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SUMMARY

Cancer cachexia, a devastating metabolic wasting syndrome affecting up to 80% of solid cancer patients,

remains incurable despite advances in tumor biology understanding. This study introduces neuromuscular

organoids (NMOs) derived from human-induced pluripotent stem cells (hiPSCs) as a platform to investigate

cancer-driven muscle cachexia. We found that NMOs respond well to atrophic stimuli and replicate the key

features of cancer cachexia when treated with conditioned media derived from cachexia-inducing cancer

cells. Specifically, cachectic NMOs showed muscle mass loss, impairment of muscle contraction, alteration

of intracellular calcium homeostasis, appearance of mitochondrial dysfunction with a metabolic shift, and

enhancement of autophagy. Based on these results, we propose NMOs derived from hiPSCs as an in vitro

tool for investigating human muscle cachexia, with potential future avenues of patient-specific modeling

and therapeutic screening.

INTRODUCTION

Despite last decade’s key improvements in understanding tumor

biology, cancer cachexia, a metabolic syndrome causing weight

loss and tissuewasting, remains an incurable condition. It affects

80% of patients with solid cancers1–4 and accounts for up to

30% of cancer deaths.2,5 Though considered a late-stage event,

many patients already experience weight loss at diagnosis.2,5

The loss of skeletal muscle mass and strength is a relevant clin-

ical event in cancer cachexia and predicts poor outcomes.1,6

MOTIVATION The study of mechanisms behind cancer-induced muscle cachexia is a significant challenge.

Currently available in vivo and in vitromodels are limited and do not allow the study of cachexia in a context

that is relevant to patients. We therefore sought to develop a multicellular, three-dimensional (3D) in vitro

model derived from human cells that recapitulates the phenotypes observed in a cachectic muscle, including

impairment of muscle contraction and cellular and molecular alterations.
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Nutritional supplementation cannot reverse cachexia, and no

effective treatment currently exists.1,2

Studies in murine models show that cancer cachexia is driven

by increased muscle protein breakdown via ubiquitin-protea-

some (UPS) and autophagy-lysosome systems.7–9 However, it

remains unclear what initiates cachexia in patients, why some

cancers cause it while others do not, and why some pre-

cachectic patients progress to overt cachexia.1 Cancer-induced

secreted systemic factors, including those transported into

extracellular vesicles,10 can trigger and sustain muscle

wasting1,4 by impairing host metabolism,11 inducing muscle

catabolism and inhibiting protein synthesis.2,4 Importantly, pre-

serving muscle mass in tumor-bearing mice prolongs survival

independently on tumor growth,12 highlighting skeletal muscle

as key therapeutic target for counteracting cachexia onset.

Developing effective therapeutical strategies for cancer-

driven muscle cachexia in patients requires addressing funda-

mental unanswered questions. Current investigation methods

are limited by the complexity to directly study thesemechanisms

in patients and by species-specific differences when using ani-

mal models.13,14

Advances in pluripotent stem cell and organoid technologies15

enable generating 3D skeletal muscle models from human-

induced pluripotent stem cells (hiPSCs), including patient-spe-

cific organoids that reproduce skeletal muscle structure and

function.16–26 Organoids containing functional human neuronal

and muscle compartments (hereafter referred to as neuromus-

cular organoids [NMOs]) have been used to mimic conditions

like myasthenia gravis,26 amyotrophic lateral sclerosis,20,23 and

Duchenne muscular dystrophy.16 Despite hiPSC origin, myo-

tubes in NMOs reach highmaturity levels, probably due to 3D or-

ganization coupled with the multicellular complexity and trophic

factors released by other cell types.16–26

Here, we propose hiPSC-derived self-assembled NMOs as an

in vitro tool to study metabolic changes and muscle remodeling/

plasticity in cachectic muscles. We showed that in NMOs myo-

tubes respond to genetically induced atrophic stimuli. When

treated with conditioned media (CM) from cachexia-inducing

(but not with non-cachexia-inducing) cancer cells, NMOs repro-

duced key features of cachectic muscles like muscle mass loss,

impaired contraction, intracellular calcium dysregulation, mito-

chondrial dysfunction, and increased autophagy. These findings

suggest that NMOs offer an innovative in vitro human muscle

model for investigating cachexia. This approach opens new av-

enues for unraveling the cachexia pathogenic mechanisms,

potentially in a personalized manner, and for evaluating thera-

peutic interventions.

RESULTS

NMOs recapitulate a functional skeletal muscle

To generate NMOs, hiPSCs were seeded as single cells onto

Matrigel droplets and directly differentiated into self-assembled

spheroids, according to published differentiation protocol16,19

(Figures 1A and 1B). Two days after seeding and before the dif-

ferentiation, hiPSCs expressed pluripotency markers like oc-

tamer-binding transcription factor 4 (OCT4), homeobox protein

NANOG, and SRY-box transcription factor 2 (SOX2;

Figures S1A and S1B). Two days after the beginning of the differ-

entiation, the cells lost OCT4 and NANOG expression

(Figures S1C and S1D), but co-expressed the neuromesodermal

progenitor key determinant transcriptional factors SOX2 and

mesoderm-induction T-box transcription factor brachyury

(TBRA; i.e., TBRA+SOX2+), or only the mesodermal progenitor

marker TBRA16,19,27–32 (i.e., TBRA+SOX2−; Figures 1C and

S1D). After 30 days of differentiation, NMOs showed clusters

of neuronal cells and an extensive area of elongated, desmin-

positive muscular cells (Figures 1D and S1E). To assess termi-

nally differentiated myogenic cells in NMOs 30 days after differ-

entiation, we analyzed their transcriptional profiles compared to

an in vitro model in which the neuromuscular differentiation was

performed in two-dimensional (2D) conditions.16 Principal

component analysis (PCA) of transcriptomic data highlighted

distinct separation of 2D and NMO samples (Figure 1E and

Data S1). Both the samples expressed myofibers/skeletal mus-

cle contraction genes, but NMOs upregulated genes related to

myofiber cytoskeleton components and skeletal muscle

contraction, but not cardiac muscle conduction, compared to

Figure 1. NMOs derived from hiPSCs show functional muscle improvement after 50 days of differentiation

(A) Schematic representation of the differentiation protocol used to obtain hiPSC-derived NMOs up to day 30; key medium change time points are indicated.

(B) Representative bright-field images showing morphological progression at days (D) 2, 7, 15, and 30. Scale bar, 500 μm.

(C) Confocal immunofluorescence showing SOX2 and TBRA expression in progenitor cells at day 2. Scale bar, 30 μm.

(D) zstack confocal images of 30-day NMOs stained for desmin (white). Scale bar, 750 μm (left) and 200 μm (right).

(E) PCA of 2D versus NMO samples, each dot representing one sample. Extended data reported in Data S1.

(F and G) Hierarchical clustering with heatmap visualization of DEGs related to myofiber cytoskeletal components (F) and to Reactome Muscle Contraction (G).

Extended data reported in Data S1.

(H) Schematic representation of NMO maturation from 30-days to 50-days.

(I) z stack confocal image of 50-day NMO stained for desmin (white). Scale bar, 750 μm.

(J) Organoid area ratio between 30-day (D30) and 50-day (D50) NMOs. Data are shown as mean ± SD of 5 independent NMOs per condition. Unequal variance

Student’s t test; ****p < 0.0001.

(K) Quantification of desmin+ cross-sections. Data are shown as mean ± SD of≥3 images of 8 NMOs (240myotubes per condition). Unequal variance Student’s t

test; ****p < 0.0001).

(L) F-actin staining showing sarcomeric organization at D50 (arrowheads). Scale bar, 5 μm.

(M) Schematic representation of ACh-induced contractility test.

(N) Representative vectormaps ofmaximumdisplacements of D30 andD50NMOs upon ACh stimulation. The regions of interest shown have identical dimension.

(O) Violin plot of maximum displacement of D30) and D50 NMOs upon ACh stimulation. Each violin represents the mean of maximum displacement sizes in a

single NMO (4 NMOs per condition; ≥650 events/NMO). Nested two tail t test; *p = 0.0222).

See also Data S1, S2, and Video S1.
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Figure 2. NMOs respond with muscle atrophy to genetic and soluble cachectic stimuli

(A) Schematic timeline showing treatment of 50-day NMOs derived from hiPSCs or GFP+ hiPSCs with AdV-GFP-c.a.FOXO3 or control AdV-GFP.

