Nesprin-2 in regulating nuclear architecture, 
chromatin organization, and transcription of cancer-associated genes in 
response to adhesion forces (53). Conditional knockout of Nesprin-1 and 
Nesprin-2 in mice results in aberrant apoptosis, cardiac remodeling, fibro-
sis, and eventually heart failure, indicating that their role in mechanotrans-
duction in the heart may be conserved across other cell types beyond 
cancer cells (54). Another study found that deletion of Nesprin-2 had little 
effect on cardiac function, although a 100 kDa Nesprin-2 isoform was still 
detected in mutant mice (55).

Collectively, the data presented in this work provide evidence that me-
chanical load in the heart inhibits cancer cell proliferation, likely explain-
ing the low incidence of cardiac tumors. They also dig into the mechanisms 
responsible for this mechanoresponse, which involve Nesprin-2, histone 
methylation, and chromatin compaction. This offers fundamental insights 
into the biology of cell proliferation within the myocardium, and addition-
ally, the mechanical stimuli that operate in a beating heart could be ex-
ploited for the development of a mechanical therapy for cancer.

Materials and methods
Animals
Animal experiments were conducted in accordance with guidelines from 
the Directive 2010/63/EU of the European Parliament on animal experi-
mentation in compliance with European guidelines and International 
Laws and Policies (EC Council Directive 86/609, OJL 34, 12 December 
1987) and were approved by the ICGEB Animal Welfare Board, the Ethical 
Committee, by the Austrian Ministry of Education, Science, and Culture 
(BMWFW-66.011/0155-WF/V/3b/2017) and by the Italian Ministry of 
Health (39/2025-D441B.69). Animals were housed in ventilated cages 
and subjected to a 12/12h light/dark cycle. Temperature was kept at 20° 
to 22°C and relative humidity at 45–65%. Animals of both sexes were 
used and randomly assigned to the different experimental groups.

Genetic model of primary cancer
LSL-K-RasG12D/+;p53f/f mice were used to induce oncogenic events by 
Adeno-Associated Virus 9 (AAV9) expressing the Cre recombinase (56). 

In this model, Cre drives both the expression of the endogenous 
K-RasG12D mutant oncogene and the homozygous deletion of wild-
type p53 tumor suppressor gene (57). Seven mice were intravenously 
injected with AAV9-Cre at the dose of 2 × 1012 vg/mouse. Animals were 
monitored for 2 months, and multiple organs were harvested for his-
tological and p53 recombination analysis.

Polymerase chain reacton–based detection of p53 recombination in 
LSL-K-RasG12D/+;p53f/f mice
Genomic DNA was isolated from frozen tissues (liver, heart, and skel-
etal muscle) of LSL-K-RasG12D/+;p53f/f mice intravenously injected with 
AAV9-Cre, as well as from wild-type mice. Polymerase chain reaction 
(PCR) was performed using the Expand Long Template PCR System 
(Roche 11681834001). Specific primers against the Trp53 gene (Fw: 
GGT TAA ACC CAG CTT GAC CA; Rev: GAG TCA GGC CCC ACT TTC 
TTG) were used to amplify both unrecombined (8800 bp) and recom-
bined (700 bp) PCR products. Since the LG1233 cell line was generated 
upon Cre-recombination in LSL-K-RasG12D/+;p53f/f mice (16), its ge-
nomic DNA was used as a positive control for the recombined PCR 
product. PCR products were separated on a 1% agarose gel, stained 
with Midori Green Advance (Nippon Genetics Europe MG04) and 
visualized using a Bio-Rad ChemiDoc Touch Imaging System.

Cancer cell lines
CT26-Cas9-hyg (GeneCopoeia, SL582) and LG1233 cells (kindly pro-
vided by F. Benvenuti) were cultured in DMEM medium (Thermo 
Fisher 10564011), supplemented with 10% Foetal Bovine Serum (FBS, 
Thermo Fisher A5256701) and 1% penicillin/streptomycin (Thermo 
Fisher 15140-122). Green Fluorescent B16-F10 cells (Innoprot/Innovative 
technologies in biological systems, P20121) were cultured in RPMI 
1640 (Thermo Fisher 11875093), supplemented with 10% Foetal Bovine 
Serum (FBS, Thermo Fisher A5256701) and 1% penicillin/streptomycin 
(Thermo Fisher 15140-122).

