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Summary: 

Spatiotemporal  recapitulation  of  long-range  trajectories  for  lineages  that  influence  body

patterning along the medio-lateral and proximal-distal axes during embryogenesis in an in vitro

system  remains  elusive.  Here  we  introduce  a  three-dimensional  organoid  approach,  termed

Gastruloids-Lateraloid-Musculoids  (GLMs),  to  model  human  neural  crest,  lateral  plate

mesoderm and skeletal muscle lineage development at the forelimb level following gastrulation

and during limb patterning. GLMs harvest neuro-mesodermal progenitors with the potential to

establish  neural  and paraxial  mesodermal  populations,  while  single  cell  analyses  and spatial

transcriptomics demonstrate promotion of mesodermal lineage segregation during gastrulation

and spatial recapitulation of migration events along the medio-lateral axis for vagal neural crest,

hypaxial  myogenesis  and  lateral  plate  mesodermal  lineages.  Comparative  analyses  to

developmental  atlases and adult  muscle  stem cell  data confirm a pool of hypaxial  migrating

myogenic  progenitors  that  in  a  niche  dependent  manner  change  their  embryonic  anatomical

developmental program to a fetal myogenic program, thus enabling them to resist specification in

a  cell  autonomous manner  and facilitate  long term  in  vitro expansion.  GLMs model  human

myogenesis at the forelimb level, establish fetal muscle stem cells equivalent to those that sustain

the growth phase of the embryo and provide a 3D in vitro system for investigating neural crest,

early fore-gut and lateral plate mesoderm development.
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Introduction

Mammalian body axis patterning, specification and elongation are initiated during gastrulation,

whereby forebrain emerges at the anterior portion of neural plate, while more posteriorly and

closer to primitive streak transient embryonic structures and signaling centers, indispensable for

successful  neural  tube,  lateral  plate  mesoderm and early  skeletal  muscle  organogenesis,  are

developed during body axis elongation. The original Nieuwkoop's “activation-transformation”

hypothesis on neural induction  and central nervous system development in amphibian embryos

suggested an initial anterior neural plate induction that is followed by the formation of caudal

neural  regions  via  patterning  of  this  anterior  tissue  with  posteriorising  signals1,2.  Upcoming

studies  on  neural  induction  during  organogenesis  updated  this  model  by  further  suggesting

neuro-mesodermal progenitors (axial stem cells, NMPs), arising from primitive streak-associated

caudal lateral epiblast with a subsequent ongoing decision between neural and mesodermal fates,

as a key population influencing body axis elongation3,4,5,6,7,8. Recently, single-cell transcriptomic

characterization  of  a  gastrulating  human embryo further  indicated  overlapping expression of

markers of established mesodermal sub-types, such as paraxial or lateral plate mesoderm9, thus

suggesting  presence  of  transitional  mesodermal  states  during  initial  body  axis  patterning.

Breaking  medio-lateral  symmetry  at  forelimb  level  following gastrulation  is  associated  with

lateral plate mesoderm formation in a BMP dependent manner, reviewed by Prummel et al.10,

while limb bud initiation at forelimb level is modulated by the adjacent somitic mesoderm, that

in the absence of retinoic acid signalling limb bud initiation is impaired11,12, 13,14,15,16.

Establishing 3D systems that simulate  gastrulation  in vitro17,18,19,20,21,22,23,24,25,  and derive neuro-

mesodermal  progenitors  from  human  and  mouse  hiPSCs26,27,28,29,30 offered  the  possibility  to

investigate  gene regulatory networks and signaling pathways that  govern NMPs identity  and
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influence body axes pattering31, while subsequent studies harness their ability to self-organize

and generate  either  neuromuscular  organoids32 or  via  matrigel  support  to  simulate  body axis

elongation for paraxial mesodermal lineage33,34,35, or in co-development with neural lineage in

mouse and human models21,36. Axially patterned  embryonic organoids capture cardiogenesis  in

vitro37,38,39 together with fore-gut development in humans40 , while recent two dimensional studies

with  hiPSCs  demonstrate  a  neuro-mesodermal  mediated  neural  crest  origin41,42.  To  our

knowledge, current anterior-posterior patterned stem cell developmental models are unable to

spatially recapitulate developmental trajectories along the medio-lateral or proximal distal axis.

Here  to  address  this  limitation  we  present  a  method  of  immediate  matrix  support  and

concomitant growth factor applications on hiPSCs aggregates to model hypaxial myogenesis,

limb mesenchyme and neural crest migration via an intermediate neuro-mesodermal progenitor

stage and to mimic patterning at forelimb level along the major body axes during embryogenesis.

GLMs (Gastruloids/Lateraloids/Musculoids)  support  and  as  a  developmental  model  uniquely

recapitulate skeletal muscle trajectory at all stages of human fetal forelimb development. GLM-

derived myogenic progenitors and biopsy derived adult  muscle  stem cells  were compared to

human skeletal muscle reference atlases and present the in vitro generation of fetal muscle stem

cells that exhibit properties of long-term in vitro self-renewal and specification resistance, a key

characteristic that defines in vivo fetal and adult muscle stem cells43,44. 

Results

Gastrulation and mesodermal segregation at early stages 

From  a  pluripotent  embryonic  body  state,  human  PSC-derived  aggregates  expressing the

pluripotency  markers,  e.g  NANOG, at  day  of  Matrigel  embedding  (Figure  1A,  Day  0),

underwent  gastrulation  following  stimulation  with  Wnt  activation  (CHIR99021),  BMP
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inhibition,  (LDN193189)  and  bFGF.   Immunocytochemistry  analysis  at  Day  2,  indicates

presence of epiblast  NANOG+,  SOX2+ populations at  the core of GLM, surrounded by cells

expressing  the  early  gastrulation  marker  Goosecoid  (GSC),  while  more  ventrally  and  at  a

different  to  NANOG+,  SOX2+ section  planes,  presence  of TBXT,  GATA6,  and  SOX17

populations, an indication of ongoing gastrulation and of mesodermal, primitive endodermal fate

(Figure  1A,H,  Day2).  FOXA2  expression  at  the  core  of  the  structure  further  indicates  a

definitive endodermal/axial mesodermal fate, and of mesodermal and endodermal populations at

the  periphery  of  the  structure  via  presence  of  GATA6+ and  GATA6+/FOXA2+ populations,

respectively (Figure 1H, Day2). This conformation along the radial axis reassembles the micro-

patterned  induced  differentiation  of  human  embryonic  stem  cells  (hESCs)  to  capture

gastrulation-like events in  two dimensions45. Our system further, by supporting development in

three-dimensions,  preserves  a  caudal  epiblast  state,  CDX2+,  on  a  different  level  from  the

mesodermal and endodermal state and generates a dorso-ventral like axis that differentiates their

development at following stages (Figure 1A,B,D, asterisks, 2A,F). At gastrulation stage, single

cell expression profiling and trajectory analysis indicates an epiblast stage, governed by HOX

gene regulatory networks (calculated using SCENIC pipeline91) but organoids do not exhibit any

axial  elongation  at  histological  level,  and from a mesodermal  and endodermal  state  (Figure

1E,F,  Figure  S1A,B).  Investigation  on  the  mesodermal  differential  potential  and  cell  fate

probabilities  at  Day 5  using  Palantir  algorithm95 indicates  that  from a  primitive  streak  state

(SOX2+,NKX1-2+,TBXT+),  nascent  mesodermal  populations  bifurcate  to  a  paraxial,

(FOXC1+,TCF15+,MEOX1+) and  to  a  lateral  plate  mesodermal  state,

(FOXF1+,GATA6+,HAND2+).   Pseudotime  and  RNA  velocity  analysis  during  mesodermal

lineage  segregation  indicates  BMP4  and  RALDH2  upregulation  for  lateral  and  paraxial

mesodermal  fate  respectively,  while  using  Palantir  algorithm  we  describe  that  each  state
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excludes bipotent cell fate probability, thus  lineage specification occurs at this stage  (Figure

1G,  Figure  S1A,B).  Mapping  of  single  cell  expression  profiling  derived  from  human

gastrulating embryo9  and GLMs at Day 7 to spatial transcriptomic data from Day5 GLMs via

CytoSPACE pipeline90, demonstrates  similar mapping between CS7 embryo and Day7 GLMs

and highlights a section plane that simulates gastrulation, with presence of endodermal SOX17,

FOXA2 populations  and an  emergent  mesodermal  identity,  that  further  segregates  to  lateral

plate,  GATA6+,  and  paraxial/pre-somitic  populations,  TBX6+ (Figure  1I,  Figure  S1E-

G,S2A,B).  Applying  a  Semi-supervised  (SCANVI)  deep  learning  model99,100 to  human

gastrulating  embryo  highlights  similar  dynamics  during  human  primitive  streak  mesoderm

development, as well as predicts presence of nascent, emergent  and advanced mesoderm9,, while

3D modelling of the CS8 human gastrulating embryo46 further depicts paraxial, lateral plate and

intermediate  mesodermal  segregation  at  this  stage  (Figure  S1C,D,G).   Investigation  at  the

histological level depicts a core TBXT+  gastrulating mesodermal population in the absence of

SOX2 expression (Figure 1A, Day2).   Furthermore, spatial transcriptomics analysis at this stage

and  immunocytochemistry  pictures  indicates  an  initial  dorsoventral  development  during

gastrulation stage, with an epiblast/ectodermal state, expressing  NANOG, CDX2, SOX2, at its

dorsal portion and an endodermal, mesodermal state ventrally  (Figure 1A,D,H).  Interestingly,

adapting conditions to our system that are present at tail bud stage and during axial elongation,

such  as  prolonged  Wnt  activation  (CHIR99021),  BMP  inhibition,  (LDN193189),  and  FGF

stimulation,  induces  at  its  dorsal  caudal  embryo-like  epiblast  portion  neuro-mesodermal

progenitor  populations,  expressing,  SOX2  and  TBXT,  and  simulates  body  axis  elongation

(Figure 1B,C, Figure S2C-E). This geometry influences GLMs spatiotemporal  development

and  is  responsible  for  the  two  independent  trajectories  present  during  paraxial  mesoderm

formation  within  GLMs.  At  its  dorsal  exterior,  the  neural  epithelium at  specific  site  adopts
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neuro-mesodermal  fate  and  enters  paraxial  mesoderm  and  neural  crest  development  via  an

intermediate neuro-mesodermal progenitor (NMP stage), while at its ventral interior following

gastrulation it  channels its differentiation via emerging mesodermal  identity  towards paraxial

mesoderm and lateral plate limb bud development ( Figure 1A,B,D,I, Figure S3D,E).  

Lineage spatiotemporal development following gastrulation - Lateraloids

At the early stages of GLM development, stimulating PSC-derived aggregates with CHIR99021,

BMP inhibitor LDN193189, bFGF and retinoic acid promotes gastrulation without patterning the

residing  CDX2+/GBX2+ caudal  epiblast  neural  populations  (Figure  1A,E).  To  promote

dermomyotomal hypaxial fate on paraxial mesodermal populations, in a first step we simulated

developmental cues secreted from dorsal neural tube (WNT1A) and notochord (hSHH) during

embryogenesis  while  maintaining  constant  BMP  inhibition  to  avoid  excessive  lateral  plate

mesoderm formation, followed by a second myogenic induction step that included FGF, HGF

stimulation  (Figure  1A).  Force-directed  k-nearest  neighbor  graph  and  RNA  velocity

demonstrated  spatiotemporal  development  and  presence  of  mesodermal,  endodermal  and

ectodermal developmental trajectories following gastrulation (Figure 2A). At this stage WNT1,

an agent influencing neural  crest  development47,  drives  differentiation  of the caudal  epiblast,

located dorsally at GLMs, towards dorsal neural tube and neural crest development (Figure 2A,

Figure  S3C). Neural  crest  induction  was  further  verified  by  the  presence  of  TFAP2A+

populations that marked the neural plate border formation at PAX6+ dorsal neural tube regions

and preceded the generation of a SOX10+  neural crest migrating stream (Figure 2H).   During

migration, neural crest follows cells fate decisions that lead to sensory - autonomic bifurcation

when mapped to mouse trunk 9.5 neural crest107 ( Figure S3C). Similar to the gastrulation stage,

we noticed that in comparison to 2D differentiation approaches48 BMP inhibitor LDN193189
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(0.5nM) in GLMs did not inhibit lateral plate mesoderm development. Consequently, ventrally,

lateral  plate  mesoderm during the  second week of  GLM development  differentiates  towards

cardiac field, expressing  HAND1, HAND2, MEIS2, GATA3, GATA4,   and limb bud initiation,

expressing FGF10, SHOX2, PRRX2, PRRX1, HGF trajectories  (Figure 2A, Figure S3A), while

after the second week only towards limb bud mesenchymal trajectory, PRRX1, PRRX2, TWIST1,

TWIST2, that undergoes maturation and expresses osteogenic markers, OGN, POSTN, as well as

establishes  fibro-adipogenic  progenitors,  PDGFRA+,  PDGFRB+,  able  to  enter  adipogenesis

(Figure 2A, Figure S3A,4G-I). Applying the Semi-supervised (SCANVI) deep learning model

to human embryo, at stages following gastrulation110,111, CS10–CS16, demonstrates medio-lateral

and  proximal-distal  development  for  LPM (lateral  plate  mesoderm)  within  GLMs,  as  GLM

derived limb bud exhibits forelimb axial anatomical identity,  in comparison to GLM derived

endothelial  cells  and  cardiac  LPM,  that  exhibit  visceral  and  trunk  anatomical  identity

respectively (Figure 2K,L). 