(B) Left, GFP fluorescence intensity ratio at days 1, 2, and 3 (D1–D3) post-infection in NMOs derived from hiPSCs. Data are shown asmean ± SD of≥3 images per

NMO; each dot represents a single NMO. Ordinary one-way ANOVA; *p = 0.0477. Right, representative stereomicroscope images of NMOs infected with AdV-

GFP (top) and AdV-GFP-c.a.FOXO3 (bottom) at D3. Scale bar, 1 mm.

(C) Quantification of GFP+ myotube cross-sections before (D0) and after 3 days (D3) of infection with AdV-GFP-c.a.FOXO3 or control virus. Data are shown as

mean ± SD of average myotube diameters per NMO (≥20 cross-sections, 3 images/NMO, and ≥4 NMOs per condition). Ordinary one-way ANOVA;

****p < 0.0001, see also Data S2.

(D) Representative immunofluorescence images of desmin+ (gray) myotubes in NMOs 3 days after infection with AdV-GFP-c.a.FOXO3 or control virus. Masks

highlight single myotubes. Scale bar, 7 μm.

(E) Schematic of 50-day GFP+ NMO treatments with basal media (BM) and CM from C26 (cachectic) and MC38 (non-cachectic) murine colon cancer cell lines.

UNT (untreated) NMOs cultured in differentiation medium were used as control. Treatments lasted 3 days (D50–D53), with time-course imaging when indicated.

(legend continued on next page)
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2D samples (Reactome datasets; Figures 1F and 1G; Data S1),

confirming improved skeletal muscle differentiation in the 3D

system.

Based on findings that longer time of culture improves organo-

ids maturation,20,23,25,26 we extended NMO culture to 50 days of

differentiation (Figures 1H, 1I, and S1F). Compared to 30-day

NMOs, 50-day NMOs had significantly increased size

(Figure 1J), muscle compartment area (Figure S1G), andmyotube

cross-sections (Figure 1K), with presence of sarcomeric struc-

tures (Figures 1L and S1H), suggesting an improved maturation

of the skeletal muscle. In accordance with previous studies16,19

and the previous analysis (Figures S1E and S1F), the presence

of neurons in 50-day NMOs was confirmed by the gene expres-

sion of TUBB3 andMAP2 (Figure S1I andData S2), neuronal func-

tional activity (Figure S1J and Video S1), and detection of juxta-

posed pre- and post-synaptic elements of the NMJ (Figure

S1K). Finally, to confirm that the morphometric differences be-

tween 30-day and 50-day NMOs could be reflected at functional

level, we performed functional analysis of the skeletal muscle. We

treated NMOs with acetylcholine (ACh) to stimulate myotube

contraction (Figure 1M; Video S1). Imaging analysis by particle ve-

locimetry analysis (PIVlab)16,19 showed that 50-day NMOs con-

tracted more than 30-day NMOs, as depicted by vector maps,

mean maximum displacement (Figures 1N, 1O, S1L, S1M, and

S1N), and displacement spatial distribution (Figures S1L, S1M,

and S1N).

Together these data demonstrate that 50-day NMOs mimic

functional human skeletal muscle in vitro, suggesting their po-

tential application to studying muscle plasticity and

pathophysiology.

NMOs are genetically manipulable and respond to

cachectic stimuli

Aiming to develop a mature skeletal muscle model for examining

muscular responses in cachectic conditions, we focused on the

muscle compartment in 50-day NMOs. We first investigated

whether NMO skeletal muscles responded properly to well-

known atrophic stimuli,4 by overexpressing constitutively active

(c.a.) forkhead box O3 transcription factor (FOXO333) via Adeno-

virus (AdV) infection (Figure 2A). We optimized adenovirus doses

and timing for NMO infection, using empty viruses (AdV-ctl) as

negative control. Both AdV-ctl and AdV c.a.FOXO3 drove GFP

expression,33 confirming successful infection by increased

GFP over time (Figures 2B and S2A). With the aim to evaluate

morphometric parameters of the myotubes during the time of

treatments via live imaging, we also included GFP+-hiPSCs19

to generate GFP-NMOs (Figure S2B). Remarkably, c.a.FOXO3

overexpression significantly reduced myotube size compared

to AdV-ctl in treated NMOs (Figures 2C, 2D, and S2C; Data

S2), mimicking FOXO3-dependent adult skeletal muscle atro-

phy.33 These results support the use of D50 NMOs as an

in vitro model for studying skeletal muscle adaptations to atro-

phic stimuli, as those expected to be observed in a context of

muscle cachexia.

To test this hypothesis, we exposed NMOs for 3 days to CM

from cachexia-inducing C26 colon cancer cell lines34,35 or non-

cachexia-inducing MC38 colon cancer cells36,37 (Figure 2E).

NMOs kept in optimal differentiation media (untreated, UNT) or

treated with the cancer cells growing medium (basal medium,

BM) were used as controls (Figure 2E). We did not observe

macroscopic differences among organoids before and after

the treatments (Figure S2D). However, C26-CM treatment signif-

icantly reduced myotube size over time compared to MC38-CM,

BM, and UNT controls (Figures 2F and S2E; Data S2). Impor-

tantly, C26-CM-mediated atrophic phenotype was observed in

NMOs generated from two different hiPSC lines (Figure S2F;

Data S2). We further quantified myotube cross-sections in

C26-CM treated NMOs via desmin+ immunofluorescence imag-

ing analysis after 3 days of treatments, corroborating live imag-

ing data (Figures 2G, S2G, and S2H; Data S2). C26-CM also

increased cell death events (Figure S2I; Data S2), and decreased

the total muscle area in cachectic NMOs (Figure S2J; Data S2).

Lack of atrophy in NMOs treated with non-cachexia-

inducing36,37 MC38-CM indicated that the C26-CM phenotype

was related to its cachexia-inducing secretome, not to tumor se-

cretome per se.

Altogether, these data show that hiPSC-derived NMOs prop-

erly react to atrophic/pro-cachectic stimuli, suggesting their util-

ity for studying in vitro human skeletal muscle physiopathology in

cancer-cachexia.

NMOs display functional impairment upon C26 CM

treatment

Since NMOs contracted upon ACh administration (Figures 1N

and 1O), we tested the functional effects of C26-CM treatment

(Figure 3A). While ACh-induced contraction in all samples

(Video S1), C26-CM treatment significantly reduced NMO

contraction compared to controls, shown by vector maps,

decreased mean maximum displacements (Figures 3B, 3C,

and 3D; Data S2), increased percentage of small (<5 μm) and

reduced percentage of large (>15 μm) displacement events

(Figures 3E and S3A; Data S2). Polar chart also revealed altered

contraction coordination in C26-CM treated NMOs, as shown by

evaluating displacement magnitude and direction simulta-

neously (Figures 3F and S3B). We next monitored calcium ho-

meostasis, critical for muscle contraction,38 in myotubes of

UNT, C26-BM and C26-CM treated non-GFP expressing

NMOs loaded with Fluo-4 calcium dye during ACh stimulation.

Quantification of calcium flux upon ACh-induced contraction

by Fluo-4 live imaging revealed altered calcium handling, con-

firming functional impairment in cachectic organoids (Figures

3G, 3H, and S3C; Data S2).

(F) Quantification of GFP+myotube diameters before (D0) and during the 3 days of treatments (D1–D3) with C26- orMC38-CM/BM. Data are shown asmean ± SD

of ≥7 NMOs per condition (≥20 cross-sections and 3 images/NMO). Ordinary one-way ANOVA; ****p < 0.0001, see also Data S2. The C26-BM/CM quantifi-

cations are compared to UNT quantifications in Figure S2E.

(G) Upper: representative immunofluorescence images of desmin+ (gray) myotubes in GFP+NMOs treated with C26- andMC38-CM/BM or UNT. Masks highlight

single fibers. Scale bar, 7 μm. Lower: quantification of desmin+ cross-sections. Data are shown as mean ± SD of ≥3 images/NMO (8 NMOs/condition, and 240

myotubes/condition). Ordinary one-way ANOVA; ****p < 0.0001, see also Data S2.
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Altogether, these data proved that NMOs model human skel-

etal muscle (dys)functionality upon exposure to cachectic

secreted factors. Despite higher costs and longer cell culture

time, when evaluating key criteria for modeling and studying

cancer-induced muscle cachexia in vitro, such as species of

origin, spatial organization, functional analysis capability,

neuronal integration, and potential for personalized medicine

applications, our NMO platform meets all these requirements,

when compared to currently available in vitro models39–47

(Figure 3I).