Heterotopic heart transplantation
Heterotopic heart transplantation was performed using a modified 
cuff technique, in which the vessel wall is everted over a synthetic 
cylinder (14, 15). Both donor and recipient mice were anesthetized 
with an intraperitoneal injection of xylazine (5 mg/kg) and ketamine 
(100 mg/kg). Donor mice were injected with heparin (50 IU, diluted 
in 0.4 ml saline solution) into the inferior vena cava for anticoagulation 
and the chest was open to expose the heart. The ascending aorta was 
cannulated with a 27G syringe at the level of the brachiocephalic trunk 
and perfused with cardioplegic solution at 4°C. The inferior and su-
perior venae cava, as well as the pulmonary veins were ligated with 
8-0 silk and transected distally to the ligatures. The heart was removed 
and kept in cardioplegic solution until implantation. In the meantime, 
cuffs for anastomoses were prepared, each one consisting of a cylindri-
cal body and an extension for the placement of the vascular clamp. 
The cervical area of the recipient animal was opened, and the external 
jugular vein was divided between ligatures, to pull it through the cuff 
and occlude it proximally with a clamp. Upon removal of the ligature, 
the vessel wall was everted over the cuff and ligated with an 8-0 silk 
wire. The same procedure was applied to the common carotid artery. 
The cardiac graft was placed in the cervical region upside down to join 
the pulmonary trunk of the graft with the vein cuff construct of the 
recipient and the aorta of the graft with the everted artery of the re-
cipient. Anastomoses were secured with circumferential 8-0 silk liga-
tures and clamps on the external jugular vein and carotid artery were 
removed sequentially. Mice were kept under a heat lamp until awake 
and carprofen (4 mg/kg every) and buprenorphine (0.1 mg/kg) were 
administered subcutaneously every 12 hours for 3 days to minimize 
pain. LG1233 cells (1 × 105 per animal) were injected into the left 
ventricle of either transplanted or native hearts (8). To label proliferat-
ing cells, 5-ethynyl-2′-deoxyuridine (EdU) (Thermo Fisher E10187) was 
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administered intraperitoneally on days 14, 18, 20 and 24 after LG1233 
cell implantation. Animals were euthanized on day 28.

scATAC-seq
Heart samples were snap frozen in liquid nitrogen and sent to Active Motif 
for single nuclei preparation, Tn5 tagmentation, mRNA barcoding, NGS 
and bioinformatic analysis. Raw sequencing reads were processed using 
Cell Ranger ATAC with default parameters to perform read alignment and 
peak calling. For each sample, Signac (58) objects were generated and 
cellular barcodes were filtered based on quality control thresholds, requir-
ing >10% of fragments in peaks, <10% of reads in ENCODE blacklist re-
gions, transcription start site (TSS) enrichment >2, and nucleosome signal 
<4. High-quality samples were then merged for joint analysis with or 
without batch correction, followed by integration through a unified peak 
set, anchor identification, and dataset alignment. Dimensionality reduc-
tion was performed using term frequency–inverse document frequency 
transformation and singular value decomposition, with clustering based 
on a nearest-neighbor graph and visualization through uniform manifold 
approximation and projection at a default resolution of 0.2. Gene activity 
scores were computed from promoter (±2 kb) and gene-body accessibility, 
normalized with the “LogNormalize” method.

To identify modulated pathways in each cell type across conditions, 
we first performed differential analysis by the DamiRseq (59) (filtering 
low expressed genes) and LIMMA (60) (statistical analysis) R pack-
ages and, then, applied the gene set enrichment analysis (GSEA), using 
WEB-based GEne SeT AnaLysis Toolkit (WebGestalt) web tool (61) to 
analyze and annotate functional enrichment results. Data are archived 
in Zenodo (62).