Endodermal  trajectory  is  directed  towards  anterior  fore-gut  endoderm  development  by

establishing  SOX17,  SOX2,  KRT8,  GATA6,  SHH  and  FOXA2 populations,  an  expression

profiling  that  corresponds  to  early  pulmonary  endodermal  specification49,50  (Figure  2A,I,J,

Figure S3A,F). Surrounding the ŚOX17+  endodermal, and in the proximity of GATA6+   lateral

plate mesodermal populations, between the 2nd to 3rd week, we could detect tubular structures at

the  periphery  of  GLM ventral  development,  expressing  PAX2, PAX8, OSR1,  OSR2,  WT1

markers, a clear indication  of intermediate mesodermal identity (Figure 2A,I, Figure S3A,B,F).

Paraxial mesodermal trajectory undergone somitogenesis, where from a primitive steak stage and

through nascent and emergent mesoderm formation, directed its differentiation towards posterior

presomitic  mesoderm  (pPSM)  that  via  a  determination  front  (DF)  state,  LFNG,  RIPPLY2,
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somitic  mesoderm  (S)  emerged  (Figure  2B).  Culture  conditions  directed  the  paraxial

mesodermal trajectory towards hypaxial myogenesis and the generation of MET+/PAX3+/SOX10-

migration stream lateral to the gastrulating GLM structure (Figure 2C). Spatial transcriptomics

and single cell expression profiling highlights hypaxial myogenesis distal to GLM gastrulating

structures and an expression profiling of  PAX3+  /cMET+ myogenic progenitors that co-express

LBX1, PITX2, CXCR4, Ephrin A5 and FGFR1 receptors, thereby indicating susceptibility to

potential  limb  bub mesenchyme guidance  signals  influencing  hypaxial  myogenesis51 (Figure

2C,D, 3D). Integration comparison to developing human embryos following gastrulation, stages

CS12–CS16, demonstrates that GLM derived paraxial mesodermal populations simulate a trunk

to limb proximal-distal transition similar to CS7 gastrulating – CS12-CS16 developing embryos

(Figure  2E).  Upon  migration  within  the  matrigel  droplet,   GLM  radial  /  medio-lateral

development  does  not  correlate  anymore  to  craniocaudal  or  ventro-dorsal  axis,  but  rather

simulates medio-lateral and proximal distal axis  during embryogenesis. Mapping of single cell

expression profiling derived from human CS12-CS16 embryo111  and GLMs at Day 19 to spatial

transcriptomic data from Day19 GLMs, further demonstrates craniocaudal axis development on

the GLMs dorsoventral axis, as its dorsal portion that harbors neural crest development simulates

head-upper  trunk  development,  while  its  ventral  harboring  LPM,  paraxial  and  endoderm

development  simulates trunk, limb and viscera development (Figure 2F,G, Figure S3F,G).

Lateraloid to Musculoid transition signals embryonic to fetal myogenic transition 

The benchmark and novelty of GLM as a culture system is its ability to harbor migration events

following dorsal neural tube, paraxial and lateral plate mesoderm formation. At all stages post

initial  patterning,  we  attempted  to  favor  skeletal  muscle  lineage  through  constant  HGF

stimulation that compensates the absence of lateral plate mesoderm in musculoids at intervals
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associated to stages that musculoid culture grew beyond the initial matrigel droplet, past 35-42

days  of  GLM  development.  Spatial  transcriptomic  on  Day  35  demonstrates  reproducibility

between different musculoids, with presence of neural/neural crest and limb bud mesenchymal

trajectories,  while  the  skeletal  muscle  trajectory  spatial  transcriptomics  and

immunocytochemistry  pictures  indicate  presence  at  the  periphery  of  developing  musculoids

(Figure 3B, Figure S4B). Embryonic myogenic progenitors, PAX3+/cMET+, in close proximity

to GLM-derived trunk structures,  exhibited migrating potential,  presenting with uncommitted

(MYOD1-)  and up-regulated  HOX genes  cluster  expression profiling  related  to  forelimb bud

identity  (Figure 3D,E, Figure S4A). Along this migration stream, embryonic PAX3 myogenic

progenitors  triggered  the  fetal  program and  co-expressed  PAX7  (Figure  3A,  Figure  S4A).

Spatial mapping to human fetal reference atlas indicates embryonic to fetal myogenic transition

in a radial outwards direction, with fetal stages occurring at the edge of matrigel droplet (Figure

3B, Figure S4C). Differential expression and gene regulatory analysis between embryonic/fetal,

PAX3+/PAX7+, and fetal, PAX7+, populations indicated that during the embryonic fetal transition

myogenic  progenitors  ceased  proliferation,  prolonged  their  G1  phase  and  up-regulated

expression  of  extracellular  matrix  (ECM) proteins  and  proteins  associated  to  fetal  program,

myogenic maturation and satellite cell response, e.g. KLF4, FOXO3, NFIA, NFIX, EGR1, EGR2

and EGR3 (Figure 3E, Figure S6B,C). Likewise, PAX3+ myogenic progenitors during human

and mouse embryonic fetal development under the influence of developing mesenchyme adapted

strong anatomical identity, while during the embryonic fetal transition, fetal progenitors ceased

proliferation,  entered  a  prolonged  G1  phase  and  up-regulated  ECM  expression  (Figure

S4F,S5B,C,E,I,K,J). To  quantitatively assess the anatomical identity (“anatomical score”) and

myogenesis  onset  (“myogenesis  score”)  of  myogenic  progenitors  during  human,  mouse  and

musculoid  skeletal  muscle  development,  we calculated  an anatomical  and myogenesis  score,
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where we took the expression levels of HOX genes and markers related to fetal myogenesis in

individual cells into account (Table S2, methods). Scatter and spatial transcriptomic plots from

human  fetal  developing  limbs  and  GLMs,  demonstrate  anatomical  scores  for  embryonic

myogenic progenitors and myogenesis scores for fetal/postnatal muscle stem cells, while during

growth phase the anatomical score is downregulated from areas where skeletal muscle develops

(Figure 3C,D, Figure S4E,F,K,J, S5H, Table S2).

Next, we examined whether musculoid-derived myogenic progenitors were able to surpass the

embryonic fetal transition “barrier” stage52 and further maturate. Utilizing semi-supervised deep

learning  (SCANVI)  model  to  map  embryonic  (Day  19)  and   5th  week  musculoid-  derived

myogenic  progenitors  into  the  human  embryonic  to  fetal  reference  atlas,  we  demonstrate

maturation  beyond  the  embryonic  fetal  transition  and  generation  of  a  pool  of  myogenic

progenitors with fetal identity  (Figure S4D). This deep learning model accurately predicts the

PAX3/PAX7  transition  by  correlating  musculoid  derived  PAX3+ progenitors  to  5th week,

PAX3+/PAX7+  progenitors  to  7th week and  PAX7+ progenitors  to  9th week  of  human  fetal

development  (Figure S4C,D). Moreover, gene regulatory network analysis verified that during

the 8th week myogenic progenitors further up-regulated NFIX, KLF4, PAX7, MYF5 and entered

the fetal program (Figure S6A-C). 

To evaluate myogenesis spatiotemporal development in musculoids,  we applied principal graph

learning  on  PCA  space  to  reconstruct  a  differentiation  tree  using  the  scFates  pipeline96,97.

Linearity deviation assessment indicated linearity with low deviance (bridge populations) for top

ranking  genes  (deviance  <0.024)  and  continuity  on  musculoids  curved  trajectory.  From  an

anterior  primitive  streak  and  posterior  presomitic/somitic  state,  musculoids  established  an
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embryonic myogenic progenitors migration stream and promoted fetal maturation (Figure 3H).

Differential expression and gene regulatory network analysis along pseudotime reveals forelimb

pattering,  e.g  HOXA9,  HOXB9,  HOXC9   at  presomitic  (TBX6)  and  somitic

(PAX3,FOXC1,FOXC2, TCF15) level,  while upon hypaxial migration (LBX1,MET,MEOX2)

level, we could detect progression till  the stylopod level with HOXA10, HOXC10, HOXA11

upregulation  (Figure  4H,  Figure  S4M). Following  that  level  PAX3  myogenic  progenitors

ceased patterning, underwent embryonic to fetal transition, generated musculature and maturated

till late fetal stage with MYF5, CD44, VEGFA and ECM related genes upregulation (Figure 4H,

Figure  S4M,N).  At  this  stage,  PAX7  myogenic  progenitors  positioned  at  the  periphery  of

musculature and interacted with underlying myofibers via M-Cadherin,  while  by expressing

CXCR4 they were still susceptible to attractive cues from their environment  (Figure 3A,I,L).

Human skeletal muscle trajectory exhibits similar behavior by upregulating gene ontology terms

related to vasculature development and ECM organization at late fetal/adult muscle stem cell

stages (Figure S5D,E).

Pseudotime  analysis  on  gene  regulatory  networks  (GRNs)  and  expression  profiling  during

mouse,  human  and  musculoid  embryonic  to  fetal  myogenic  development,  further  indicates

mesenchymal  to  myogenic  developmental  program  and  niche  transition  for  myogenic

progenitors,  as we could detect  N-Cadherin downregulation and M-Cadherin upregulation as

differential expressed genes along myogenic progenitors’ developmental trajectory  (Figure 3J,

Figure S4F,S5I). We could further verify M-Cadherin expression on fetal myogenic progenitors

and myofibers during fetal myogenesis occurring at the periphery of musculoids cultures (Figure

3A,I). On musculoids,  fetal  myogenesis onset occurred during 5th week, on mouse forelimbs

within E12.0 - E13.0 stage while in human hind-limbs during 7th week of fetal development. At
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all cases, myogenesis followed limb patterning. This phenotype could also attribute the reduction

on  proliferation  for  fetal  myogenic  progenitors  in  a  niche  dependent  manner,  but  more

importantly sets an onset as structure and organ formation for the skeletal muscle system during

development (Figure S5E,I,J). Force-directed k-nearest neighbor graph analysis demonstrated a

dependent  loop between myogenic  progenitor  maturation  and commitment  along embryonic-

fetal  stages. We could describe the presence of a skeletal  muscle commitment trajectory that

influences  myogenic  progenitor  maturation  during  embryonic-fetal  transition,  as  well  as  a

secondary skeletal muscle commitment trajectory from myogenic progenitor mature stages that

sustains skeletal muscle niche environment for myogenic progenitors during their growth phase

(Figure 3K,N, Figure S6K)

Next  using  semi-supervised  deep (SCANVI) learning classification  and developmental  score

analysis we demonstrate that musculoid trajectory is equivalent to the human myogenic reference

trajectory  (Figure  3F,  Figure  S6D).  We  further  verified  through  gene  regulatory  network

analysis and deep learning (SCANVI) model that musculoid myogenic progenitors  established a

pool of progenitor cells with an identity between the fetal to adult stage (Figure 3G,H, Figure

S6A,B).  Pseudotemporal  progression  on  myogenic  progenitors  indicated  an  absence  of

committed markers, such as MYOD1, MYOG and MYH3 (Figure 4A), and further verified this

“mosaic”  profile,  e.g.  KLF4,  CD44,  CD82 and NFIX,  between  fetal  and adult  satellite  cell

markers on the 12th week myogenic progenitors. At this stage, Myf5 expression on mouse fetal

myogenic  progenitors  establishes  the  developmental  progenitors  of  adult  satellite  cells53,  a

behavior  that  was observed during musculoid pseudotemporal  trajectory  and gene regulatory

network  analysis  (Figure  S6C). Subclustering  on  myogenic  progenitors  indicated  that  they

reside in  the activated,  resisting specification  and mitotic  states.  Progenitors  in  an activated,
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CD44+,  JUN+,  FOS+,  undifferentiated  state  formed  the  main  pool  responsible  for  culture

progression  and  bulge  formation  (Figure  S6E,H,I,J).  Intercellular  communication  analysis

indicated that late fetal musculoid derived myogenic progenitors were under the influence of

NOTCH,  laminin  and  collagen  signaling.  For  those  signaling  pathways,  inferred  outgoing

communication patterns suggested the mitotic and resisting cluster as the main secreting source

and  the  activated  cluster,  through inferred  incoming  communication  patterns,  as  their  target

(Figure S6F,G). Manifold and classification learning analysis of signaling networks indicated

functional similarity in activated and resisting specification cluster-related signaling pathways,

further suggesting that these pathways exhibited similar/redundant roles in the fate of myogenic

progenitors  (Figure  3O).  During  musculoid  development,  ECM  expression  appeared  on

myogenic  progenitors  first  during  the  embryonic  to  fetal  transition,  followed  by  strong  up-

regulation at more mature stages in the 12th week (Figure 3M). In human development similar

appears during the late fetal stage (17th -18th week) and was also observed in mouse satellite cells

during regeneration109 and in human satellite cells (Figure 4I, Figure S7). 