NMOs treated with C26 CM showed metabolic

alterations and mitochondrial dysfunction

Since disrupted energy metabolism,48–50 altered mitochondria

morphology and function51–53 and increased autophagy54,55

are critical aspects of cachexia, we monitored these features in

NMOs. Spatial metabolomics revealed enrichment of TCA cycle

intermediates (e.g., citrate/isocitrate and malate) in C26-CM

treated cachectic NMOs compared to controls (Figures 4A, 4B,

and S4A; Data S3), supporting bioenergetics impairment. Next,

we investigated mitochondrial morphology and function. Elec-

tron microscopy revealed elongated mitochondria with regular

cristae in control NMOs (i.e., UNT and C26-BM), while cachectic

NMOs showed small, fragmented, and electron dense mito-

chondria in which cristae were difficult to recognize

(Figure 4C). Imaging analysis of immunofluorescence co-stain-

ing for the mitochondrial import receptor subunit (TOM20) and

for myosins confirmed increased mitochondrial fragmentation

in cachectic myotubes, as quantified by mitochondria analyzer

plugin56 (Figures 4D, S4B, and S4C; Data S2). Analysis of oxygen

flux by using Oroboros O2k in single organoids showed that

mitochondria respiration normalized for DNA-mitochondria con-

tent was reduced under basal condition and upon complex I/II

substrate administration in cachectic NMOs (Figures 4E, 4F,

S4D, and S4E; Data S2). This was also associated with

decreased mitochondria content and TOM20 fluorescence in-

tensity in myotubes, when compared to UNT and C26-BM sam-

ples (Figures S4E and S4F; Data S2).

Because fragmented and decreased mitochondrial content

and atrophy can result from increase autophagy,54,55 we moni-

tored this proteolytic system. Increased lysosomal associated

membrane protein 1 (LAMP1)/TOM20 co-localization in C26-

CM myotubes suggested elevated mitophagy (Figures 4G and

S4G; Data S2), as also suggested by electron microscopy

showing mitochondria within vesicles in cachectic NMOs

(Figure 4H). Cachectic myotubes also had significantly more

puncta of autophagic markers sequestosome 1 (p62) or microtu-

bule-associated protein 1 light chain 3 beta (LC3B),4,54,55

compared to controls, indicating increased autophagy (Figures

4I and 4J; Data S2).

Altogether, these data showed that NMOs recapitulate key

features characterizing cancer cachexia-induced muscle

wasting, including myofiber atrophy, decreased contraction,

mitochondrial dysfunction, and increased autophagy. Conse-

quently, NMOs represent a human skeletal muscle in vitromodel

for investigating pathogenetic hypotheses and therapeutic ap-

proaches relevant to cachectic patients.

DISCUSSION

Cancer cachexia, characterized by muscle loss, with or without

fat loss, severely impacts quality of life, reduces chemotherapy

response, and decreases overall survival, but lacks effective ther-

apies,2,14,50,57–59 partly due to limitations of animal models in

recapitulating human pathophysiology.13,60 There is a critical

need for 3D in vitro human models to study muscle cachexia

mechanisms and develop translational approaches,13,60 and to

minimize the use of animals.39 NMOs have been reported to

mimic human skeletal muscle in health and disease,16,18–21,23,25,26

but no studies until now used NMOs to model cancer-induced

muscle cachexia.

We introduce hiPSC-derived NMOs as a 3D in vitro model of

human skeletal muscle to investigate cancer-driven muscle

cachexia.

The hiPSC-derived NMOs demonstrated a functional skeletal

muscle compartment. The 3D structure promoted muscle

Figure 3. Cachectic NMOs show reduced muscle functionality

(A) Schematic illustration of the strategy used to test muscle functionality of GFP+NMOs via direct ACh stimulation following C26-derived BM andCM treatments.

UNT condition was included as control.

(B) Representative vector maps of ACh-induced displacements recorded during contraction of GFP+ NMOs after C26-BM/CM treatments and untreated (UNT)

condition. Identical region of interest areas were considered among the samples.

(C) Violin plot showingmaximumACh-induced displacements in GFP+NMOs after C26-BM/CM treatments and in UNTNMOs. Each violin represents themean of

maximum displacement size in a single NMO (4 NMOs per condition; ≥655 events/NMO). Nested one-way ANOVA; *p = 0.0173, see also Data S2.

(D) Gaussian interpolation of displacement frequency distributions (0–60 μm and 5 μm bins) in GFP+ NMOs UNT or treated with C26-BM/CM upon ACh stim-

ulation.

(E) Frequency distribution of displacements >15 μm in GFP+NMOs after C26-derived BM/CM treatments and in UNT samples. Data are shown asmean ± SD of 4

NMOs/condition and each dot indicates a single NMO. Ordinary one-way ANOVA; **p = 0.0011; *p = 0.0124, see also Data S2.

(F) Representative polar charts of maximum displacement (μm) and directionality (degrees) of GFP+ NMOs upon ACh stimulation after C26 BM/CM treatments

and in UNT samples.

(G) Left: single live imaging frames (Fluo-4) of GFP+ NMO before and after ACh stimulation. Scale bar, 500 μm. Right: representative traces showing calcium

transient amplitudes across independent ROIs.

(H) Quantification of calcium peak amplitudes (ΔF/F0) from Fluo-4 imaging in GFP+ NMOs after C26-derived BM/CM treatments and in UNT NMOs. Data are

shown as mean ± SD of 120 measurements from 4 NMOs/condition. Ordinary one-way ANOVA; ****p < 0.0001, see also Data S2.

(I) Comparative scheme summarizing NMOs and other in vitromodels of cancer-inducedmuscle cachexia, highlighting relative advantages and limitations (green

ticks = present; black crosses = absent).

See also Data S2 and Video S1.
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maturation compared to 2D cultures.61,62 Moreover, D50 NMOs

showed increased myotube size and muscle contraction upon

ACh stimulation, when compared to D30 NMOs, indicating pro-

gressive maturation over time.20,23,25,26 The multicellular

complexity of NMOs, including neuronal components, provides

a physiologically relevant environment better recapitulating key

homeostatic muscle responses.16,18–21,23,25,26

NMOs responded as expected to atrophic stimuli previously

tested in adult murine muscle,31 confirming their ability to model

dynamic pathology-related catabolic states. Crucially, when

treated with CM from cachexia-inducing but not from non-

cachexia-inducing cancer cells, NMOs displayed all hallmarks

of muscle wasting in cachexia such as reductions of muscle

mass and contraction, alterations of intracellular calcium ho-

meostasis, appearance of mitochondrial fragmentation and

dysfunction, and increased autophagy.48–50,54,55,63 Particularly

noteworthy is the ability of NMOs to capture the complex inter-

play between increased autophagy and mitochondrial dysfunc-

tion in cachectic muscle, mirroring findings from in vivo cancer

cachexia studies.54,55 This includes increased autophagy

markers (p62 and LC3B), evidence of mitophagy (LAMP1 and

TOM20 co-localization), and altered mitochondrial morp-

hology/function upon treatment with cachexia-inducing cancer

cell media. This suggests that our model could be particularly

useful for investigating the role of specific pathways involved in

muscle wasting, potentially leading to the discovery of new ther-

apeutic targets. Indeed, the genetic manipulability of NMOs en-

ables studying gain and loss of function approaches, opening

possibilities not only for mechanistic studies but also for targeted

interventions to counteract muscle wasting.

Sincemuscle weakness is a key clinical event in patients during

cancer growth,2 the functional defects and presence of a neuronal

component make NMOs particularly relevant for modeling neuro-

muscular cross-talk in cachexia37 and evaluating therapeutics.