ChIP-seq
Cancer cells were extracted from hearts and fixed in 1% PFA for 10 min. 
The fixation reaction was quenched with glycine at a final concentra-
tion of 125 mM and cells were sorted for GFP using FACS ARIA (BD). 
1 × 106 cell pellets were snap-frozen and stored at -80°C until sonication.

Thawed pellets were lysed in SDS Buffer (50 mM Tris–HCl at pH 8.0, 
5 mM EDTA at pH 8.0, 0.5% SDS and protease inhibitors Complete, 
Mini, Roche) and rocked 10 min at RT. Chromatin lysates were 
moved to 1.5 ml Bioruptor Microtubes and sonicated with a Bioruptor 
P ico sonicator.

Sonicated chromatin was diluted 3:2 (v/v) with Triton Dilution Buffer 
(100 mM Tris–HCl at pH 8.0, 250 mM NaCl, 5 mM EDTA at pH 8.0, 5% 
Triton X-100 and protease inhibitors) before immunoprecipitation with 
3 μg of H3K9me3 antibody (Abcam ab176916).

Immunoprecipitation, washes and library preparation steps were done 
as reported (63), with minor changes. For the immunoprecipitation step, 
25 μL/sample of magnetic Protein A beads (Dynabeads, Invitrogen) were 
used for capturing the antibody-chromatin complexes.

Sequencing of the ChIP-seq libraries was performed on a NovaSeq 6000 
platform, generating 61 bp paired-end reads. Raw sequence data were pro-
cessed with the nf-core/chipseq pipeline (v2.1.0) (10.5281/zenodo.3240506) 
with default parameters (64). Reads were aligned to the GRCm39 reference 
genome with BWA-MEM (v0.7.18) (65). Peaks enriched over input were 
called using the MACS3 broad peaks algorithm (v3.0.1) (66).

Differential binding analysis was performed using DiffBind (v3.16.0) 
(https://bioconductor.org/packages/release/bioc/vignettes/DiffBind/
inst/doc/DiffBind.pdf) (67). Read counting was performed with the 
dba.count function, applying the parameter summits = FALSE to quan-
tify enrichment across the full width of the called peaks. Differential 
analysis was executed with the default DESeq2 method. Differentially 
bound sites were defined by FDR<0.05. Finally, the results of the dif-
ferential peak analysis were visualized using Circos (v0.69.9) (68). 
Enrichment Analysis has been performed using WEB-based GEne SeT 
AnaLysis Toolkit (WebGestalt) web tool (61) to identify Gene-Ontology 
Biological Processes (GO-BP) significantly dysregulated in loaded com-
pared to unloaded conditions. Data are archived in Zenodo (69).

Generation of fibrin-based EHTs with adjustable mechanical load
CMs from neonatal Wistar rats (postnatal day 0-3) were harvested 
using Neonatal Cardiomyocyte dissociation kit (Miltenyi 130-098-373). 
Casting molds were prepared by inserting Teflon spacers (12 × 3 x 4 mm) 
inside a 24-well plate filled with 2% agarose (Invitrogen 15510-027) 
(70). After agarose jellification, the spacers were removed and a pair 
of silicone posts was placed in each well, with a 30G needle (Mesorelle) 
on the side of each post. The needle was bent to form a hook, close to 
the anchoring area of the silicone post.