In vitro derivation and characterization of late fetal muscle stem cells

We  further  verified  through  semi-supervised  deep  learning  (SCANVI)  modelling  to  human

reference skeletal muscle atlas that musculoid myogenic progenitors from different lines exhibit

high reproducibility (Pearson correlation, p=0.93-0.96), and establish a pool of progenitor cells

that express the core program of late fetal muscle stem cells,  with an identity between the fetal

to adult stage (Figure 4A, Figure S6L). Next, we speculated that if our system truly harbors the

derivation  of  fetal  muscle  stem cells,  we would  be  able  to  long-term propagate  them in  an

undifferentiated expanding state, since the default program of fetal muscle stem cells is to exhibit

properties of resisting specification in cell autonomous manner44. Strikingly, in two cases, one
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upon dissociation and sorting/re-plating CD44, CD82 populations of the initial musculoid culture

post 56 Days and, secondly via spontaneous detachment of myogenic progenitors from the initial

musculoid culture (3D) followed by monolayer propagation in musculoid maturation medium,

we were able to sustain them in an uncommitted, undifferentiated state for at least 10 passages

(approx. 100 days) in two dimensions. In the second case, together with myogenic progenitors

(n= 4037 cells, 73,82%), neural stem cells, (PAX6, SOX2, ASCL1-positive) were present in the

culture but upon long-term propagation accounted only for a small fraction of the culture (n= 696

cells,  12,72%)(Figure  4C).  Characterization  via  FACS  quantification  indicates  sustainable

propagation for CD44, CD82 and PAX7 myogenic populations, with 60% of the total population

to account for PAX7+  myogenic progenitors   (passage #10) (Figure 4H, Figure S8B). Similar

results  are  observed on the  immunocytochemistry  level  at  different  passages  for  PAX7 and

MYOD1-positive  populations  (Figure  4F,  Figure  S8D,E). Trichrome staining  verifies  ECM

production on myogenic progenitors from that stage, a trait highly-associated with specification

resistance  (Figure 4J).. This observation was further verified by investigating their expression

profiling at single cell resolution. RNA velocity analysis on myogenic progenitors propagated for

100  days  (passage  #10)  highlights  low rate  of  differentiation  for  myogenic  progenitors  and

trajectories  related  to  self-renewal,  activation/regeneration  and  commitment  (Figure  4C).

Investigation on myogenic progenitor differentiation potential and cell fate probabilities using

Palantir algorithm indicates that from a self-renewal state, CD44+, ECM+, NOTCH+ signalling

upregulation,  the  pool  of  progenitors  enter  an  activation  regeneration  state,CD44+,

FOS+,VEGFA+, that leads to commitment, MYH3+,MYOG+, while self-renewal, activation states

excludes  cell  fate  probability  towards  commitment  (Figure  4C,D,  Figure  S8H).  Cell-cell

communication analysis on musculoid derived myogenic progenitors expanded in 2D, further
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indicates cross-talk between myogenic progenitors states and self-regulation during specification

resistance via NOTCH, laminin and collagen signaling pathways (Figure S8F,G). 

Next, we investigated the cell cycle state of myogenic progenitors propagated in 2D via FACS

and immunocytochemistry based EdU proliferation assay (overnight, 18hr). Strikingly, we could

detect 23.3% ± 0.77 s.d  of the cell population residing in G1  phase, predominantly presence  of

myogenic progenitors (SOX2-), while the majority of the cells reside in S phase (59.68% ± 0.97

s.d), and a small  fraction (10.96% ± 1.24 s.d) to be multi-nucleated  myotubes  (Figure 4G,

Figure S8A,B). Consequently, myogenic progenitors via ECM upregulation were not only able

to resist specification,  but also to reside in a dormant non-dividing state.  Trajectory analysis

based on semi-supervised SCANVI deep learning model to human skeletal  muscle reference

atlas  further highlights,  similar  to musculoid derived (3D, Day84), late  fetal  to adult  muscle

satellite cells (MuSCs) identity (Figure 4E). Differential expression analysis between musculoid

derived  fetal  myogenic  progenitors  and  fetal  myogenic  progenitors  expanded  in  2D  for  10

passages (100 days) highlight high similarity (Pearson correlation, p=0.89) with both expressing

the core program, ECM+, MYF5+,NFIX+, KLF4+,NCAM1+, MET+, EGFR+, from late fetal muscle

stem cells (Figure 4I).

Next we sought out to investigate  whether our system establishes the developmental pool of

adult muscle stem cells and whether adult and fetal populations share common properties. Since

the  musculoid  approach  simulates  a  constant  skeletal  muscle  stem  cell  activation  process,

comparison should be made with a system that simulates an ongoing degeneration environment

and promotes adult  MuSCs activation,  such as degenerative myopathies.  To achieve this, we

generated  filaminopathy  (FLNC)  patient  derived   hiPSC  lines  and  compared  myogenic
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populations derived via the musculoid approach and those from corresponding patient biopsies

suffering from a degenerative myopathy associated with FLNC aggregate formation54. Profiling

skeletal  muscle  biopsies  at  single  cell  resolution  (Figure  S9A,B,D,E) and   integrative

comparison to human nuclei skeletal muscle reference map (Figure S9G),  indicated an ongoing

inflammation,  with high upregulation of RUNX1, KLF6, LYVE1 on immune system related

clusters  (Figure  S9H).  Cell-cell  communication  analysis  demonstrated  in  a  less  severe  case

(p.Q1662X Biopsy), interactions between fibro-adipogenic progenitors, regenerating myofibers

and immune clusters, while in a more severe case (p.Y2704X Biopsy), associated with increased

fibrosis and proportion of immune cells, interactions only between fibro-adipogenic progenitors

and immune system related clusters  ( Figure S9C,F,G). Furthermore, the higher proportion of

satellite cells in comparison to reference atlas and upregulation on gene regulatory networks,

such as JUN, FOS and RUNX1, indicated an active regenerative state for MuSCs (Figure S9I).

Consensus clustering between p.Y2704X and p.Q1662X adult muscle stem cells indicates clear

separate  assignment  for  adult  muscle  datasets,  while  differential  expression  matrix  for  each

cluster  highlights  presence  of  a  cluster  associated  with  myogenic  commitment  and  active

regeneration predominantly of the p.Q1662X Biopsy  (Figure S10F). Deep learning SCANVI

model indicates musculoid progenitors as late fetal (week 18) but interestingly indicates FLNC

satellite cells with a mosaic late fetal and adult identity (Figure 4B). This observation led us to

in-depth investigate the dynamics present within both populations. Integrative and differentiation

expression analysis  between musculoid  derived fetal  myogenic progenitors  and adult  muscle

stems cells from corresponding biopsies highlight high similarity (Pearson correlation, p=0.84)

with both expressing the core MuSCs program, ECM, MYF5,NFIX, KLF4,NCAM1, MET, EGFR

(Figure  4I).  This  indicates  default  states  for  adult  and  fetal  muscle  stem  cells  related  to

specification resistance and regeneration potential. GRN network analysis indicates that  adult
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p.Q1662X and pY2704X MuSCs within a degeneration environment upregulate the transcription

factor RUNX1, a myogenic state, PAX7+/RUNX1+,  that within musculoid culture  corresponds

to  myogenic  commitment  and  concludes  to  myogenic   differentiation  for  myogenic

progenitors(Figure  S10E).,  Hence,  musculoid  culture  reassembles  differentiation  dynamics

similar  to  in  vivo states  and serve as a platform to investigate  the skeletal  muscle  stem cell

activation process  within a regenerating environment.  

We reasoned that during ongoing regeneration in both systems, the niche environment for adult

muscle stem cells and musculoid myogenic progenitors should be mainly the adjacent myofibers.

Receptor - ligand analysis using NucheNet104 to infer ligand-receptor interactions between control

and  p.Y2704X,  p.Q1662X  FLNC  skeletal  muscle  biopsies,  and  to  detect  expression  of

downstream target genes within the MuSCs, indicates presence of the MuSCs receptor repertoire,

FGFR1, EGFR, NCAM1, ITGB1,MET, CDH15, NOTCH2, NOTCH3, and upregulating TGFB1

ligand activity  on p.Y2704X, p.Q1662X FLNC skeletal  muscle  biopsies,  a  pathway  that  is

described  to promote cell cycle arrest and quiescence on adult MuSCs55,56, and during muscle

regeneration in mouse model109 (Figure S7G, S10C,D). Thus, niche environment at the biopsy

level  promotes  a  quiescent  dormant  state  for  MuSCs  populations  upon  activation.   On  the

contrary, receptor - ligand analysis between control and p.Y2704X, p.Q1662X FLNC musculoid

derived regenerative myofibers and myogenic progenitors, highlights upregulation on BMP7 and

IGF2 ligand activity, pathways described to regulate muscle growth and the generation of the

adult muscle stem cell pool57, a trait of an active regenerative state in our system able to support

the growth phase of the embryo (Figure S10A,B).  Reactome106  and gene ontology analysis on

deferentially expressed genes between biopsy and GLM derived muscle stem cells highlights

significant upregulation of markers (Table S4) associated with myogenic commitment on adult
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muscle stem cells and markers associated to ECM, cell cycle for fetal muscle stem cells. This is a

clear distinction of the function between these sub-types during development, one to contributing

to  immediate  muscle  repair  during  postnatal  stages  and  the  other  to  growth  during  fetal

development. (Figure S10F,G). 

Musculoids  provide  a  developmental  model  of  human  hypaxial  myogenesis  that  involves

presence of variety of lineages and states at early stages, with secondary myogenesis occurring

only  at  the  periphery  of  the  structure.  Thus,  at  ultra-structural  level,  we  detect  functional

sarcomeres on myotubes at random orientation77  (Video S1). To counteract this limitation, we

sorted CD82 positive musculoid derived myogenic progenitors and re-plated them onto Matrigel

droplets  (Figure 4K, 300 cells per droplet).  Interestingly, upon expansion and maturation we

could establish myofiber networks that harbored synchronous contractions and contained mature

aligned sarcomeres with presence of T-Tubules and triad-like structures (Figure 4K, Video S2).

Isolating CD82+   myogenic progenitors from infantile and late onset Pompe lines at musculoid

levels,  followed by terminal  differentiation,  we could describe an early disease phenotype at

myotube level by detecting significant glycogen accumulation via PAS immunocytochemistry

staining  and  quantitative  glycogen  assay,  when  compared  to  wild  type  control  line  (Figure

S11B). In Morbus Pompe, a metabolic disease characterized via glycogen accumulation at the

skeletal muscle level, it is reported in human patients and in mouse models that MuSCs maintain

regenerative capacity but fail to repair disease-associated muscle damage, and it remains an open

question whether the absence of an activating signal or the presence of an inhibitory factor from

the  niche  environment  contributes  to  this  phenotype58,59,60.  Using our  musculoid  approach to

model muscle regeneration in infantile  (IOPD) and  late (LOPD) onset Pompe lines, we profiled

both onsets at single cell resolution, where myogenic progenitors expressed the core fetal muscle
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stem cell program (Figure S6L, S11A). Interestingly, receptor - ligand analysis to infer ligand-

receptor interactions between control and infantile or late onset skeletal regenerating myofibers

and myogenic progenitors, highlights TGFB1 ligand activity on LOPD and IOPD  myogenic

progenitors  during regeneration  (Figure S11C-F),  a  pathway that  promotes  quiescence  upon

activation  on  adult  and  mouse  MuSCs.  Thus,  this  phenotype  resembles  the  alterations  of

regenerative  capacity,  by  affecting  the  transient  amplification  of  MuSCs  following  their

activation, but not on the pool of MuSCs of Pompe patients.

Discussion

In  summary,  we report  here  a  robust  three-dimensional  in  vitro organoid  model  of  skeletal

muscle  organogenesis  at  forelimb  level  of  human  development  using  human  PSCs.  At  the

gastrulation  stage,  GLMs  exhibit  spatiotemporal  organization  (Figure  5C) and  establish

developmental trajectories for skeletal muscle, neural crest, lateral plate mesoderm and fore-gut

endoderm  lineages.  GLMs,  as  a  culture  system  uniquely  model  migration  events  along  the

medio-lateral  and  proximal-distal  axes  for  lineages  that  shape  body  patterning  during

embryogenesis,  while  when  comparing  to  the  human  developing  embryo  their  patterning  is

equivalent to Carnegie Stage CS 13/14  (Figure 5).  Continuous SF/HGF stimulation  simulated

culture conditions that during embryogenesis control the migration of hypaxial precursors from

the dermomyotomal  lip  into the limb bud62,  thereby allowed us to  promote skeletal  muscle

lineage patterning and maturation until the 18th week of human  fetal development. 