Compared to other hiPSC-derived NMOs,20,21,23,25,26 NMOs

generated in this study offer an operator-friendly, time/cost-effec-

tive approach without the requirement of pre-differentiation steps

allowing expansion of the NMOs in the first stages of differentia-

tion. It would be valuable to investigate whether NMO derived

with other protocols could replicate the feature observed in our

platform, thus opening a broad opportunity for the scientific com-

munity to study muscle cachexia.

While the NMO replicates many features of cancer cachexia, it

is important to acknowledge its limitations in fully recapitulating

the complex systemic interactions present in a living organism.

Future studies should focus on integrating NMOswith other rele-

vant cell types/organoids to create a more comprehensive

in vitro model capturing the inter-organ cross-talks involved in

cachexia etiopathogenesis.

In conclusion, our hiPSC-derived NMO platform represents a

significant advance for cancer cachexia research. It offers a

promising human muscle model for investigating cachexia

mechanisms and for developing/testing potential therapeutics,

with the ability to study these processes in a patient-specific

manner. As this model is further refined and expanded, we antic-

ipate that it will play a crucial role in overcoming limitations of

murine models to improve our understanding and treatment of

this devastating muscle-wasting condition for cancer patients.

Limitations of the study

Incomplete NMO differentiation and maturation could affect

modeling of specific cachexia phenotypes. As an in vitro model,

NMOs lack contributions from other organ systems, tumor

microenvironment, and patient-specific signal heterogeneity

that may influence cachexia pathogenesis.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will

be fulfilled by the lead contact, Anna Urciuolo (anna.urciuolo@unipd.it).

Materials availability

This study did not generate new unique reagents.

Figure 4. Cachectic NMOs display molecular and mitochondrial alterations typical of muscle cachexia

(A) Spatial metabolomic maps showing the distribution of TCA-associated metabolites in NMO sections after C26-derived BMandCM treatments. UNT condition

was included as control. Scale bar, 500 μm. Extended data reported in Data S3.

(B) Heatmap quantification of TCA-related metabolites in NMO after C26-derived BM/CM treatments and in UNT NMOs. Extended data reported in Data S3.

(C) Representative electron microscopy images showing mitochondrial morphology in NMOs after C26 BM/CM treatments and UNT. Scale bars, 1 μm.

(D) Left: confocal immunofluorescence image showing TOM20 (T20) in the myotubes of NMOs after C26 BM/CM treatments and in UNT NMOs. Scale bars,

8.5 μm.Right: quantification ofmitochondrial branch length withinmyotubes. Representative images of co-staining withMyHC+ to identify myotubes are reported

in Figure S2B. Data are shown as mean ± SD of ≥10 images from 3 NMOs/condition. Ordinary one-way ANOVA; ****p < 0.0001, see also Data S2.

(E) Representative Oroboros trace showing O2 concentration and consumption rate during basal respiration in NMOs after C26 BM/CM treatments.

(F) Specific O2 flux measurements in NMOs exposed to BM and CM. Complex I and II respiration evaluated under substrate-specific conditions. Data are mean ±

SD of three independent experiments (n = 3). Unequal variance Student’s t test: *p < 0.05, *p < 0.01; see also Data S2.

(G) Left: confocal immunofluorescence of TOM20 (T20) and LAMP1 in NMOs after C26 BM/CM treatments and in UNT NMOs. Scale bars, 8.5 μm. Quantification

of colocalization coefficient tMCC1 on T20 (middle) and tMCC2 on LAMP1 (right). Data are shown as mean ± SD of≥8 images from 3 NMOs/condition. One way

ANOVA; middle, **p = 0.0049; right, ***p = 0.0003), see also Data S2.

(H) Electron microscopy showing mitochondria within vesicles in NMOs treated with C26 CM. Scale bars, 500 nm.

(I) Left: confocal immunofluorescence showing MyHC (cyan) and p62 (gray) in NMOs after C26 BM/CM treatments and UNT. Scale bars, 7.5 μm.

Right: quantification of p62 puncta within MyHC+ ROIs. Data are shown as mean ± SD of ≥ 8 images for 3 NMOs/condition. One way ANOVA; **p = 0.0042, see

also Data S2.

(J) Left: confocal immunofluorescence showing MyHC (cyan) and LC3B (gray) in NMOs after C26 BM/CM treatments and UNT. Scale bars, 7.5 μm. Right:

quantification of LC3Bpuncta withinMyHC+ROIs (3 NMOs/condition). Data are shown asmean ± SD of≥ 8 images for 3NMOs/condition. Oneway ANOVA; **p =

0.0055, see also Data S2.

See also Data S2 and S3.
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Data and code availability

• Bulk RNA sequencing (RNA-seq) data are available at NCBI Gene

Expression Omnibus (GEO: GSE226477). 2D samples (GSM7076294–

GSM7076296) and NMO samples (GSM7076297–GSM7076299).

• Bioinformatic analysis has been performed with publicly available tools

according to developers’ instructions.

• Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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63. Beltrà, M., Pöllänen, N., Fornelli, C., Tonttila, K., Hsu, M.Y., Zampieri, S.,
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-NANOG (D73G4) XP Cell Signaling Cat# 4903; RRID: AB_10559205

Mouse anti-OCT4 (C30A3) Cell Signaling Cat# 2840; RRID: AB_2167691

Rabbit anti-SOX2 Millipore Cat# AB5603; RRID: AB_2286686

Goat anti-T/Bra R&D System Cat# AF2085; RRID: AB_2200235

Rabbit anti-Desmin Abcam Cat# AB15200; RRID: AB_301744

Mouse anti-β tubulin III/Tuj1 Biolegend Cat# MMS-435P; RRID: AB_2313773

Mouse anti-Myosin Heavy Chain DSHB Cat# MF-20; RRID: AB_2147781

Rabbit anti-p62 Sigma Aldrich Cat# P0067; RRID: AB_1841064

Rabbit anti-LC3 Sigma Aldrich Cat# L7543; RRID: AB_796155

Rabbit anti-TOM20 (D8T4N) Cell Signaling Cat# mAb#42406; RRID: AB_2687663

Rat anti-LAMP1 DHSB Cat# 1D4B; RRID: AB_2134500

Chemicals, peptides, and recombinant proteins

StemMACS iPS-Brew XF Miltenyi Biotec Cat# 130-104-368

DMEM 1× Thermo Fisher Cat# 41966029

RPMI 1640 Thermo Fisher Cat# 11875093

DMEM F-12 Thermo Fisher Cat# 11320074

MiR05 Oroboros Instruments Cat# 60101-01

Penicillin-Streptomycin Thermo Fisher Cat# 15140122

MEM Non-Essential Amino Acids Thermo Fisher Cat# 11140035

Insulin-Transferring-Selenium Thermo Fisher Cat# 41400045

2-Mercaptoethanol Thermo Fisher Cat# 31350010

KSR Thermo Fisher Cat# 10828028

Matrigel Corning Cat# 354230

TrypLE Thermo Fisher Cat# 12563029

EDTA Thermo Fisher Cat# AM9260G

L-Glutamine Thermo Fisher Cat# 25030081

FBS Thermo Fisher Cat# A5256701

Sodium pyruvate Thermo Fisher Cat# 11360070

Y-27632 Miltenyi Biotec Cat# 130-106-538

CHIR 99021 Bio-Techne Cat# 4423/10

LDN-193189 Miltenyi Biotec Cat# 130-103-925

FGF-b/FGF-2 ImmunoTools Cat# 11343625

IGF-1 Miltenyi Biotec Cat# 130-093-886

HGF ImmunoTools Cat# 11343413

CNTF PeproTech Cat# 450-13

GDNF PeproTech Cat# 450-10

Acetylcholine Sigma Aldrich Cat# A6625

Fluo-4 Thermo Fisher Cat# F14201

Pluronic F-127 Thermo Fisher Cat# P3000MP

Hoechst Thermo Fisher Cat# 33342

ADP Sigma Aldrich Cat# 01897

Digitonin Sigma Aldrich Cat# 300410

Pyruvate Sigma Aldrich Cat# P2256

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human induced pluripotent stem cell derivation and culture

All human iPSCs lines in this study (wild-type or constitutively expressing GFP) were published16,19 and derived from foreskin fibro-

blast cell lines (BJ; male) by reprogramming inmicrofluidics.66Human iPSCswere cultured in feeder free conditions on 0.5%Matrigel

(MRF, Corning) coated cell culture plates (6-multiwell, Sarstedt) in StemMACS iPS-Brew XF (Miltenyi Biotec) with 1%penicillin/strep-

tomycin (P/S; Gibco-Fisher Scientific), at 37◦C and 5% CO2 in cell incubator. All cell lines were tested negative for mycoplasma and

maintained below passage 30 before their use for differentiation. For GFP+-hiPSCs, cells at passage 12 were transduced with a len-

tiviral vector encoding for GFP and Puromycin resistance under the control of PGK promoter19.