To generate EHTs, 100 μL of reconstitution mixture, composed of 6 × 
106 CMs/EHT, 5 mg/ml bovine fibrinogen (Sigma F8630), 20% DMEM 
10x (Fisher scientific, 10134902), 10% heat inactivated horse serum 
(Thermo Fisher 26050-088) and 1% penicillin/streptomycin (Thermo 
Fisher 15140-122), was mixed with 3 μL thrombin (100 U/ml, Merck 
T7513) and pipetted into the casting molds containing silicon posts. 
EHT containing cancer cells were generated by adding cancer cells to 
the reconstitution mixture at the concentration of 2 × 104 LG1233 cells/
EHT, 2 × 104 B16 cells/EHT and 3 × 104 CT26 cells/EHT, respectively. 
EHTs were placed in a humidified incubator at 37°C, 7% CO2 for 2 hours 
to allow fibrinogen polymerization, and eventually transferred to new 
24-well cell culture dishes. Medium, composed of DMEM (Biochrom 
F0415), 10% horse serum (Thermo Fisher 26050-088), 1% penicillin/
streptomycin (Thermo Fisher 15140-122), insulin (10 μg/ml, Sigma-
Aldrich I9278), and aprotinin (33 μg/ml, Merck A1153), was changed 
every other day. EHTs were monitored daily and considered mature 
upon appearance of coherent beating, between days 7 and 10 post 
casting (17). During the maturation period, hooks were not in contact 
with silicon posts, to not interfere with the spontaneous reduction of 
EHT length during maturation.

For load modulation, the system allowed for three distinct positions: 
a standard load position, achieved by the resistance offered by the silicone 
posts; an unload position, where the convex side of the hooks of the metal 
braces was rotated against the posts, reducing the distance between the 
two extremities of the EHTs; and an increased load position, where the 
concave side of the hook was rotated around the post, increasing the stiff-
ness of the silicon posts and thus the mechanical load. To evaluate CM and 
cancer cell proliferation, EHTs were subjected to an EdU pulse matching 
the unload/increased load duration (72 hours). As an alternative method 
of unloading, EHTs were cultured in DMEM calcium-free (Thermo Fisher 
21068028) for 5 days.

Cancer cell transfection and lentiviral transduction
Specific siRNAs (Horizon siGENOME SMARTpools, four siRNAs per 
target) targeting UBC (M-019408-01-0010), Non-Targeting Control 
siRNA # 4 (D-001210-04-20), Kdm4c (M-051504-00-0005), Kdm4d 
(M-052542-01-0005), Syne1 (M-062644-00-0005), Syne2 (M-056764-
02-0005), Syne3 (M-052180-01-0005), Syne4 (M-054687-01-0005), Sun1 
(M-040715-00-0005), and Sun2 (M-041247-01-0005) were diluted in 
Opti-MEM (Life Technologies 31985-047) and dispensed in 96-well or 
6-well plates to a 50 nM final siRNA concentration. Lipofectamine 
RNAiMAX reagent (Invitrogen 13778-150) was diluted in Opti-MEM 
and added to the siRNA. After 30 min, cancer cells (LG1233, B16, CT26) 
were seeded on top of the siRNAs at a concentration of 1.5 × 104/cm2. 
For 2D culture, the medium was changed the day after transfection 
and cells were fixed after 5 days. For EHTs, cells were harvested the 
day after transfection and immediately added to EHT casting mixture.

To achieve a stable down-regulation of Syne2, cancer cells were trans-
duced with lentiviral vectors containing either a short hairpin RNA 
(shRNA) targeting Syne2 (Origene TL517485V) or a scramble shRNA 
control (Origene TR30021V) at MOI 1. After 48 hours, transduced cells 
were selected by adding 1 μg/ml of puromycin in the medium for 72 hours.

Real-time PCR
Cancer cells, either transfected with siRNA or transduced with viral 
vectors, were collected, centrifuged at 300 rcf for 5 min at 4°C, and 
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resuspended in TRIzol (Thermo Fisher, 15596026) for mRNA extraction 
and reverse transcription (1 μg) using the First Strand cDNA Synthesis 
Kit (Thermo Fisher, K1612). Target gene expression was evaluated using 
the GoTaq qPCR Master Mix Kit (Promega, A6002) on a CFX96 Real-
Time System (Bio-Rad) with primers, reported in table S2. Expression of 
the mutated mRNA for K-RASG12D protein was detected using TaqPath 
ProAmp Master Mix (Thermo Fisher, A2094) and a custom TaqMan 
probe and primers (Thermo Fisher), reported in table S2.