In GLMs and during human and mouse limb development, the embryonic to fetal transition for

myogenic progenitors  coincided with transition for their  niche environment,  that  was further

associated from mesenchyme to myofiber development. In a mouse model, it  is reported that
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only embryonic myoblasts express a Hox code along the antero-posterior axis61. Here we further

describe  that  during  human  and  mouse  fetal  limb  myogenesis  and  the  musculoid  hypaxial

migration stage, the cMET/PAX3 myogenic progenitors under the influence of mesenchyme as

their  niche  environment,  upregulated  gene  regulatory  networks  related  to  axial  anatomical

identity and were mitotically active. Following the embryonic  to fetal myogenic transition, the

PAX7  fetal  myogenic  progenitors,  by  switching  their  niche  environment  to  myofibers, are

characterized  by ECM upregulation,  prolonged G1 phase  and downregulation  of  HOX gene

expression.  In  line,  replacing  PAX3 with PAX7 gene in  mouse embryos  caused detrimental

deficits at the stage of migration and proliferation for myogenic progenitors and lead to severe

musculature defects in a proximal – distal manner at later stages63. 

During embryogenesis, this transition ideally correlates with the end of patterning and the start of

growth for a specific region along the proximal distal axis during human limb development, a

developmental  process  that  would  require  potent  myogenic  progenitors  able  of  resisting

specification and promoting self-renewal.  In a  growth model for myogenic  transition,  PAX3

myogenic progenitors at the hypaxial migration stage should first position within the fore/hind-

limb (E10.5 – E12 in mouse, 5th week to 7th week in humans), followed by embryonic to fetal

myogenic transition. Such model would require an early axial anatomical identity specification

followed  by  an  ability  for  PAX7  myogenic  progenitors  to  resist  specification  in  a  cell

autonomous manner and still  be able to respond to guidance signals from their surroundings.

Consequently,  myogenic progenitor  maturation could be divided into two stages during fetal

development. One where they abolish their embryonic identity (axial/anatomical specification)

and a second where via musculature interaction they maturate and unlock their late fetal/ adult

stem cell identity. 
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Bio-engineering  approaches  that  simulate  myofibers  niche  environment  succeed  to  preserve

short-term quiescence of adult muscle stem cells but fail to promote long-term expansion64, while

2D and 3D hiPSCs myogenic differentiation approaches by mimicking development generate

myogenic  progenitors32,48,65,66,67,68,69,71  profiled  with  an  upregulated  anatomical  embryonic

developmental program (Figure S12), a myogenic state that is associated with the embryonic-

early  fetal  transition  stage  and  is  characterized  as  the  developmental  barrier  for  in  vitro

differentiation approaches52. To date, in a proof of concept study72, only in vivo matured human

PAX7 myogenic  progenitors,  following  engraftment  into  immunodeficient  mice,  surpass  the

embryonic-fetal barrier, supporting our claim of advanced in vitro maturation in our organoid

system. Here, we demonstrate that musculoid culture, under minimal conditions, establishes and

promotes maturation of late fetal myogenic progenitors which are further associated with long-

term  in  vitro  expansion, self-renewal  and  specification  resistance.  Furthermore,  musculoids’

radial  extension  uniquely  facilitates  the  distinction  between  each  developmental  stage  of

myogenic progenitors (Figure 5D).

  

Altogether,  GLMs  succeed  to  reassemble  the in  vivo skeletal  muscle  environment  at  all

developmental stages of human fetal  myogenesis at forelimb level  and are able to  promote  in

vitro PAX7+ myogenic progenitor  maturation,  which are able  to resist  specification  in a cell

autonomous manner  (Figure 5E).  In conclusion,  our culture system presents i.)  a novel and

detailed organoid developmental model for investigating mechanisms of human skeletal muscle

organogenesis,  ii.)  for the first time the in vitro derivation of fetal muscle stem cells and iii.)

provides new insights on disease onset and mechanisms for congenital muscular dystrophies and

on neural crest, lateral plate and fore-gut  development following gastrulation. 
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Figure  1  Gastrulation  and  mesodermal  lineage  segregation  at  early  stages  of  GLM

development (A) Scheme  depicting  cytokine  composition  and  GLM  spatiotemporal

development  of  the  corresponding  lineages  along  the  major  body  axes.  Bright-field  and

immunocytochemistry  images  illustrating  histological  key  stages  of  GLM  development

simulating  gastrulation  in  a  dorsoventral  plane.  Dorsal/central  portion  is  composed  of

NANOG+/SOX2+ epiblast  populations,  that  ventrally  undergo  gastrulation,  GSC+/TBXT+

populations, and generate SOX17 endodermal populations. Scale Bar: 500um, 50uM in a´(B)

Following gastrulation at Day7 continuation of the CHIR99021, LDN198189, bFGF and Retinoc

acid stimulation leads to antero-posterior axis formation at GLMs dorsal part, via expansion of

neuro-mesodermal  progenitor  (NMPs)  derived  at  Day2.  The  core  consists  of  epiblast,

gastrulating populations, and  (C) the surface from NMPs (SOX2+/TBXT+) simulating tail bud

and body axis elongation. (D) Immunocytochemistry pictures illustrating somitogenesis at dorsal

location  via  NMP  trajectory  and  at  ventral  location  following  gastrulation  and  mesoderm

segregation. Scale Bar: 200um,100uM in d´ (E) Regulon score specificity (RSS) at neural cluster

highlights HOX GRNs upregulation together with NMP specific NKX1-2 Regulon.  (F)  Single

cell  expression profiling  (UMAP) at  Day 7 indicates  ongoing gastrulation  and derivation  of

mesodermal, ectodermal and endodermal populations. RNA velocity analysis on force directed

graph embedding indicates from a primitive streak state mesodermal lineage segregation towards

lateral plate and paraxial mesodermal trajectories.  (G)  Examining differentiation potential and

cell fate probabilities during mesodermal segregation using Palantir algorithm. Gene expression

trends  for  primitive  streak,  NKX1-2,  TBXT, nascent  pre-somitic  mesoderm  (pPSM), TBX6,

HES7, MSGN1, somitic, FOXC1, TCF15, MEOX1 and LPM, FOXF1, GATA6, HAND2, markers.

Trends are colored based on lineages presented in Fig.1d, Shaded region represents 1 s.d.  (H)

Immunocytochemistry picture at Day 2 at gastrulation plane during GLM development depicts at
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the  core  progenitors  with  axial  mesodermal  identity  FOXA2+/GATA6-,  surrounded  at  the

periphery from mesodermal, FOXA2+/GATA6-, and endodermal, FOXA2+/GATA6+ populations.

Scale Bar: 500um.  (I) Immunocytochemistry picture at Day 5 at level ventral  to gastrulation

plane  during  GLM  development  depicts  bipotent  with  emerging  mesodermal  identity

progenitors, TBX6+/GATA6+,  together with progenitors of lateral  plate mesoderm,  GATA6+,

and of paraxial mesoderm, TBX6+, origin.  Scale Bar: 200um. 
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Figure  2   Lineage  spatiotemporal  development  following gastrulation along the  medio-

lateral axis-Lateraloids (A) Force-directed k-nearest neighbor graph on 55.778 cells at Day 7,

Day 13, Day 19, Day 35, Day 56 and Day 84 and RNA velocity analysis indicating lineage

progression following gastrulation along skeletal muscle, neural crest, dorsal neural tube, fore-

gut  endoderm   and  lateral  plate  mesoderm  (cardiac  field  and  limb  bud  mesenchyme)

developmental  trajectories.  Feature  plots  highlight  lineage  representation  at  each  stage.  (B)

Pseudotemporal ordering of cells related to somitogenesis clusters revealed gene dynamics from

a tail bud /PS state, e.g. NKX1-2, TBXT, FGF17, CDX2 that via posterior presomitic mesoderm

(pPSM) e.g.  MSGN1, TBX6, HES7, MESP2, and determination front formation,e.g.  RIPPLY2,

LFNG, ALDH1A2, promoted somitic mesoderm formation, e.g  PAX3, EYA1, SIX1, PARAXIS.

PS:  Primitive  streak,  NS:  Nascent  mesoderm,  EM:  Emerging  Mesoderm,  PM:Paraxial

Mesoderm, S: Somitic Mesoderm (C)   Immunocytochemistry pictures on PAX3, SOX10, cMET

markers at stages post Day 21 of GLM development, depict migration waves simulating hypaxial

myogenesis along the medio-lateral axis for skeletal muscle lineage. Scale Bars: 500 um in c,

200 um in c´. (D) Spatial feature plots at Day 19, on LBX1, PAX3, cMET and MEOX2 markers

indicate  migration  waves  distal  to  the  initial  GLM  core  structure  (dashed  lines)  simulating

hypaxial myogenesis migration. (E) Heatmap with percentage of certainty and assignment score

from GLM cells along the hypaxial myogenesis trajectory from somite till migration stage  upon

unbiased mapping to the in vivo counterpart, Human Carnegie Stage (CS7- CS16) embryos. (F)

Mapping of single cells from Day 19 GLMs and human CS12-CS16 developing embryo (G) to

spatial GLM sections. Top section is derived from ventral to gastrulation plane. Bottom section

from  dorsal  to  gastrulation  plane.  (H)  Immunocytochemistry  pictures  at  3rd week  of  GLM

development depicts a section plane that includes  a  section plane of dorsal neural tube and

neural  crest  development/migration  (right).  Scale  Bars:  500uM,  100uM  in  h´ (I)
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Immunocytochemistry pictures at Day 11 of GLM development depicts a section plane lower to

gastrulation  that  includes  SOX17+ fore-gut  endodermal  populations,  surrounded  from  cells,

WT1+/PAX2+,  with  intermediate  mesodermal  identity.  Scale  Bars:  500uM  (J)

Immunocytochemistry  picture  at  Day  11  depicts  organoids  at  section  planes  that  combine

gastrulating/mesodermal (TBXT+),  neural (SOX2+),  LPM (GATA6+) and fore-gut endodermal

populations, pulmonary identity (GATA6+ /SOX2+/FOXA2+). Scale Bars: 500uM. (K) Heatmap

with  percentage  of  prediction  and assignment  score  from  GLM cells  along  the  lateral  plate

mesoderm  (LPM) development  upon unbiased mapping to the  in vivo counterpart, splachic,

somatic and limb LPM derived from Human embryos between CS12- CS16, Carnegie Stages.

(L)  UMAP plots based on semi-supervised deep learning  approach (SCANVI) to map GLM

derived  LPM at Day13 and Day19,  on human CS12-CS16 LPM fetal reference atlas predicts

somatic  LPM  derivation within GLM with trunk to limb axial anatomical identity.
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Figure 3 Lateraloid to Musculoid transition signals embryonic to fetal myogenic transition

and recapitulation of skeletal muscle developmental trajectory (A) Images at the edge of

matrigel  droplet  depict  embryonic  (PAX3) to  fetal  myogenic  transition  (PAX7) and skeletal

muscle system development. Scale Bar: 50um  (B)  Mapping of single cells from Day 35 GLM

dataset to spatial GLM sections from the same stage indicates reproducibility on neural, skeletal

muscle  and  mesenchymal  clusters  between  different  organoids.  (C)  Spatial  feature  plots

depicting  anatomical  (HOX genes)  and embryonic/fetal  myogenic  transcription  factor  scores

based on selected genes (D) Pseudotemporal ordering of cells during embryonic, fetal myogenic

transition  reveals  gene  and  GRN  dynamics  and  highlight  an  axial/anatomical  HOX  gene

upregulation  for  PAX3+/LBX1+ embryonic  and  absence  on  PAX7+/NFIX+   fetal  myogenic

progenitors.  (E)  Differential  expression  analysis  between  PAX7  and  PAX3/PAX7  clusters

highlights prolonged G1 phase, up-regulation of ECM proteins and cell cycle inhibitors in fetal

myogenic  progenitors.  Violin  plots  depicting  cell  cycle  stage  on  PAX7  and  PAX3/PAX7

clusters.  Picture  depicts  hypaxial  migration  process  away  from  the  GLM  trunk-like  core

structure.  Scale  Bar:  200um (F)   UMAP  plots  based  on  a  semi-supervised  deep  learning

(SCANVI)  approach  to  map  myogenic  progenitors  from  GLM  derived  skeletal  muscle

developmental  trajectory  to  the  human  skeletal  muscle  reference  atlas  demonstrates  in  vitro

reconstruction till  late fetal stages, maturation beyond the embryonic fetal transition stage for

musculoid   and  in  vivo matured  PAX7 derived  myogenic  progenitors,  while  (G) Heatmap

depicting the predicted and observed states for musculoid trajectory based on gene networks

derived from the human reference myogenic map indicates developmental swift similar to human

reference map and the presence of adult muscle stem cell gene networks within musculoids from

Day 84.  (H) Curved  trajectory  analysis  on  PCA space  for  musculoid  skeletal  muscle  atlas.