Differentiation and culture of hiPSCs

The 2D differentiation protocol and sample characterization were previously reported.16 For NMO generation, we adapted the hiPSC

differentiation neuromuscular protocol of previous studies.16,19 More in detail, Matrigel droplets were dispensed on a sterile glass

coverslip (Vetrotecnica) forming 1 cm2 droplets placed into 24-multiwell plates (Sarstedt). Droplets were incubated at 37◦C for

20 min in cell incubator to allow Matrigel polymerization. Two days before differentiation (Day −2) hiPSCs were enzymatically disso-

ciated as single cells using TryplE Select (Gibco). Cells (40,000) were resuspended in 50 μL of StemMACS iPS-Brew XF supple-

mented with 10 μM StemMACS Y27632 and were plated on top of Matrigel droplets and incubated for 90 min at 37◦C and 5%

CO2 prior to further media supplementation. One day before differentiation (day −1), media was changed, and cells were cultured

in StemMACS iPS-Brew XF. The differentiation protocol started at day 0 and was adapted from literature studies that use small mol-

ecules and growth factors,24 according to our published protocols.16,19 Of note the cell density (cell number per cm2) used was

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Malate Sigma Aldrich Cat# M1000

Succinate Sigma Aldrich Cat# S2378

Rotenone Sigma Aldrich Cat# R8875

CCCP Sigma Aldrich Cat# C2759

Antimycin A Sigma Aldrich Cat# A8674

OCT Sakura Cat# 4583

Alexa 647 Conjugate ⍺-bungarotoxin Thermo Fisher Cat# B35450

Alexa 647 Conjugate biotinylated phalloidin Thermo Fisher Cat# A22287

Critical commercial assays

RNA Extraction RNeasy Kit QIAGEN Cat# 74034

High-capacity cDNA RT Kit Thermo Fisher Cat# 4368814

RNASEOUT Recomb. RNASE Inhib. Thermo Fisher Cat# 10777019

Powrup SYBR Master Mix Thermo Fisher Cat# A25776

Live-dead cell viability kit Sigma Aldrich Cat# CBA415

Deposited data

Bulk RNA-seq data (already published) GEO: GSE226477 https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE226477

Experimental models: Cell lines

BJ15 cl44 Elvassore N. Lab DOI: https://doi.org/10.1002/adhm.202404111

BJ15 cl21 Elvassore N. Lab DOI: https://doi.org/10.1038/s42003-025-08484-z

MC38 Marigo I. Lab DOI: https://doi.org/10.1038/s41422-019-0224-x

C26 Costelli P. Lab DOI: https://doi.org/10.3390/cancers13133285

Oligonucleotides

Primers used for qPCR This study Data S2

Software and algorithms

Fiji Schindelin et al.64 https://imagej.net/Fiji

GraphPad Prism GraphPad https://www.graphpad.com/scientific-software/prism/

PIVlab Thielicke and Stamhuis65 https://www.pivlab.de

Other

Biofloat 96-well plate Sarstedt Cat. No.: 83.3925.400
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identical among the different cell culture setups. Briefly, from day 0 to day 2 the media was switched to a Dulbecco’s Modified Eagle

Medium/Nutrient Mixture F-12 (DMEMF-12, Gibco) basal medium, supplemented with Insulin-Transferrin-Selenium (ITS, Gibco), 1%

Pen-Strep (Gibco), 3 μM WNT agonist CHIRON99021 (Miltenyi Biotec) and 0.5 μM BMP antagonist LDN193189 (Miltenyi Biotec).

From day 3 to day 5, 20 ng/mL fibroblast growth factor 2 (FGF-2, Immunotools) was supplemented to the media. At day 6 spheroids

were mechanically detached fromMatrigel droplets and expanded by embedding 4–6 of them into a Matrigel drop. Starting from day

6, medium was changed to DMEM F-12, supplemented with 15% KnockoutTM Serum Replacement (KSR, Gibco), 10 ng/mL hepa-

tocyte growth factor (HGF, ImmunoTools), 2 ng/mL insulin-like growth factor 1 (IGF-1, Miltenyi Biotec), 20 ng/mL FGF-2 and 0.5 μM

LDN193189. From day 8 to day 11 of differentiation cells were cultured in DMEM F-12 supplemented with 15% KSR and 2 ng/mL

IGF-1. From Day 12, the previous media was modified by including 10 ng/mL HGF and 2 ng/mL IGF-1. From Day 18 NMOs were

transferred into ultra-low adhesion 96-well plates, where they were maintained on an orbital shaker in the incubator. From Day

22, NMOs were cultured in myogenic secondary differentiation media (optimal NMO differentiation media, UNT), composed of

DMEM F-12 supplemented with 2% KSR, 1× ITS, 1% P/S, 1 μM CHIRON99021, 10 ng/mL ciliary neurotrophic factor (CNTF;

PeproTech), and 10 ng/mL glial cell line-derived neurotrophic factor (GDNF; PeproTech) until day 50.

Culture of murine colon adenocarcinoma cell lines

We used both mouse colon-26 (C26) colorectal cancer cell line, derived form a colon adenocarcinoma induced in BALB/c mice, and

colon-38 (MC38) colorectal cancer cell line, originating from a colon adenocarcinoma in a C57BL/6mouse. C26 cells were cultured in

high-glucose DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco), 1% Penicillin/Streptomycin (100 U/mL peni-

cillin, 0.1 mg/mL streptomycin). MC38 cells were cultured in RPMI 1640medium (Gibco) supplemented with 10%FBS, 1%Penicillin/

Streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1 mM MEM NEAA. Cells were maintained at 37◦C in a humidified

atmosphere with 5% CO2. All experiments were performed using low-passage cells.

METHOD DETAILS

Treatment of NMO with C26 and MC38 conditioned media

For conditioned media collection, C26 cells or MC38 were seeded and cultured until they reached ∼90% confluence. The medium

was then replaced with serum-free DMEM for C26 cells or serum-free RPMI 1640 for MC38 cells, both containing antibiotics and

glutamine, and cells were cultured for an additional 24 h. Conditioned medium was then collected, centrifuged at 4,500 rpm for

15min at 4◦C, filtered through a 0.22 μmfilter and administered to NMOs. From day 50, NMOswere cultured in 200 μL of either condi-

tioned media (C26-CM, MC38-CM) or basal media (C26-BM, MC38-BM) or optimal NMO differentiation media (UNT). Basal media

were represented by the usual growing media for C26 or MC38 (without cell culture). Treatments were carried out for 72 h, until day-

53 of organoid culture. Throughout the treatment period, GFP-positive NMOs were monitored using an LSM800 inverted confocal

microscope (Zeiss) to track morphological and fluorescence changes over time.

Immunofluorescence analysis and image preparation

Organoids were fixed for 1 h with 4% PFA at room temperature and washed with PBS for 5 min. Samples were analyzed in whole

mount or were included in OCT (Sakura) and cryo-sectioned into 30 μm slices. Samples were blocked at room temperature in 1%

BSA, 0.5% Triton X-100 (Sigma) in 1× PBS solution (PBST) for 2 h. Primary antibodies were diluted in 1% BSA PBST solution

and incubated for 48 h (whole mount) or overnight (cryo-sections), at 4◦C under agitation. Samples were then washed 3 times for

30 min in 1× PBST solution on an agitation plate for whole mount staining and incubated for 48 h at 4◦C (whole mount) or 2 h at

room temperature (cryo-sections) with secondary antibodies and then washed twice with 1× PBS for 30 min. Nuclei were counter-

stainedwith 10 μg/mLHoechst (Thermo Fisher). Imageswere acquired using LSM800 inverted confocal microscope (Zeiss).We used

ImageJ for brightness and contrast adjustments and channel merging of the images.