Western blot
Cancer cells, either transfected with siRNA or transduced with viral 
vectors, were collected, centrifuged at 300 rcf for 5 min at 4°C, and 
resuspended in lysis buffer (100 mM Tris pH 7.4, 150 mM NaCl, 1 mM 
EDTA, 1% Triton X-100, 0.5% sodium deoxycholate). Lysates were soni-
cated and spun down at 14.000 rcf at 4°C for 10 min to remove debris. 
Protein lysates were separated in 5-8% polyacrylamide gel containing 
Protogel (PolyMed, EC890), 357 mM Bis-Tris HCl pH 6.8, APS (Sigma, 
248614) and TEMED (Sigma, T7024). Proteins were transferred to a 
nitrocellulose membrane (Thermo Fisher, PB3210) using Power Blotter 
System (Thermo Fisher). Membranes were blocked in 5% non-fat milk 
in 0.1% Tween20 (Sigma, P9416) PBS (PBS-T) for 30 min at room tem-
perature and incubated overnight at 4°C with primary antibodies 
against Nesprin-2 (GeneTex, GTX121928) and Nesprin-4 (Novus Biological, 
NBP1-59767), diluted 1:1000 and 1:500, respectively, in blocking solu-
tion. Membranes were incubated one hour at room temperature with 
HRP-conjugated secondary antibodies (Agilent, P044901-2), diluted 
1:5000 in 5% bovine serum albumin (Sigma, A2328) in PBST. Immunoblots 
were developed by exposing membranes with Aersham ECL Western 
Blotting Detection Reagent (GE Healthcare, RPN2106) to either a chemi-
luminescent film (Thermo Fisher, AB406750) in a dark room or to 
ChemiDoc Touch (BioRad). Protein expression was quantified by ana-
lyzing the images of immunoblots using ImageJ.

Heart and EHT simulation
A finite element model was first created to represent the cardiac mechan-
ics of a rodent LV under normal and unloaded conditions. The geometry 
was idealized as a truncated prolate ellipsoid with a wall thickness of 
1.5 mm, a short axis radius of 4 mm, and a long axis radius of 8 mm. 
Myofiber angles were assumed to rotate from −60 degrees to +60 degrees 
from the endocardium to epicardium, with sheet orientations orthogonal 
to fibers and a calculated gradient direction between the epicardium and 
endocardium. Systolic contraction was simulated on this geometry using 
a FEniCS-based solver for cardiac mechanics (71), using P2 finite elements 
for displacement. Boundary conditions were implemented as a Robin 
type condition at the epicardium, an imposed endocardial pressure, and 
by fixing motion on the basal plane in the longitudinal direction. Active 
contraction was modeled using an active strain formulation, where the 
deformation tensor is multiplicatively decomposed into an active and 
passive form, and contraction along the fiber direction was controlled 
using an activation parameter, γ. The material was modeled as a trans-
versely isotropic, slightly compressible hyperelastic material (72). Material 
parameters and additional modelling details are archived in Zenodo (73). 
Simulations were performed for a control case of end systole (end-systolic 
pressure, ESP = 15 kPa) and an unloaded case where the cavity pressure 
was removed (ESP = 0 kPa). In each case, deviatoric Cauchy stresses were 
calculated throughout the mesh in the fiber, sheet, and sheet normal 
direction, and volume averaged over the entire geometry.

For model validation, ultrasound images and corresponding measured 
chamber volumes from a native and transplanted heart were used to 
create truncated prolate ellipsoid LV models that fit the contoured epi-
cardium and endocardium profiles and match the measured end diastolic 
volume (EDV), using end-diastolic pressures (EDPs) reported in previous 
studies on unloaded hearts (74), namely 1.3 kPa for native and 1.0 kPa for 
transplanted hearts, respectively. The end-systolic state was simulated by 
ramping endocardial pressures to literature values (13.5 kPa and 8.0 kPa 

for native and transplanted hearts, respectively (74)), and active strain 
increased to reach the ESV measured by ultrasound imaging. In both 
cases, total Cauchy stresses at end systole were calculated throughout the 
mesh in the fiber, sheet, and sheet normal direction, and volume was aver-
aged over the entire geometry.