Pseudotime was calculated, by learning a principal curve on the 2 first PC components using the
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ElPiGraph algorithm. Pseudotemporal ordering of cells during musculoid skeletal muscle atlas

reveals  gene  and GRN dynamics  and  highlight  a  continuous  somitic  e.g.  FOXC1,  FOXC2,

TCF15, to hypaxial e.g. MEOX2, PAX3, LBX1 embryonic state that upon maturation opens fetal

/postnatal developmental program e.g PAX7, NFIX, MYF5, KLF4. (I) Musculoid development

at mature stages (>Day56)  simulates muscle growth  at the periphery of the organoid culture

(FastMyHC+/PAX7+/NEUN-  sites).  Protrusions  ,  sites  exceeding  initial  matrigel  droplet  limit,

harbor  the  development  of  M-Cadherin  positive  myofibers  and  PAX7  positive  myogenic

progenitors at mature stages  of musculoid development and muscle growth phase. Scale Bars:

100uM, 500um in i´  (J)  Feature plots based on differential expression analysis between nodes

along  the  musculoid  derived  curved  trajectory,  depicts  M-Cadherin  upregulation  (skeletal

muscle),  N-Cadherin  downregulation  (mesenchyme)  along  pseudotime  and  indicates  niche

transition  for  myogenic progenitors.  (K)  Force-directed  k-nearest  neighbour graph indicating

skeletal  muscle  trajectories  present  during  musculoid  development,  one  leads  to  myogenic

progenitor  maturation  and  one  to  myogenic  commitment.  (L)  Histogram  illustrating  FACS

quantification on CXCR4+ myogenic progenitors post 8th week during musculoid development.

Red histogram: unstained population, green histogram: isotype control, gray histogram: CXCR4+

population. (M) Dot plot illustrating expression of ECM-related genes and for genes related the

activated,  CD44,  JUN,  FOS,   and  a  mitotic,  NOTCH3,  TOP2A,  MKI67, state   across  the

developmental trajectory  on musculoid derived myogenic progenitors.  The size of each circle

reflects the percentage of cells in a cluster where the gene is detected, and the color reflects the

average expression level within each cluster (blue, low expression; red, high expression). (N)

DESMIN immunocytochemistry pictures at Day 56 indicate robust skeletal muscle development

during GLM derivation. Dashed lines illustrate protrusions that harbor PAX7+CD44+  myogenic

progenitor  maturation.  Scale  Bar:  500um   (O) Jointly  projecting  and  clustering  signaling
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pathways  from  12th week  myogenic  progenitors  into  a  shared  two-dimensional  manifold

according to their functional similarity. Each dot represents the communication network of one

signaling pathway. Dot size is  proportional to the total  communication probability.  Different

colors represent different groups of signaling pathways.
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Figure  4 In vitro derivation and characterization of late fetal muscle stem cells (A)   UMAP

plots  based  on  a  semi-supervised  deep  learning  (SCANVI)  approach  to  map  GLM derived

myogenic progenitors from Day84 - Day120 from different lines to the human skeletal muscle

reference atlas predicts a maturation state between the late fetal (week 17-18) and adult muscle

stem cells  (MuSCs) identity.  (B)  Semi-supervised deep learning (SCANVI) approach to map

biopsy derived MuSCs and their equivalent musculoid derived myogenic progenitors, predicts a

late  fetal  (week  17-18)  and  adult  muscle  stem cells  (MuSCs)  identity  for  both  biopsy  and

musculoid  myogenic  progenitors.  (C)   Force-directed  k-nearest  neighbor  graph  and  RNA

velocity analysis on a dataset  from 2D expansion (>100 Days, 10 passages) late fetal myogenic

progenitors  (established  at  GLM  level)  and  neural  progenitors,  indicates  a  pool  of  fetal

myogenic progenitors with a high velocity rate for PAX7, ECM, Notch signaling following three

independent trajectories related to self-renewal, activation/regeneration and commitment states.

(D)  Examining differentiation potential and cell fate probabilities during myogenic progenitor

differentiation using Palantir algorithm, excludes bipotent cell fate probabilities, for self-renewal,

activation/regeneration and commitment states.  (E) Semi-supervised deep learning (SCANVI)

approach to map GLM derived late fetal myogenic progenitors followed by 2D expansion (>100

Days,  10 passages)  predicts  a  late  fetal  (week 17-18)  and adult  muscle  stem cells  (MuSCs)

identity  and  demonstrates  sustainability  and  self-renewal  capability  for  musculoid  myogenic

progenitors.  (F) Immunocytochemistry  picture  illustrating  PAX7+  fetal  myogenic and SOX2+

neural progenitors , established at GLM level (Day56 -Day 84) till late fetal stage, followed by

100 Days of 2D expansion.  Scale Bar: 500um  (G)  Contour plots illustrating FACS cell cycle

analysis  on late fetal  myogenic progenitors expanded for more than 100 Days in 2D. Before

analysis cells incubated with 5uM EdU overnight (18hr). Immunocytochemistry images indicate

proliferating (EdU+/MKI67+) and dormant (EdU-/MKI67-) fetal myogenic progenitors (PAX7+),
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and  proliferating  neural  progenitors  (EdU+/SOX2+).  Scale  Bar:  100um   (H)  Contour  plots

illustrating  FACS  quantification  on  CD82+,  CD44+  and  PAX7+  fetal  myogenic  progenitors

established at GLM level (Day56 - Day84) till  late fetal  stage,  followed by 100 Days of 2D

expansion. Black contour: unstained population, green contour: CD44 FMO control, red contour:

CD82 FMO control, magenta contour: PAX7 FMO control.  (I)  Scatter plot depicting average

expression of genes between biopsy derived MuSCs and GLM derived myogenic progenitors

from same  patients  at  musculoid  level  (left,  Day  120),   and  from GLM derived  myogenic

progenitors  at  musculoid  level  (Day  84)  and  GLM  derived  late  fetal  myogenic  progenitors

expanded in two dimension.  Selected  genes  from the late  fetal,  adult  MuSCs core program,

NFIX,  MYF5,  PAX7,  and  genes  related  to  specification  resistance,  NOTCH,  ECM,  are

highlighted in red.  (J) Trichrome staining on late fetal myogenic progenitors, followed by 2D

expansion indicates  ECM expression in  single  cells.  (K) Scheme depicting  an  approach for

expanding CD82+ myogenic progenitors on matrigel droplets and promote myofiber maturation.

Immunocytochemistry picture depicts MYH1 and SPECTRIN expression on mature myofibers.

Gating  strategy  for  isolating  CD82 pure  positive  myogenic  fetal  progenitors  from organoid

cultures for subsequent analyses. Scale Bar: 500uM. Ultrastructure images from myofibers after

CD82+  myogenic  progenitor  FACS  isolation  and  expansion  on  matrigel  droplets.  Before

sarcomeres exhibit random orientation. Signs of maturity e.g. aligned sarcomeres, presence of

triad  like  structure  and  striated  plasma  membrane  are  visible  following  CD82+ myogenic

progenitor  expansion.  m:  mitochondria,  glyc:  glycogen,  n:nucleus.  Red  circles:  triad-like

structures. Arrow-head: T-Tubule, arrow: sarcoplasmatic reticulum. 
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Figure  5 Gastruloids-Lateraloids-Musculoids  (GLM) reassemble  skeletal  muscle  lineage

development  at  forelimb  level  (A)  A  schematic  representation  of  skeletal  muscle  lineage

development during embryonic/fetal stages at forelimb region  (transverse plane) during human

fetal development (B) A schematic representation of skeletal muscle lineage growth during fetal

stages  at  forelimb region.  (C)  Scheme explaining  lineage  spatial  arrangement  at  gastrulation

stage during GLM early patterning  (D)  A schematic comparison of a typical GLM migration

dynamics   (plane  view),  with  key  stages  and  lineage  development  along  the  medio-lateral,

proximal-distal  axes  following  gastruloid  patterning  for  muscle  organogenesis. (E)  Scheme

illustrating a late fetal muscle stem cell and highlighting its main functions on niche remodeling.

resisting  specification,  guide  signals,  attachment  /  generating   musculature  and  attracting

vasculature via VEGFA expression.
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Methods

hiPSCs culture

Human  induced  pluripotent  stem  cell  (hiPSC)  lines,  Cord  Blood  iPSC73,  FLNC p.Q1662X,

HIMRi001-A,  and  FLNC  p.Y2704X,  HIMRi005-A74,75,IOPD,  HIMRi006-A  and  LOPD,

HIMRi007-A76, Gibco episomal iPSCs (line A18945) and lines described in77 , were cultured in

TESR-E8 (StemCell Technologies) or StemFlex (ThermoFischer Scientitfic) on Matrigel GFR

(Corning)  coated  6  well  plates.  Patient  cells were  collected  at  the  University  Hospital

Bergmannsheil.  Ethical approval was obtained from the ethics committee of the Ruhr-University

Bochum, Medical Faculty (15-5401, 08/2015).  

GLM differentiation protocol

Prior  differentiation,  undifferentiated  human  iPSCs,  60-70%  confluent,  were  enzymatically

detached  and  dissociated  into  single  cells  using  TrypLE  Select  (ThermoFisher  Scientific).

Embryoid bodies formed via the hanging drop approach, with each droplet  containing 4×103

human single PSCs in 20 μl were cultured hanging on TESR-E8 supplemented with Polyvinyl

Alcohol  (PVA) at  4mg/ml  (SigmaAldrich)  and rock inhibitor  (Y-27632) at  10μM (StemCell

Technologies) at the lid of Petri dishes.  The next day, embryoid bodies at the size of 250-300μm

embedded  into  Matrigel  and cultured  in  DMEM/F12  basal  media  (ThermoFisher  Scientific)

supplemented  with  Glutamine  (ThermoFisher  Scientific),  Non  Essential  Amino  Acids

(ThermoFisher  Scientific),  100x  ITS-G  (ThermoFisher  Scientific),  (Basal  Media)  3μM

CHIR99021  (SigmaAldrich)  and  0.5μM  LDN193189  (SigmaAldrich).  On   day  3,  human

recombinant basic Fibroblast Growth Factor (bFGF) (Peprotech) at 10ng/ml final concentration

was added to the media.  Subsequently,  on day 5 the concentration  of bFGF was reduced at

5ng/ml and the media was further supplemented with 10nM Retinoic Acid (SigmaAldrich). To

49

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 12, 2024. ; https://doi.org/10.1101/2024.05.10.593520doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.10.593520
http://creativecommons.org/licenses/by-nc-nd/4.0/


promote  axial  elongation  the  cytokine  and  growth  factor  cocktail,  CHIR99021  (3μM),

LDN193189 (0.5μM), bFGF (10ng/ml), Retinoic Acid (10nM), was applied from day7 to day11.

Alternative the differentiation media during standard GLM differentiation protocol on  day 7,

supplemented only with human recombinant  Sonic hedgehog (hShh) (Peprotech)  at  34ng/ml,

human recombinant WNT1A (Peprotech) at 20ng/ml and 0.5μM LDN193189. On day 11 the

cytokine composition of the media was changed to 10ng/ml of bFGF and human recombinant

Hepatocyte  Growth  Factor  (HGF)  at  10ng/ml  (Peprotech).  From day  15 onwards,  the  basal

medium supplemented with ITS-X (ThermoFisher Scientific) and human recombinant HGF at

10ng/ml. In the first 3 days of the differentiation the medium was changed daily, from 3rd till 30th

every second day, while from day 30 onwards every third day. 

Expanding musculoid derived fetal muscle stem cells in  two dimensions (2D).

Musculoids exhibiting the typical protrusions that contain myofibers and myogenic progenitors

(Figure  4I,N)   post  8th week  of  three  dimensional  development,  at  12th week,  either:  a)

dissociated into single cells by incubation at 37°C with TryplE Select for 10 min, followed by

surface  antigen  staining  with  PE-labelled  anti-human  CD82  (Biolegend,  clone  TS2/16)  and

Alexa 488-labelled  anti-human CD44 (eBioscience,  clone IM7, FITC) antibodies  for 20 min

incubation on ice. Cells  washed twice with 1% BSA staining solution and before FACS sorting,

the  dissociated  cells  were  passed  through  a  70 μm  cell  strainer  to  remove  any  remaining

aggregates.. Fluorescent minus one (FMO) controls were used for correct gating  (Figure 4H).