Live imaging analysis for contraction and calcium dynamics

All the analysis in live imaging were performed using Leica M205 FCA stereomicroscope equipped with PLANAP0 1.0× objective,

with an acquisition rate of 16 frames per second, according to published protocols.16,19 When indicated, samples were stimulated

with acetylcholine (ACh) neurotransmitter at the final working concentration of 10 μM.

For calcium experiments, samples were treated with Fluo-4-AM (Invitrogen) following the instructions and literature.16,19 Briefly,

after PBS wash, samples were incubated with 20 μM Fluo-4-AM, 5 μL/mL PluronicTM F-127 (Thermo Fisher Scientific), and

12.5 μL/mL sulfinpyrazone (Sigma-Aldrich) in serum-free cell medium for 30 min at 37◦C and 5%CO2. Samples were then accurately

washed with myogenic secondary differentiation media without KSR and subjected to live imaging analysis.

Multi electrode array (MEA) assay

Extracellular recordings were conducted using CorePlateTM 6W 38/60 using BioCAM DupleX (3Brain, AG.) with a 14.44 mm2 active

area. The electrodes, measuring 25 μm in length and spaced 60 μm (pitch) in a 64× 64 grid, facilitating the recording of instantaneous

extracellular voltage signals. D50 NMOs were loaded into the chambers for single NMO analysis. Signals were measured in acute

mode and spontaneous electrical activity was recorded for 2 min under stable conditions (37◦C, 5% CO2). Data were collected at
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a sampling rate of 20 kHz and stored for offline analysis. Spike detection was performed with the Precise Timing Spike Detection

(PTSD) algorithm67 at a differential threshold set to 8 times the standard deviation.

Live and dead analysis

For live and dead experiments, NMOs were treated with Live Dead Cell Viability Assay Kit for 3D and 2D cell culture (Millipore)

following the protocol instruction. Briefly, samples were incubated with 0.4 μL/mL, 1.6 μL/mL Propidium iodide, in 1:1 cell culture

medium and PBS solution for 60 min at 37◦C and 5% CO2. Samples were then accurately washed with myogenic secondary differ-

entiationmedia and subjected to live imaging analysis. Live imagingwas performed as previously described inwholemount samples.

AdV infection

The AdV-c.a.FoxO3 was previously used and validated in vivo.33 Each NMO was treated with 107 vg of AdV-c.a.FoxO3 or AdV-GFP

(used as negative control) added to the culture media.

RNA purification and RT-qPCR

Total cell RNA was isolated and purified using RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s instructions and pre-

vious studies.16,19 Briefly, NMOs were harvested by direct lysis in the cell culture well and further processed according to the pro-

tocol. Extracted RNA quality and concentration were assessed with Nanodrop (Thermo Scientific). Complementary DNA (cDNA)

of D30 and D50 NMOswere obtained using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) in a dedicated ther-

mocycler (Mastercycler×50a, Eppendorf). Expression of neural markers was quantified by using a QuantStudioTM 5 Real-Time PCR

(Thermo Scientific) and Platinum SYBR Green SuperMix kit components (Invitrogen, 11733-038) according to the manufacturer’s in-

structions. All the primers used are listed in Data S2.

Bulk sequencing analysis

Total RNA was quantified using the Qubit 4.0 fluorometric Assay (Thermo Fisher Scientific). Libraries were prepared from 125 ng of

total RNA using the NEGEDIA Digital mRNA-seq research grade sequencing service (Next Generation Diagnostic srl)68 which

included library preparation, quality assessment and sequencing on a NovaSeq 6000 sequencing system using a single-end, 100

cycle strategy (Illumina Inc.). The raw data were analyzed by Next Generation Diagnostic srl proprietary NEGEDIA Digital mRNA-

seq pipeline (v2.0) which involves a cleaning step by quality filtering and trimming, alignment to the reference genome and counting

by gene.69,70

Spatial metabolomics analysis

NMOs were collected and embedded in 2–3% carboxymethyl cellulose before being frozen (isopentane bath in liquid nitrogen) and

stored in a sealed container at−80◦C. Cryosections of 10 μm thickness were cut, mounted onto conductive IntelliSlides (Bruker Dal-

tonics, Bremen, Germany), and dried in a vacuum desiccator at room temperature for 30 min prior to matrix application. The 1,5-dia-

minonaphthalene hydrochloride matrix was prepared as previously described (Liu et al., 2014): 39.5 mg of 1,5-DAN was dissolved in

500 μL of 1 M HCl and 4 mL of distilled water, followed by the addition of 4.5 mL of ethanol after sonication.

An HTXM5-SprayerTM (HTX Technologies) was used at a flow rate of 0.08 mL/min, a spray nozzle temperature of 70◦C, and a spray

nozzle velocity of 1300 mm/min. MALDI-MSI was performed on a timsTOF fleX MALDI-2 mass spectrometer (Bruker Daltonics, Bre-

men, Germany) in negative mode within an m/z range of 70–850, using a spatial resolution of 10 μm and a laser frequency of 10 kHz.

On-line calibration using several metabolites and matrix peaks m/z ratios was conducted, and external calibration was performed

using red phosphorus.

High-resolution respirometry

Oxygen flux of BM and CM organoids were measured using the NextGen-O2k (Oroboros Instruments, Innsbruck, Austria) and re-

corded using DatLab 8.0 (Oroboros Instruments). The O2 signal was monitored by a polarographic oxygen sensor (POS) over

time and the O2 consumption of NMOs were plotted continuously. The polarographic oxygen sensor (POS) of the 2-mL O2k-cham-

bers were calibrated daily (air calibration) at experimental temperature of 37◦C. All experiments were performed in mitochondrial

respiration medium MiR05. After the addition of the NMO into the 0.5 mL chambers, 1.25 mM ADP was added and permeabilization

was done with 0.1 μg digitonin. 1.25 mM pyruvate and 0.5 mMmalate were added, followed by 2.5 mM succinate. Respiration linked

to CI was blocked with 0.125 μM rotenone and the electron transfer capacity was assessed by titration with the uncoupler carbonyl

cyanide 4-(trifluoromethoxy)phenylhydrazone (CCCP) (0.25 μM/step). Respiration was fully inhibited by the addition of 0.25 μMAnti-

mycin A. For all traces, only the steady state of oxygen flux was selected, excluding unavoidable titration artifacts by chemical ad-

ditions or intermittent re-oxygenations of the incubation medium. Oxygen consumption data were normalized to copy numbers of

mtDNA.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantifications of cell type percentage and proportion of muscular compartment were performed according to literature.16,19 For

NMO area quantification we applied ‘‘Find Edges’’ function on ImageJ and then we segmented the NMOs using the freehand selec-

tion tool followed by ‘‘Measure’’ function. To quantify the number of NANOG+OCT4+, NANOG−OCT4−, TBRA+SOX2+, TBRA+SOX2−

and TBRA−SOX2+, the Cell Counter tool of ImageJ software (Fiji, v.2.14.0/1.54 f) was used. The number of positive cells for each

staining was expressed as pecentage on the total number of nuclei counted in each field. For myotube thickness quantifications,

the analysis was performed by using the function ‘‘measure’’ of ImageJ by Fiji software. We performed quantification before and dur-

ing treatments using live imaging analysis of GFP+ NMOs. Specifically, 6 to 13 independent biological replicates (NMO) were

analyzed considering the mean of 3 cross-sections per ech NMO quantified along each cell that showed elongated morphology

typical of myotubes, for a total of at least 160 cells analyzed per time point of each experimental condition. The quantification of my-

otube cross-section was also performed at the end of the experiment (72 h post treatment) on wholemount desmin-stained organo-

ids. Here, 8 independent biological replicates (NMO) per each condition were analyzed, considering at least 30 myotubes per each

NMOs, for a total of ≥240 myotubes analyzed per each experimental condition. Each myotube cross-section quantification was

calculated as the mean of 3 cross-section measurements performed along each single myotube length. Representative images of

desmin+ cells were obtained by isolating single myotubes through ‘‘Find Edges’’ function on ImageJ, followed by background

removal ‘‘Clear Outside’’. For muscle area quantification and propidium iodide positive area quantifications, we used ‘‘Threshold’’

function to select the positive area followed by ‘‘Measure’’ function of ImageJ. To quantify fluorescence intensity, background fluo-

rescence was estimated by selecting three ROIs in regions that did not display any detectable fluorescence signal. The ‘‘Measure’’

tool of ImageJ was used to obtain the mean fluorescence intensity from each ROI, which were then averaged to define the back-

ground fluorescence level for the corresponding image. The quantifications of the fluorescence intensity reported were calculated

by subtracting the background value to the mean fluorescence intensity of each image. For mitochondria morphology analysis, at

least 8 images per biological replicate were acquired and analyzed through the plugin ‘‘Mitochondria analyzer’’ of ImageJ. For co-

localization analysis at least 8 images per biological replicate were acquired and analyzed through the plugin ‘‘Colocalization

threshold’’ of ImageJ. For TOM20 skeleton images we applied ‘‘Skeletonize’’ plugin of ImageJ to generate the mask. For the quan-

tification of P62 and LC3b puncta, we considered at least 8 images per biological replicate, analyzed through the plugin ‘‘Particle

analyze’’ after ‘‘Threshold’’ function selection on ImageJ.