An additional model was created to simulate the mechanics of EHTs 
under different load conditions. A cylindrical geometry, 4000 μm in length 
and 300 μm in radius was meshed, and cardiac fibers were assigned along 
the length of the cylinder. A Robin type boundary condition was imposed 
on both ends to represent pillar traction under load. The spring constant 
of the Robin condition was first chosen to match experimental measure-
ments of length change during contraction (~15%). This control was com-
pared to simulations where the load was increased or decreased during 
systole to represent the modulation of the pillars in the experimental 
protocols. The spring constant was increased by 10X to simulate stiffening 
of the pillars, which resulted in decreased systolic shortening to ~11%. To 
represent unloading, the constant was reduced by 10-fold, so that the EHT 
was able to shorten with almost no resistance (~20%). Again, deviatoric 
Cauchy stresses were calculated throughout the mesh and volume aver-
aged over a 300 μm-long section of the cylinder.

Spatial transcriptomics
Spatial transcriptomics was performed on samples of human can-
cers, upon approval by the Ethical Committee of the University of 
Trieste and Centro Cardiologico Monzino. Tissue sections (5 μm) 
were cut from corresponding formalin-fixed paraffin-embedded 
blocks and mounted on Superfrost slides (Thermo Fisher). Transcriptome 
analysis was undertaken on the NanoString GeoMx Digital Spatial 
Profiling platform in Seattle WA (USA). Tissue sections were stained 
for cell-specific markers (Troponin I for CMs, pan-cytokeratin for 
lung and colorectal cancer cells, PMEL for melanoma cells) to select 
the ROIs for subsequent gene expression analysis. ROIs were chosen 
to contain at least 300 cells for every cell type. Areas containing fi-
brosis or necrosis were excluded. Raw data are archived in Zenodo (75).

Histology and immunostaining
Tissues and EHTs were fixed in 10% formalin in PBS, embedded in paraffin 
and sliced in 4 μm sections using a microtome (Leica). Paraffin was removed 
by heat (60°C for 1 hour) and xylene bath (2 × 30 min) followed by rehydra-
tion by increasing ethanol dilutions. For H&E staining, sections were 
washed with water, incubated with haematoxylin for 2 min, followed by 
eosin for 5 min, and eventually dehydrated in 95% and 100% ethanol. For 
EdU and immunostaining, antigen retrieval was performed by boiling sec-
tions in 10 mM Tris base, 1 mM EDTA and 0.05% Tween 20 at pH 9.0 for 
20 min in a microwave. Sections were rinsed three times in water and 
permeabilized 20 min in 0.5% Triton X-100 in PBS. For EdU detection, the 
Click-IT EdU 647 Imaging kit (Thermo Fisher C10247) was used. For anti-
body detection, sections were incubated in blocking solution (10% horse 
serum, 0.25% Triton X-100 in PBS) for 30 min, and stained overnight at 4°C 
with the following primary antibodies diluted in blocking solution: 
anti-cardiac Troponin I (Abcam ab47003), anti-cardiac Troponin T (Abcam 
ab8295), anti-phospho-Histone H3 (Ser10) (Merck 06-570), anti-Ki67 
(Abcam ab15580), anti-PCM1 (Merck HPA023374), anti-Histone H3K9me3 
(Abcam ab176916), anti-Histone H3 (Cell signaling D1H2), anti-PMEL 
(Abcam ab137078), anti-Cleaved caspase 3 (Cell Signaling 9661s), anti-
RIPK3/RIP3 (Novus Biologicals NBP1-772999), anti-Aurora Kinase B 
(Abcam ab2254). Detection of primary antibodies was performed with 
Alexa Fluor©-conjugated secondary antibodies (Thermo Fisher), anti-
body labeling kits (Proteintech) or HRP-conjugated secondary an-
tibodies (Thermo Fhisher). Nuclei were counterstained with either 
4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher 62247) or 
Hoechst 33342 (Thermo Fisher H3570), and slides were mounted with 
Fluoromount-G Mounting Medium (Thermo Fisher 00-4958-02). Cross-
sectional area was analyzed on sections stained by immunohistochemistry 
using an anti-dystrophin antibody (Abcam ab15277), VECTASTAIN ABC Kit 

D
ow

nloaded from
 https://w

w
w

.science.org at Z
hejiang U

niversity on A
ugust 25, 2026



Research Article

Science  23 April 2026 14 of 15

(Vectorlabs PK-6100) and ImmPACT DAB (Vectorlabs SK-4105), with mini-
mal cross-sectional area set at 40 μm2 (62).