CD44/CD82 positive sorted cells were seeded on matrigel coated plated in musculoid maturation

media (DMEM/F12, NEAA, P/S, L-Glutamine, + 10nh/ul HGF) supplemented with 10uM Rock

inhibitor at a density of 150000 -200000 cells per cm2.  Or b)  By transfering them with 1 mL

cutted pippete tip to new matrigel coated plated. Musculoids by an attaching-detaching process
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leave  myogenic  progenitors,  myofibers  on the matrigel  surface,  that  upon propagation  reach

100% confluency. In both approiaches, for 2D expansion myogenic progentiors are passaged at

90%-100% confluncy at 1:2 ratio. Myogenic progenitors are passaged enzymatically with TryplE

Select and the musculoid maturation media the day of passaging contains rock inbitor (10uM),

that is ommited the day after. Media change occurs every second date, as myogenic progenitors

require active HGF within the media for expansion/propagation.

Replating CD82+ myogenic for secondary skeletal muscle-like organoid formation

Re-plating CD82+ myogenic to establish myofiber networks and promote myofiber maturation :

Post 8w-12w musculoids were dissociated into single cells by incubation at 37°C within papain

solution for 1-2 h, followed by incubation with TryplE Select for 10 min. For surface antigen

staining cells were incubated for 20 min with APC-labelled anti-human CD56 (Biolegend, clone

TS2/16) and PE-labelled anti-human CD82 (Biolegend, clone ASL-24) antibodies and washed

twice with 1% BSA staining solution. Then the dissociated cells were passed through a 40 μm

cell strainer to remove any remaining aggregates. Briefly before FACS sorting to discriminate

between dead and live cells DAPI was added to the samples. DAPI- negative / CD82 positive

cells were collected using a FACSAria Fusion cell sorter (BD Biosciences). Fluorescent minus

one (FMO) controls were used for correct gating (Figure 4K). Before sorting 300 CD82 positive

events/cells into each well of  a 96 well plate, we generated a matrigel droplet in each well. For

that we applied 30ul of matrigel in each well and let it polymerize for 20-30min. Upon matrigel

polymerization we fill the well with 150ul of  DMEM/F12, ITS-X basal media supplemented

with 10ug/ml HGF. Upon sorting the cells the next day and for the next 2 media changes, we

proceeded with 50% Basal media (+10uh/ml HGF) and 50% SkGM™-2 Skeletal Muscle Cell

Growth Medium (Lonza). Subsequently, we shifted completelly to Skeletal Muscle Cell Growth
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Medium  till  cells  covered  the  whole  matrigel  sufcace  before  we  induce  maturation  with

DMEM/F12, ITS-X , N2 muscle fushion maturation media. Upon that stage cells were cultured

up to a month. At the expansion phase (Lonza Skeletal Muscle Cell Growth Medium) media

changed daily while during maturation every second day.

Immunocytochemistry

Cryosection  Immunochemistry: Organoids  from  different  stages  were  fixed  on  4%

paraformaldehyde overnight  at  4°C under  shakings  conditions,  dehydrated  (30% sucrose  o/n

incubation)  and  embedded  in  OCT freezing  media.  Cryosections  were  acquired  on  a  Leica

CM3050s Cryostat. For the immunostaining process, cryosections were rehydrated with PBS and

followed by permeabilization once with 0.1% Tween-20 in PBS, (rinsed 3x with PBS), and then

with 0.1% Triton-X in PBS (rinsed 3x with PBS). Subsequently, the sections were blocked with

1% BSA /  10% NGS or  10% FBS in  PBS for  1hr  at  room temperature.  Primary  antibody

incubations were performed overnight at 4°C, where secondary antibody incubations for 2hr at

room temperature.

EdU staining: At 180 days post diferentiation, 12 weeks for myogenic progenitor maturation at

musculoid level,  and 100 Days expansion in 2D (10 passages), musculoid derived myogenic

progenitor incubated overnight (18 hr) with EdU at a final concentration of 5  μM.   To detect

EdU,  the  sections  were  processed  with  Click-iT EdU Alexa  Fluor  647 cell  proliferation  kit

(Invitrogen)  following  the  manufacturer’s  instructions.  The  samples  were  incubated  with

secondary antibodies after the click reaction for detecting EdU. 
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Primary  Antibodies: anti-Brachyury/TBXT (R&DSystems,  1:250),  anti-TBX6 (R&DSystems,

1:200),  anti-PAX3  (DHSB,  1:250),  anti-PAX7  (DHSB,  1:250),  anti-PAX6  (Cell  Signalling,

clone  D3A9V,  1:200),  anti-SOX10  (R&DSystems,1:125),  anti-FOXA2(R&DSystems,1:200),

anti-Ki67  (ThermoFisher  Scientific,  clone  SolA15,  1:100),  anti-MYH1  (DHSB,1:100),  anti-

MYOD1  (Cell  Signalling,  D8G3,  1:200),  anti-TFAP2A  (DHSB,  3B5,  1:100),  anti-SOX2

(ThermoFisher Scientific,  clone Btjce,  1:100; Cell signalling, clone D6D9, 1:200), anti-CD44

(eBioscience, clone IM7, 1:100), anti-NeuN (Abcam, EPR12763, 1:200), anti-CDX2 (Biogenex,

clone  CDX2-88,  1:200),  anti-GATA6  (Cell  Signalling,  clone  D61E4,  1:200),  anti-Desmin

(Abcam,  clone  Y66,  1:200),  anti-GSC  (R&DSystems,  1:200),  anti-SOX17  (R&DSystems,

1:200),  anti-PAX2 (Biolegend,  ,  clone  Poly19010,  1:200),  anti-WT1  (Cell  Signalling,  clone

D8I7F, 1:200), anti-MET (Cell Signalling, clone D1C2, 1:200), anti-NANOG (Cell Signalling,

clone  D73G4,  1:200),  anti-M-Cadherin  (Cell  Signalling,  clone  D4B9L,  1:200),  anti-Spectrin

(Novocastra, NCL-SPEC1,1:30), Mouse anti-FastMyHC (SigmaAldrich, clone MY-32, 1:300).

Secondary antibodies: Alexa Fluor® 647 AffiniPure Fab Fragment Goat Anti-Mouse IgM, μ

Chain Specific  (Jackson Immunoresearch Laboratories,  1:100),  Rhodamine RedTM-X (RRX)

AffiniPure  Goat  Anti-Mouse  IgG,  Fcγ  Subclass  1  Specific  (Jackson  Immunoresearch

Laboratories,1:100),  Alexa  Fluor®  488  AffiniPure  Goat  Anti-Mouse  IgG,  Fcγ  subclass  2a

specific  (Jackson  Immunoresearch  Laboratories,1:100),  Alexa  Fluor  488,  Goat  anti-Rat  IgG

(H+L) Cross-Adsorbed Secondary Antibody, (ThermoFisher Scientific, 1:500), Alexa Fluor 488,

Donkey anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, (ThermoFisher Scientific,

1:500), Alexa Fluor 647, Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody,

(ThermoFisher  Scientific,  1:500),  Alexa  Fluor  488,  Donkey  anti-Goat  IgG  (H+L)  Cross-

Adsorbed Secondary Antibody, (ThermoFisher Scientific, 1:500), Alexa Fluor 568, Donkey anti-
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Rabbit  IgG  (H+L)  Cross-Adsorbed  Secondary  Antibody,  (ThermoFisher  Scientific,  1:500).

Images were acquired on a ZEISS LSM 770 inverted confocal microscope.

Flow Cytometry

EdU assay: At 180 days post diferentiation, 12 weeks for myogenic progenitor maturation at

musculoid level,  and 100 Days expansion in 2D (10 passages), musculoid derived myogenic

progenitor incubated overnight (18 hr) with EdU at a final concentration of 5 μM. The next day

musculoid derived myogenic progenitor cultures were dissociated into single cells by incubation

at  37°C within TryplE Select  solution  for  5-10 min.  Then the dissociated  cells  were passed

through a 40 μm cell strainer to remove any remaining aggregates. To detect EdU, the cells were

processed with Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Invitrogen) according

to  manufacturer  instructions,  nuclei  werestained  with  Dapi  solution  and then  analyzed  on a

FACSAria Fusion flow cytometer (BD Biosciences). FACs data fcs files were processed with

FlowJo v10 (BD Biosciences).

FACS isolation and quantification of CD44+, CD82+, PAX7+,MYOD1+, CXCR4+  myogenic cell

population78,79: Organoids during 8th - 16th week post differentiation were dissociated into single

cells by incubation with Papain solution till we could observe complete dissociation upon gentle

shaking (30 min – 1 h). To acquire singlets, the cells were filtered through a 40 μm cell strainer

and washed with 1% BSA solution. For surface antigen staining cells were incubated for 20 min

with  FITC-labelled  anti-human  CD44 (eBioscience,  clone  IM7)  and  PE-labelled  anti-human

CD82 (Biolegend, clone ASL-24) antibodies and washed twice with 1% BSA staining solution.

Briefly before FACS sorting to discriminate between dead and live cells DAPI was added to the

samples. DAPI- negative / CD82 positive cells were collected using a FACSAria Fusion cell
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sorter (BD Biosciences). Fluorescent minus one (FMO) controls were used for correct gating

(Figure 4H). For CXCR4 quantification, the PE anti-human CD184[CXCR4] (Biolegend, clone

12G5) was applied together with the corresponding isotype control for setting the gating: PE

Mouse IgG2a, κ Isotype Ctrl antibody (Biolegend, clone MOPC-173) (Figure 3L)..

Single cell RNA sequencing expression profiling

Organoid Samples and cDNA library preparation: Single cells acquired in suspension following

1hr incubation with solution containing papain and EDTA for organoids at stages of ongoing

development within the matrigel droplet, e.g. Day 7, Day 13, Day 19, Day 35, Day 56, Day 84,

or with 15-20 min TryplE incubation for 2D cultured (>100 Days) musculoid derived myogenic

progenitors  and  for  organoids  at  stages  that  the  organoid  development  takes  place  at

bulge/protrusion sites, e.g. Day 120 organoids.  After dissociation, cell number and viability was

estimated, cells  were re-suspended on solution containing 0.5% BSA and processed using the

Chromium Single Cell 3′ Reagent Kits (v3): Single Cell 3′ Library & Gel Bead Kit v3 (PN-

1000075),  Single  Cell  B  Chip  Kit  (PN-1000073)  and  i7  Multiplex  Kit  (PN-120262)  (10x

Genomics) according to the manufacturer’s instructions. Then, the cDNA library was run on an

Illumina HiSeq 3000 or Novoseq as 150-bp paired-end reads.
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Single-nuclei isolation of human skeletal muscle biopsies

Skeletal muscle tissues from Vastus Lateralis (p.Y2704X) and Soleus (p.Q1662X) were sampled

by the surgeon and immediately frozen in liquid nitrogen. Single-nuclei isolation was performed

on ice using the Chromium nuclei  isolation kit  according to  the manufacturer’s  instructions.

After dissociation, nuclei number was estimated and processed immediately using the Chromium

Single Cell 3′ Reagent Kits (v3).

Spatial gene expression assay

Frozen Gastruloids/Lateraloids/Musculoids samples from Day 5, Day 9, Day19 and Day 35 were

embedded in OCT (Tissue-Tek) and cryosectioned (Thermo Cryostar). The 12-µm section was

placed on the pre-chilled Optimization slides (Visium, 10X Genomics,  PN-1000193) and the

optimal lysis time was determined. The tissues were treated as recommended by 10X Genomics

and the optimization procedure showed an optimal permeabilization time of 18 min of digestion

and  release  of  RNA  from  the  tissue  slide.  Spatial  gene  expression  slides  (Visium,  10X

Genomics,  PN-1000187)  were  used  for  spatial  transcriptomics  following  the  Visium  User

Guides. Brightfield histological images were taken using a 20X objective on the Olympus IX83

fluorescent  inverted  microscope  and  images  were  stitched  and  analyzed  with  the  cellSens

software.  Next  generation  sequencing  libraries  were  prepared  according  to  the  Visium user

guide. Libraries were loaded at 300 pM and sequenced on a NextSeq 1000 System (Illumina) as

recommended by 10X Genomics.

Single  cell  RNA seq  analysis:  Sequencing  data  raw files  were  processed  using  Cell  Ranger

software (v5.0.1),  following the set of analysis pipelines suggested by 10x Genomics, and the

reads aligned to the human genome and transcriptome (hg38, provided by 10x Genomics) with
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the default alignment parameters. For constructing the GLM developmental trajectory  presented

in  figure  2a  we  included  intronic  reads,  while  for  musculoid  developmental  trajectory  and

myogenic subsequent myogenic comparison we excluded intronic reads at the default alignment

Cell Ranger parameters.  Seurat80,81,82,83,84 or ScanPy85 pipeline was then applied for further data

processing.  For  Seurat  based  normalization  we  followed the  SCT-transform  approach.  To

denoise the graph, in ScanPy pipeline we applied the MAGIC approach86, an unsupervised non-

parametric  algorithm  to  impute  and  de-noise  biological  single-cell  RNA-seq  data  sets.