For quantitative real-time PCR, target Ct values of gene expression were normalized to that of the housekeeping genesGAPDH or

TUBB3. Data are shown as relative fold change of gene expression in respect to D30 NMO samples applying the 2−ΔΔCT method.

Bioinformatic analysis was performed in R v. 4.3.3 with Bioconductor v. 3.71 Genes were annotated using R package org.H-

s.e.g.,.db v. 3.18. Genes were filtered out if not having at least 2 replicates from the same culture condition with at least 2 raw counts.

Raw counts were subsequently normalized and expressed as counts per million (CPM) using R package DESeq2 v. 1.42.72 Log2

scale CPM data were obtained adding a unit pseudo-count to avoid infinite values. PCA was performed by R stats package function

prcomp by singular value decomposition (SVD) after centering. Differentially expressed genes (DEGs) were computed using DESeq2

starting from raw count data, using a p value, after correction by the Benjamini Hochberg method, lower than 0.01. Hierarchical clus-

tering with heatmap visualization was performed using R package pheatmap v. 1.0.12, using Euclidean distance. Indicated gene sets

were obtained from Reactome database (https://reactome.org/).

For calcium ΔF/F0 calculation, ≥30 ROIs per sample with a size of 20 μm2 were selected to identify baseline (before neurotrans-

mitter stimulation, F0) and maximum (after neurotransmitter stimulation, Fpeak) fluorescence intensity values, according to litera-

ture.16,19 Briefly, we used max and mean functions of MATLAB 2021 software (MathWorks) on outputted LAS X.csv files. ΔF/F0
was calculated considering ΔF as Fpeak - F0, with Fpeak as maximum fluorescence intensity measured upon neurotransmitter stim-

ulation and F0 as baseline. For calcium transient analysis, 4 representative ROIs used for calcium ΔF/F0 calculation were selected.

ROI fluorescence intensity variations were analyzed using LAS X Leica software andMATLAB 2021 software (MathWorks) according

with literature.16,19

For vector map generation and displacement measurements, a graphical user interface (GUI) based particle image velocimetry

software (PIVlab) version 3.07 was used according with literature.16,19 Briefly, selected pairs of frames acquired during live imaging

analysis were cross correlated to yield vectorial maps and local displacement. In particular, maximum displacement was quantified

by cross-correlating pairs of frames acquired before contraction and at the maximum displacement of NMOs. Polar charts showing

the relation between displacement and direction of vectors for each sample were built from a custom-made R (v. 4.3.1) script using

package ggplot2 v. 3.5.1. All mentioned MATLAB algorithms have source code available in MATLAB documentation, GraphPad

Prism v.6, ImageJ plugins licensed under open-source GNUGPL v.3 license. All scripts and custom code are available upon request

to the authors.

Mass spectrometry images were acquired using FlexImaging 7.0 software (Bruker). Data were analyzed using SCiLS Lab 2025b

(Bruker) with a mass accuracy of ±15 ppm, without denoising, and applying root-mean-square normalization. Spectral data and re-

gions of interest were exported to MetaboScape 2025 (Bruker), and m/z ratios were annotated with the MetaboScape custom data-

base using a mass accuracy of ±10 ppm. Statistical boxplots between experimental conditions and heatmaps were then created

using a shinyapps.
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For MtDNA quantification, total DNA was extracted, and mitochondria DNA (mtDNA) copy numbers content was analyzed by

SYBR Green real-time PCR. Samples were adjusted for nuclear DNA (nDNA) content. Relative mDNA content was determined using

a comparative method (2ΔΔCT). Oligos for mtDNA were designed on MT-ND4 and oligos for B2M were used to normalize to the nu-

clear genome. All the primers used are listed in Data S2.

All statistical analyses were performed with GraphPad prism 6. We expressed data as mean ± SD of multiple biological replicates

(as indicated in the figure legends). We determined statistical significance by unequal variance Student’s t test, one-way analysis of

variance (ANOVA), two tail Nested t test, and Tukey’s multiple comparison test are shown figure legends and in Data S2. A p value of

less than 0.05 was considered statistically significant.
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Figure S1. Characterization of the NMOs reported in Figure 1. A. Representative confocal 

immunofluorescence image showing pluripotent cells (co-expressing OCT4 and NANOG) at day 0 from 

hiPSC differentiation. Scale bars, 40 μm. B. Quantification of T-/SOX2+, T+/SOX2-, T+/SOX2+, NANOG-OCT4-

, NANOG+OCT4+ identified at day 0 from hiPSC differentiation. Quantification is expressed as percentage of 

positive cells on total nuclei and data are shown as mean ± SD of ≥ 5 independent replicates. C 

Representative confocal immunofluorescence image for OCT4 and NANOG after 2 days from hiPSC 

differentiation. Scale bar, 40 μm. D. Quantification of T-/SOX2+, T+/SOX2-, T+/SOX2+, NANOG-OCT4-, 

NANOG+OCT4+ identified after 2 days from hiPSC differentiation. Quantification was expressed as 

percentage of positive cells on total nuclei and data are shown as mean ± SD of 6 independent replicates. E. 

Representative Z-stack confocal immunofluorescence images of NMOs after 30 days of differentiation 

stained in whole mount for TUJ-1 (green) and desmin (grey). The image showing only desmin staining is 

reported in Figure 1D. Scale bar, 320 μm. F. Representative Z-stack confocal immunofluorescence images 

of NMOs after 50 days of differentiation stained in cross section for TUJ-1 (green) and MyHC (red). Scale 

bars, 600 μm (left panel) and 85 μm (right panel). G. Quantification of muscle positive area (μm2) in day-30 

(D30) and day-50 (D50) NMOs. Data are shown as mean ± SD of 4 independent replicates. Statistical 

significance was determined using unequal variance Student’s t test; *p = 0.0168. H. Representative electron 

microscopy images showing sarcomeric structures in D50 NMO sections. Scale bar, 500 nm. I. TUBB3 and 

MAP2 gene expression day-30 (D30) and day-50 (D50) NMOs. Data are normalized to GAPDH and TUBB3 

gene expression, respectively, and displayed as fold change of D50 over D30 NMOs. Data are shown as 

mean ± SD of 3 independent biological replicates. Unequal variance Student’s t test was used; n.s. not 

significant. Mean CT values and relative standard deviation are listed in Data S2. J. Left, representative 

activity map of mean voltage amplitude in day-50 NMOs during 3Brain multi-electrode array (MEA) system 

under basal conditions. Amplitude intensity is color-coded according to the voltage scale (µV). See also 

Video S1. Centre, representative spike events in D50 NMO during 3Brain multi-electrode array (MEA) 

system basal activity recording. Each trace corresponds to the raw signal from a single electrode. Right, 

representative spike waveform from individual electrodes. Each plot shows the spike amplitude (µV) over the 

time (ms) from 3 individual electrodes; the red line indicates the averaged waveform. K. Representative Z-

stack confocal immunofluorescence images of NMOs after 50 days of differentiation stained for MyHC (grey), 

SV2 (left: grey, right: green) and α-bungarotoxin (BTX, red). Scale bar, 20 µm. L. Gaussian interpolation of 

frequency distribution of displacement events recorded upon ACh-stimulation within the ranges of 5 μm from 

0 μm to a maximum of 60 μm in day-30 (D30, blue line) and day-50 (D50, black line) GFP+ NMOs. M. ACh-

induced displacement vectors frequency distribution in the range of 0-5 μm in D30 and D50 NMOs. Data are 

shown as mean ± SD of 4 NMOs/condition, and each dot indicates a single NMO. Statistical significance was 

determined using unequal variance Student’s t test; **p = 0.0073. N. ACh-induced displacement vectors 

frequency distribution in the range of >15 μm in D30 and D50 NMOs. Data are shown as mean ± SD of 4 

NMOs/condition, and each dot indicates a single NMO. Statistical significance was determined using 

unequal variance Student’s t test; *p = 0.0234. 