Image acquisition and analysis
Images were acquired using a Nikon Eclipse T1 microscope equipped with 
an Andor Neo sCMOS camera, a Zeiss Apotome 3 microscope, equipped 
with Zeiss Axiocam 807 mono, and a Zeiss SIM ELYRA 7 equipped with 
PCO.edge 4.2 sCMOS camera (Excelitas), and analyzed by ImageJ (NIH, 
Bethesda). DNA compaction was evaluated by the analysis of the CV (76). 
CV of individual nuclei was calculated as CV = σ/μ, where σ represents 
the standard deviation of the DAPI intensity values, and μ represents the 
mean value of intensity of the nucleus. In the highly condensed chromatin, 
bright chromocenters lead to a wider intensity distribution and, conse-
quently, a higher standard deviation compared with decondensed hetero-
chromatin, characterized by more uniform DAPI staining.

H3K9me3 quantification was performed by measuring pixel co-
localization over total histone H3, using ImageJ. Number of proliferating 
cancer cells and cancer cell density in cross-sectional areas were calcu-
lated using the Cell Counter plugin of ImageJ.

EHT video optical recording and analysis
EHT contraction was recorded using a Nikon Eclipse T1 microscope 
equipped with Andor Neo sCMOS camera and a Plan UW 2X objective. 
EHTs were kept in a humidified incubator (OkoLab) at 37°C, 7% CO2 dur-
ing live imaging. Recording was performed for 5 s at 100 frames per sec-
ond. For stimulated contraction measurements, EHTs were electrical 
stimulated at 4 Hz using a Hugo Sachs Elektronik Stimulator c type 224, 
as previously described (17).

Based on post geometry, the elastic modulus of Sylgard 184 (2.6 kPa) and 
the distance between the posts (post deflection), force was calculated accord-
ing to a published equation (77). For a post of radius R and length L, cast 
from material with a known elastic modulus (E), the moment of inertia (I) 
is given by I = 1/4R4 and force based on post deflection δ by the formula:

Statistical analysis
The number of animals for each experimental procedure was determined 
using the GPower 3.1 software, considering a statistical power (∏) of 80% 
and a probability of committing a Type I error (α) of 0.05. Results were 
expressed as mean ± standard error of the mean (SEM). Student’s t test 
was used to compare two groups, one-way ANOVA followed by Bonferroni’s 
multiple comparison was used to compare multiple sample groups with 
one control, ordinary one-way ANOVA followed by Dunnet multiple com-
parison was used to compare multiple measurements of distinct sample 
groups. All tests were performed using GraphPad Prism 6 (GraphPad 
Software, La Jolla California USA). Results with the following P values were 
considered statistically significant: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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Correction (19 May 2026): In Fig. 3A, the lung adenocarcinoma image for patient 1 was inadvertently 
duplicated and covered the adrenal and lung metastasis images for patient 3. The figure has been replaced.
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Editor’s summary
It is very rare for cancer to either form in or metastasize to the heart, suggesting that there is something that inhibits
cancer growth in the cardiac microenvironment. A key potential explanation is mechanical load. Ciucci et al. tested
this idea by introducing cancer cells into rodent hearts and then in vitro engineering cardiac models with or without
normal mechanical load. They also compared human tissue samples from rare cardiac metastases and corresponding
extracardiac tumors. The authors determined that increased mechanical load promoted Nesprin-2 signaling, which
then led to changes in chromatin compaction and histone methylation, resulting in the suppression of cancer growth
(see the Perspective by Paltzer and Martin). —Yevgeniya Nusinovich
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