Interoperability between Seurat and anndata was achieved via  h5 Seurat function, to generate

h5ad objects, while for generating loom files via  as.loom function. Before comparing datasets

genes related to metabolism such as mitochondrial and ribosomal genes, were excluded  from

subsequent  analysis.  In both approaches,  the  sequencing depth,  proportions  of mitochondrial

transcripts, cell cycle effects87, and when analyzing skeletal muscle lineage genes associated to

stress during myogenic progenitor dissociation88 were also regressed out. Unless otherwise noted,

cells  with  less  than  300 detected  genes  and those  with  mitochondrial  transcripts  proportion

higher than 5 percent were excluded. For myogenic comparison between reference and myogenic

differentiation datasets cells with less than 500 detected genes and genes detected in less than 5

cells  we excluded form analysis,  exception was only adult  and juvenile  datasets52,  where the

threshold was adjusted to 200-300 genes per cell and 3 cells  per gene. Finally, as  myogenic

progenitor related clusters were considered the ones expressing muscle related genes e.g. PAX3,

PITX2,  PAX7,  SIX1,  MYOD1 in  the absence of  neural  markers.  For  consensus  clustering of

p.Q1662X and p.Y2704X FLNC adult muscle stem cells, first we converted seurat object into

SingleCellExperiment objects, followed by SC3 R package pipeline89.
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Spatial transcriptomics analysis: Sequencing data raw files were processed using Spatial Ranger

software (v2.1.1), following the set of analysis pipelines suggested by 10x Genomics, and the

reads aligned to the human genome and transcriptome (hg38, provided by 10x Genomics) with

the default parameters. Seurat or ScanPy pipeline was then applied for further data processing

and visualization. For mapping the single-cell and spatial transcriptomic datasets we applied the

CytoSPACE pipeline90, where labeled single-cell expression matrices  mapped onto coordinates

(spots) of spatial  transcriptomic datasets. Before mapping single cell  and spatial  datasets, we

subset  the  spatial  dataset  to  avoid  any  spatial  spots  with  no  expression  values

(nCount_Spatial>0),  and  removed  ribosomal  and  mitochondrial  genes  from  the  expression

matrices.   

 

Gene regulatory network analysis:  For analyzing and clustering datasets  based on their  gene

regulatory network we applied pySCENIC pipeline91 on Scanpy normalized datasets. Cells with

more than 6,000 or less than 200 detected genes, as well as those with mitochondrial transcripts

proportion higher than 5% were excluded. Sequencing depth and proportions of mitochondrial

transcripts  and cell  cycle  effects,  and genes associated  to  stress  during myogenic progenitor

dissociation  when  analyzing  skeletal  muscle  lineage  only,  were  also  regressed  out.   When

merging datasets for comparative analysis genes related to metabolism such as mitochondrial and

ribosomal genes, were excluded from the normalised matrix. For GRN analysis we applied genes

as  ranking  type  and  therefore  we  applied  hg38  cisTarget  databases  to  all  datasets,

(https://resources.aertslab.org/cistarget/). 

Pseudotime analysis: GLM datasets processed with Scanpy and upon normalisation, cell cycle

genes, sequencing depth and stress related genes were regressed and we further proceeded with
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the generation of Force-directed layouts of single-cell graphs using the ForceAtlas2 algorithm92.

To denoise the graph,  we  projected the dataset in  DiffusionMap  space  and  for calculating the

trajectory  inference  we  applied  the  Partition-based  graph  abstraction  (PAGA)  approach93.

Pseudo-spatiotemporal orderings were constructed by randomly selecting a root cell from the

following clusters: somitogenesis cluster (musculoid trajectory, Figure 3H); Anterior Primitive

streak cluster (Somitogenesis, Figure 2B) and calculating the diffusion pseudotime distance of

all  remaining  cells  relative  to  the  root.  On  Seurat  normalised datasets  we  calculated  the

pseudotime  by converting them into  SingleCellExperiment  objects,  calculate  the  eigenvector

values  for  each  cell using  destiny  package  (k=100)  and  order  them  by  diffusion  map

pseudotime94.  During ScanPy pipeline,  for investigating cell  fate  probabilities and align cells

along differentiation trajectories we applied Palantir algorithm and pipeline95.

Advanced Pseudotime calculation: To simulate in silico myogenesis on musculoids, we applied

principal  graph learning on PCA space to reconstruct a differentiation tree using the ScFates

package96, following the basic curved trajectory analysis pipeline. For principal graph learning

we applied EIPiGraph97. In order to verify that the trajectory we are seeing is not the result of a

linear mixture of two population (caused by doublets),  we performed the Linearity deviation

assessment  test  where  we  could  describe  continuity  with  putative  progenies  (paraxial

mesodermal clusters), putative bridge (hypaxial migration and embryonic to fetal transition) and

putative progenies (late fetal myogenic progenitors).  

Integrative  Mapping: For  integrative  analysis  we  used  the  Seurat(v4)  package  for  finding

anchors between reference atlases and those from differentiation protocols, using 5000 anchors

(SCT transform)  or  2000  anchors  (log  Normalization)  and  regressing  out  cell  cycle  genes,
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sequencing depth and stress related genes before integration. For predictions based on integrative

analysis, following FindTransferAnchors step we applied the TransferData option from Seurat in

Seurat object metadata.  

Developmental,  anatomical,  fetal/postnatal  and  myogenesis  score:  Developmental  score  was

calculated  as  described52.  Briefly,  we  used  the   ‘‘AddModuleScore’’  function  to  calculate

embryonic and adult score using a list of differentially expressed genes (DEGs) between satellite

cells and embryonic myogenic progenitor clusters. Differentially expressed genes (DEGs) were

identified by ‘‘FindMarkers,’’ function using ‘‘MAST’’ test98 . In addition, we passed the same

parameters as we did when scaling the data (‘‘S.Score,’’ ‘‘G2M.Score,’’ ‘‘Stress’’ and ‘‘total

Count’’) to the vars.to.regress’ argument to regress out the effects of the cell cycle, dissociation-

related  stress  as  well  as  cell  size/sequencing  depth  on  the  identification  of  DEGs.  The

developmental score was further calculated by subtracting embryonic from the adult score. The

list of genes for calculating the embryonic and adult score are listed in Table S1.  Anatomical,

embryonic TF, fetal/postnatal TF, ECM and myogenesis score calculation were calculated via

Seurat´s  ‘‘AddModuleScore’’  function.  List  of  genes for  calculating  each score are  listed in

Table S2. List of genes for calculating embryonic TF, fetal/postnatal TF score we applied the

genes described in human skeletal muscle reference atlas52 . 

Deep  learning  classification:  Seurat  normalised datasets  converted  to  anndata  object  via

h5.seurat. For deep learning classification the raw.matrix from each dataset was used. From the

Scarches package99, the semi-supervised deep learning approach was applied using single-cell

annotation  variational  inference  (SCANVI)  algorithm100 for  training  the  reference  atlas  and

transfer existing neural networks to model and train query datasets. 
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RNA velocity:  For generating count matrices for the pre-mature (unspliced) and mature (spliced)

RNA  abundances  in  our  samples  we  applied  the  velocyto  pipeline101 on  FASTQ  files.

Subsequently,  we pre-processed datasets  using Scanpy pipeline  and for calculating  the RNA

velocity we applied the ScVelo package pipeline102.

Cell-Cell  communication analysis:   To investigate  cell-cell  communications among activated,

mitotic,  specification resistance myogenic progenitors and myofiber related clusters from 12th

week  musculoids  we  applied  the  CellChat  R  package103, while  for modeling  intercellular

communication  by  linking  ligands  to  target  genes  and  identify  receptor-ligand  interactions

between  musculature  and  MuSCs  on  mouse,  p,Q1662X/p.Y2704X Biopsies   or   musculoid

myogenic progenitors datasets  we applied the Nichenet R package104

Gene  ontology  enrichment  analysis: Gene  ontology  (GO)  enrichment  was  performed  on

Differentially  expressed  genes  (DEGs),  genes  are  listed  in  listed  in  Table  S3,S4.  using

Metascape105 (http://metascape.org/gp/index.html#/main/step1)  against  GO terms  belonging to

“Biological Processes” and “Hallmark Processes”.  Reactome analysis106 (https://reactome.org/)

was performed on differentially expressed genes (DEGs) between GLM derived fetal and biopsy

derived adult MuSCs p.Q1662X,p.Y2704X lines. Genes are listed in  in  Table S4.

Transmission Electron Microscopy (TEM)

Organoid cultures were prepared for electron microscopy according to standard protocols. First,

they were fixed in 2 % glutaraldehyde, 2 % paraformaldehyde in 0.1 M cacodylate buffer, pH 7.2
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for at  least  3 hours at  room temperature.  Before embedding samples were postfixed in  1 %

osmium tetroxide including 1.5 % potassium cyanoferrate and dehydrated stepwise in ethanol

with finally 0.5 % uranyl acetate en-bloc staining during 70 % ethanol. Then the samples were

infiltrated in epon. Ultrathin sections of the polymerized sample blocks were cut in different

orientation to cover all morphological features of the organoid culture. Representative pictures

were  imaged  at  the  electron  microscope  (Tecnai  12-biotwin,  Thermofisher  scientific,  the

Netherlands) with a 2K CCD camera (Veleta , EMSIS, Muenster).

Trichrome staining (Gomori)

Gomori’s trichrome staining was conducted using a ready-to-use kit (Trichrome Stain (Gomori) 

Kit, HT10, Sigma-Aldrich) as described by the manufacturer.

Glycogen assay

Samples (three biological replicates) were washed twice with PBS and harvested in Ampuwa®

using a cell scraper. The cell lysate was immediately frozen and stored in liquid nitrogen The

amount  of glycogen was determined as duplicates  by a glycogen assay kit,  which was used

according  to  the  manufacturer's  protocol  for  colorimetric  quantification.  An Agilent  BioTek

ELX808 micro-plate reader was used to measure light absorbance at 562 nm of the colorimetric

marker reaction. The amount of glycogen in the cell extracts was calculated by comparison to a

standard series of glycogen solutions. The quantity of glycogen was normalized to the protein

content of the sample, which was determined by a Micro BCA™ Protein Assay Kit (Thermo

Fischer).  The  kit  was  used  according  to  the  manufacturer's  instructions  and  samples  were

measured as triplicates. Results are presented in units of μg glycogen/μg protein
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Cytochemical PAS staining

Cells were cultured on Matrigel®-coated cover slips (in 6 well plates) and fixed with 4 % PFA

for 10 min. Before the samples were incubated with 100 % isopropyl alcohol for 5 min, they

were washed three times with PBS. Next the cells were incubated in 0.5 % periodic acid for 5

min, and then washed in distilled water (5 min) and tap water (1 min). After 12 min of incubation

in Schiff's reagent, cells were washed again for 6 min in first distilled water (5min) and then tap

water (1 min). Finally the cells were covered with Aquatex® and imaged using an Olympus

IX83 microscope in a bright field setup.

Reproducibility

GLMs that showed the typical time-lapse development with dorsal neural tube epithelium and

ventrally  mesenchymal  LPM,  somitic  development  (successfully  underwent  gastrulation),

followed by dense continuous migration between Day 17 to Day 35 (time-points 1 to 4), as well

as were able to generate a dense network and bulge formation beyond Day 56 (time-points 5 to

6)  were  considered  successful.  Batches  and  not  individual  GLMs  were  potential  source  of

variability  (Figure 1A,H, 2I,J, 3N), namely when GLMs underwent gastrulation, followed by

mesoderm segregation skeletal muscle lineage was always present. Thus,  we consider a time-

point for analysis to be consistent when it was associated with similar morphological changes

(Figure 1,2,3) for a minimum of six independent batches during musculoid development for each

cell line tested in this study.

Selection  criteria,  mentioned  above,  on  distinguishing  right  forming  organoids  established

continuous  developmental  trajectories  similar  to  in  vivo fetal  development  with  overlapping
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lineage  representation  for  all  our  samples  (n=11  scRNAseq  samples,  n=5  Spatial

Transcriptomics  samples  with  more  than  100.000 cells  analyzed.  Similar  behavior  exhibited

n=7  Bulk RNA seq samples and additional n=4 scRNAseq samples described in77. In both cases

each  time-point  was  from  independent  derivation.  For  all  following  experiments,  only

successfully  formed  GLMs  were  used;  these  musculoids  showed  similar  results  in  all

experiments. Specifically, IF stainings were repeated with at least three independent musculoids

for each line. TEM was performed on three control musculoids for adipogenesis and musculature

investigation and on three CD82+   skeletal muscle  cultures (Figure 4K, S4I)  for investigating

musculature maturation.      