 
 



Figure S2. Characterization of the UNT, BM-C26, CM-C26, BM-MC38, CM-MC38 NMOs reported in 

Figure 2. A. Representative confocal images of AdV-GFP and AdV-GFP-c.a. FOXO3 treated NMOs after 1, 2 

and 3 days (D1, D2 and D3) from infection. Scale bar, 200 µm. B. Schematic illustration showing the strategy 

used to quantify GFP+ myotubes cross-section in treated NMOs and controls during time-course live imaging 

analysis. C. Left, representative bright field (BF) images showing morphological appearance of NMOs before 

(D0) and upon 72h (D3) from AdV-GFP-ctl (ctl-FOXO3) and AdV-GFP-c.a. FOXO3 (FOXO3) treatments. 

Scale bars, 500 μm. Right, representative Z-stack confocal immunofluorescence images of D3 ctl-FOXO3 

and D3 FOXO3 treated NMOs stained for desmin (grey). Scale bar, 50 µm. D. Representative bright field 

images showing morphological appearance of NMOs before (D0) and upon 72h (D3) C26- and MC38- BM 

and CM treatment. As control, experiments were performed in parallel in UNT condition. Scale bars, 500 μm. 

E. Quantification of GFP+ myotubes cross sections before (D0) and 12h (D0.5), 24h (D1), 48h (D2) and 72h 

(D3) after C26-BM and CM treatment (reported in Figure 2F) compared to the UNT condition. Data are 

shown as mean ± SD of the average myotube cross-sectional diameters per NMO at each time point. Each 

dot represents the mean value obtained from a single NMO, for which ≥ 20 myotube cross-sections were 

quantified and averaged. Measurements were performed for 3 images per each NMO. A total of ≥ 6 

independent NMOs were analyzed per each condition. Statistical significance was determined using 

Ordinary One-way ANOVA; ***p < 0.0001. Statistical results are reported in Data S2. F. Quantification of 

GFP+ myotubes cross sections before (D0) and 24h (D1), 48h (D2) and 72h (D3) after C26-CM treatment in 

NMOs produced from two different clones (cl21 and cl44) of BJ-derived hiPSCs. Each dot represents the 

mean value obtained from a single NMO, for which ≥ 20 myotube cross-sections were quantified and 

averaged. Data reported here are also included in the samples group analyzed in Figure 2F. Measurements 

were performed for 3 images per each NMO. A total of ≥ 6 independent NMOs were analyzed per each 

condition. Statistical significance was determined using Ordinary One-way ANOVA; cl21, **p = 0.0015, cl44, 

**p = 0.0051. Statistical results are reported in Data S2. G. Representative Z-stack confocal 

immunofluorescence images for desmin (grey) of UNT NMOs and NMOs treated for 72h with C26- and 

MC38-BM/CM NMOs. Scale bar, 75 µm. H. Quantification of desmin+ myotubes cross sections in GFP+ day-

50 NMOs upon 72h of treatment with C26 and MC38-derived BM and CM. As control, the analysis was 

performed in parallel in UNT condition. Data are shown as mean ± SD of 240 myotube cross-sections per 

each condition, measured on ≥ 3 images per NMO considering 8 independent NMOs analyzed per each 

condition. Data are generated from the samples analyzed in Figure 2G. Statistical significance was 

determined using Ordinary One-way ANOVA; ****p < 0.0001. Statistical results are reported in Data S2. I. 

Representative confocal images of calcein and propidium iodide (PI) staining (upper panel), and 

quantification of dead cell area (propidium iodide positive area, lower panel) of NMOs upon 72h of treatment 

with C26-derived BM and CM. As control, the analysis was performed in parallel in UNT condition. Scale bar, 

500 μm. Data are shown as mean ± SD of 3 independent NMOs analyzed per each condition. Statistical 

significance was determined using Ordinary One-way ANOVA; **p = 0.0023. Statistical results are reported 

in Data S2. J. Quantification of muscle area of NMOs upon 72h of treatment with C26-derived BM and CM. 

As control, the analysis was performed in parallel in UNT condition. Data are shown as mean ± SD of 2 

whole mount images per NMO considering 4 independent NMOs analyzed per each condition. Statistical 

significance was determined using Ordinary One-way ANOVA; *p = 0.0116. Statistical results are reported in 

Data S2. 



 
 

Figure S3. Characterization of UNT, BM-C26, CM-C26, NMOs reported in Figure 3. A. ACh-induced 

displacement vectors frequency distribution in the range of 1-5 μm in GFP+ day-53 NMOs 72h after C26-

derived BM and CM treatment upon stimulation with ACh. As additional control, UNT condition was analyzed. 

Data are shown as mean ± SD of 4 NMOs/condition, and each dot indicates a single NMO. Statistical 

significance was determined using Ordinary One-way ANOVA; **p = 0.0014. Statistical results are reported 

in Data S2. B. Representative polar charts showing quantification of the maximum displacement (μm) and of 

the displacement directionality (angle, degree) obtained with PIVlab analysis of GFP+ D53 NMOs 72h after 

C26-derived BM and CM treatment upon stimulation with ACh. As additional control, UNT condition was 

analyzed. Single NMOs related to data reported in Figure 3F are shown. C. Violin plot showing quantification 

of calcium peak amplitude (ΔF/F0) detected with Fluo-4 live imaging analysis of GFP+ day-53 NMOs 72h 

after C26-derived BM and CM treatment compared to UNT condition upon stimulation with ACh. Data are 

generated from the samples analyzed in Figure 3H. Each violin represents the mean of the calcium spikes 

(n=30) of single NMOs (4 NMOs/condition). Statistical significance was determined using nested one-way 

ANOVA; *p = 0.0188. Statistical results are reported in Data S2.  

 

  



 



Figure S4. Characterization of UNT, BM-C26, CM-C26, NMOs reported in Figure 4. A. Heatmap showing 

quantification of the metabolites revealed in day-53 NMO sections 72h after C26-derived BM and CM 

treatments. As additional control, UNT condition was analyzed. Data are shown in Data S3. B. 

Representative confocal immunofluorescence image showing TOM20 (T20) and MyHC in D53 NMO sections 

72h after C26-derived BM and CM treatments. As additional control, UNT condition was analyzed. TOM20 

and nuclei co-staining images are reported in Figure 4D. Scale bar, 15 μm. C. Representative skeleton maps 

generated upon morphometric analysis of T20 stained NMOs along the different experimental conditions. D. 

Representative Oroboros trace that show oxygen concentration (µM, left axis) and oxygen consumption rate 

(negative O2 slope, right axis) over time in day-53 NMO sections 72h after C26-derived BM and CM 

treatments. As additional control, UNT condition was analyzed. Zoomed analysis are reported in Figure 4E. 

E. mtDNA content in NMOs treated with C26-BM and C26-CM. Data are reported as mean ± SD of 3 

independent NMOs per each experimental condition. Statistical significance was determined using unequal 

variance Student’s t test; ****p < 0.0001. F. Quantification of intensity fluorescence of on T20 on identical ROI 

dimension, selected within MyHC-positive area. Each dot represents the measured intensity fluorescence 

per individual image; at least 10 images were analyzed for each 3 independent NMOs per each experimental 

condition. Statistical significance was determined using Ordinary One-way ANOVA; ****p < 0.0001. Statistical 

results are reported in Data S2. G. Quantification of thresholded Pearson correlation coefficient on T20 and 

LAMP1 (PCC). Each dot represents the PCC measured per individual image; at least 8 images were 

analyzed for each 3 independent NMOs per each experimental condition. Statistical significance was 

determined using Ordinary One-way ANOVA; ****p < 0.0001. Statistical results are reported in Data S2. 
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