Data availability 

The gene expression datasets generated and analyzed during the current study are available in the

Gene Expression Omnibus repository: Single-cell  RNA sequencing data have been deposited

under accession GSE210069 and Spatial transcriptomics data under accession GSE262361. The

following public datasets were used for scRNA-seq analysis: the Mouse E9.5-E10.5 trunk neural

crest107,  mouse  forelimb  development108, mouse  satellite  cells  during  regeneration109,  human

gastrulation9,  human  developing  embryo  post  gastrulation110,111,  human  skeletal  muscle

reference52,112 and human limb development113., All additional data supporting the findings of this

study are available within the article and its Supplementary Information. All other raw data used

for plotting in the figures are provided as source data. Source data are provided with this paper. 
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Figure S1 GLM characterization at early stages and comparison to gastrulating human

embryo9 (Carnegie Stage, CS7). (A) RNA velocity analysis on force directed graph embedding

indicates from a primitive streak state mesodermal lineage segregation towards lateral plate and

paraxial mesodermal trajectories, and presence of an endodermal and  neural cluster with pre-

neuromesodermal  progenitor  identity.  (B)  Feature plots indicate  RNA velocity  dynamics and

expression on key markers for each lineage, and highlight BPM4 upregulation for lateral plate

mesoderm and Retinoc acid (ALDH1A2) for paraxial mesoderm (C)   UMAP plots based on a

semi-supervised  deep  learning  (SCANVI)  approach,  trained  on  human  gastrulating  embryo

dataset,  to map population from GLM at gastrulation stage to human gastrulating embryo (CS7)

demonstrates in vitro reconstruction of mesodermal lineage segregation and dynamics following

gastrulation.  (D)  Dot  plot  illustrating  expression  of  representative  mesodermal,  endodermal,

epiblast and endothelial genes for the characterization of clusters at human gastrulating embryo.

The size of each circle reflects the percentage of cells in a cluster where the gene is detected, and

the color reflects the average expression level within each cluster (blue, low expression; red, high

expression). (E) H&E histology pictures of GLMs at Day 5 (F) 3D model of human gastrulation,

CS8 Carnegie stage, based on spatial transcriptomics, depicts mesodermal lineage segregation

following gastrulation46. (https://cs8.3dembryo.com/#/model3d/embryo)  (G)  Mapping of single

cells from Day 7 GLMs and human CS7 gastrulating embryo to spatial GLM sections from Day

5 indicate  similar  mesodermal  population dynamics  on sections  from gastrulating  /ventral  to

gastrulation planes.  (H)   Spatial  feature plots at  Day 5 on primitive streak,  mesoendodermal

markers,  TBXT, FOXA2, MIXL1, FOXH1, EOMES,,  lateral plate mesodermal, BMP4, HAND1,

OSR1, GATA6,  and paraxial mesodermal, TBX6, HES7, MSGN1, TCF15, ALDH1A2 markers,

indicate reproducibility between different GLMs at a gastrulating to  mesoendodermal ventral

section plane.  

72

1581

1582

1583

1584

1585

1586

1587

1588

1589

1590

1591

1592

1593

1594

1595

1596

1597

1598

1599

1600

1601

1602

1603

1604

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 12, 2024. ; https://doi.org/10.1101/2024.05.10.593520doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.10.593520
http://creativecommons.org/licenses/by-nc-nd/4.0/


73

1605

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 12, 2024. ; https://doi.org/10.1101/2024.05.10.593520doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.10.593520
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure S2 Deciphering spatial organization during GLM development at gastrulation stage

via  spatial  transcriptomics  and  immunocytochemistry.  (A)  Heatmap  illustrating  cluster

assignment  per  spot  during Mapping  of  single  cells  from  Day  7  GLMs  and  human  CS7

gastrulating embryo (B) to spatial GLM sections from Day 5 indicate spots with overlapping and

distinct pattern expression for each cluster.  (C) Brightfield image at Day 11 illustrating neuro-

mesodermal (NMP) mediated body axis elongation from dorsal sites during GLM development

upon  continuation  of  the  CHIR99021,  LDN198189,  bFGF  and  Retinoc  acid  stimulation

following gastrulation at Day 7.  (D)  Immunocytochemistry pictures on TBXT, SOX2 markers

indicates gastrulating populations at the core (TBXT+) of the structure and NMP progenitors

(SOX2+/TBXT+)  at  the edge of body axis  -like elongating structures.  (E)  Brightfield  image

illustrating  the  body axis-like elongating structures together with an immunostaining section

image at the level of those structures indicates NMP progenitors (SOX2+/TBXT+) identity. Scale

Bars: 500um in (C),(D), 100um in (E).
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Figure S3 Lineage progression investigation within GLM following gastrulation via spatial

transcriptomics  and  comparison  to  human  developing  embryo  (Carnegie  Stage,  CS12-

CS16)111. (A) Feature plots from force-directed k-nearest neighbor graph on 55.778 cells at Day

7, Day 13, Day 19, Day 35, Day 56 and Day 84 illustrate MAGIC imputed average expression

levels for gastrulating/mesodermal/endodermal genes, TBXT, MILX1, MESP1, MEOX1, TBX6,

FOXF1, markers along the skeletal  muscle trajectory,  PAX7, MYF5, EGFR, MYH3, CDH15,

endodermal fore-gut markers, MNX1, KRT8, SOX17, SHH, EPCAM, FOXA2, cardiac field/limb

bud initiation markers HAND1, HAND2, GAT6, GATA3, GATA4, SHOX2, FGF10, MEIS2, limb

bud  mesenchyme markers, HGF, PRRX1, PRRX2, and neural tube, PAX3, PAX6, ZIC1, neural

crest/sensory neurons  TFAP2A, SOX10, STMN2, MAP2.  (B) Immunocytochemistry picture at

Day 11 indicates presence of WT1+ intermediate mesodermal cells at the periphery of GLMs,

ventral to gastrulation plane. Scale Bar:  (C)  Heatmap with hierarchical clustering depicts the

percentage  of  prediction  and  assignment  score  from  GLM cells  along  the  dorsal  neural

tube/neural  crest  development   with  evidence  of  sensory  branch  bifurcation  from the  main

migrating NC stream upon unbiased mapping to the in vivo counterpart, mouse E9.5 stages. NC:

Neural Crest, NT: Neural Tube, SN: Sensory neurons.  (D) H&E hitology pictures of GLMs at

Day 9.    Spatial  feature plots  at  Day 9 on lateral  plate mesodermal  (LPM),  BMP4, GATA6,

MEIS2, HAND1, TWIST1, PRRX1,  paraxial(PM)/somitic/dermomyotomal, ALDH1A2, FGFR1,

TBX6,  CXCR4,  TCF15,  FOXC1,  and HOX genes  HOXA9,HOXB9,  in  the  absence  of  neural

marker SOX2 indicate reproducibility between different GLMs during mesodermal segregation

and presence of LPM/PM populations at the same section plane.  (E)  Mapping of single cells

from Day 7 GLMs to spatial GLM sections from Day 9 indicate similar mesodermal population

dynamics  on  sections  from gastrulating  ventral  to  gastrulation  planes.   Heatmap  illustrating

cluster assignment per spot during mapping of single cells from Day 7 GLMs to spatial GLM
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sections from Day 9 indicate  spots with overlapping and distinct pattern expression for each

mesodermal cluster. (F)  H&E hitology pictures of GLMs at Day 19.  Spatial feature plots at Day

19 on neural crest,  TFAP2A, SOX10,  fore-gut/endodermal  KRT8, FOXA2, SHH,  intermediate

mesodermal,  WT1,  PAX2,  PAX8, cardiac  field/limb  bud,  GATA6,  HAND2,  TWIST1,  MEIS2,

PRRX1, and endothelial, PECAM1, KDR   markers.  Heatmap illustrating the mapping of single

cells per spot from Day 19 GLMs to spatial GLM sections from Day 19, indicate presence of a

ventral and a dorsal  to gastrulation plane with distinct pattern of mesodermal/endodermal and

neural clusters retrospectively. (G) Mapping of single cells from CS12-CS16 human developing

embryo to spatial GLM sections from Day 19 indicate similar spatial pattern to Day 19 GLMs.

Heatmap illustrating cluster assignment per spot during Mapping of single cells  from CS12-

CS16 human developing  embryo to spatial  GLM sections  from Day 19 indicate  spots with

overlapping and distinct pattern expression for each cluster.
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Figure S4 Characterization of embryonic-fetal myogenic progenitors during GLM, mouse

and human limb development.  (A) Pseudotemporal ordering of cells related to embryonic fetal

transition  revealed  gene  dynamics  on  Notch  signaling,  e.g.  HES1,  LFNG,   upon  PAX7

upregulation in myogenic progenitors.   GLM picture following embryonic/fetal  transition,  (>

Day  35)  highlights  absence  of  committed,  PAX7+/MYOD1+   myogenic  progenitors  at  the

periphery and at protrusion sites. Scale Bar:  100uM (B)  Heatmap illustrating cluster assignment

per spot during mapping of single cells  from Day 35 GLMs to spatial GLM sections from Day

35 indicate spots with overlapping and distinct pattern expression for each cluster. (C)  Mapping

of single cells during embryonic/fetal myogenic transition (embryonic week 5, embryonic/fetal

week 7, fetal week 9) from human reference atlas  GLM sections from Day 35 indicates  spatial

distribution of myogenic progenitors with fetal identity most prominent at the periphery of GLM

structure (edge of initial  matrigel droplet).   (D) UMAP plots based on semi-supervised deep

learning approach to map 5th week GLM derived, PAX3+, PAX3+/PAX7+ and PAX7+ myogenic

progenitors  to  the  human  embryonic  -  fetal  reference  atlas  predict  maturation  beyond  the

embryonic fetal transition stage and indicate the generation of myogenic progenitors with early

fetal  identity.  (E)  Scatter plot of anatomical – myogenesis score for myogenic progenitors at

embryonic (Day19), embryonic/fetal (Day35), fetal (Day56) and late fetal (Day84) stages during

GLM development.  (F)  Pseudotemporal  ordering of cells  during embryonic to fetal  mouse

myogenic  transition  (E9.5  –  E15.0)   reveals  gene  and  GRN  dynamics  from  an  embryonic

anatomical related mesenchymal state e.g  Pax3, Lbx1,  Meox2, Twist1, N-Cadherin  to a fetal

myogenic state  e.g Pax7, Nfix, Myf5, Plagl1, M-Cadherin. (G) Feature plots from force-directed

k-nearest neighbor graph on 55.778 cells at Day 7, Day 13, Day 19, Day 35, Day 56 and Day 84

illustrate  MAGIC  imputed  average  expression  levels  for  HOX  genes,  HOXA9,  HOXB9,

HOXA10,  HOXD10,  HOXA11,HOXD11, and  fibro-adipogenic  progenitor  markers,  PDGFRA,
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PDGFRB, indicate forelimb bud identity for mesenchymal clusters  (H) Differential expression

analysis  between mesenchymal  clusters  during 5th week of  musculoid  development  indicates

mesenchyme maturation towards a chondrogenic/osteogenic state. (I)  Pictures at ultra-structural

level highlight developing lipid droplet, derived  from fibro-adipogenic progenitors, covered by

one leaflet of rER membrane during pre-adipocyte formation. Mitochondria are located in close

contact to lipid droplet. LD: Lipid Droplet, gly:glycogen, m: mitochondria, arrows: rER  Scale

Bar:  1uM,  200nM  in  magnification.  (J)  Spatial  feature  plots  during  human  hindlimb

spatiotemporal  development113,  Carnegie  Stages  18,19,20  and  10th week  post-fertilization,

indicate absence of anatomical score  based on HOX gene clusters during on going myogenesis,

thus signaling the growth phase of the embryo.  (K)  Dot plot showing the expression of HOX

genes across GLM and human embryonic-fetal development. The size of each circle reflects the

percentage of cells in a cluster where the gene is detected, and the color reflects the average

expression level within each cluster (blue, low expression; red, high expression). (L) Single cell

expression  profiling  depicting  embryonic  fetal  myogenic  transition,  derived  from  different

dataset113 and technology (10x Genomics vs Drop-Seq in52) , indicates similar dynamic with axial

anatomical  identity  for  embryonic  myogenic  progenitors  and  myogenic  core  program

upregulation followed by downregulation of the axial anatomical program for fetal myogenic

progenitors.  (M)  Curved  trajectory  analysis  highlights  significant  upregulation  on  HOXA9,

HOXB9,  HOXC9,   during  somitic/hypaxial  myogenesis  stages,  ,  followed  by  significant

upregulation  on  HOXA10,  HOXC10,  HOXA11 genes  at  hypaxial  myogenesis,  PAX3+.stage

followed by upregulation of the core late  fetal  program,  PAX7, MYF5, KLF4, CD44, during

GLM development.  (N)  Scheme illustrating musculoid patterning during early stages and its

correlation to human fetal development.
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Figure S5 Developmental trajectory of human myogenic progenitors at embryonic, fetal

and postnatal stages. (A)  Datasets from 5th to 9th of human skeletal  muscle reference map52

depict  embryonic  fetal  myogenic  transition  on PCA embedding.  Feature plots  on embryonic

(PAX3+),  fetal  (PAX7+)  and  committed  (MYH3,  MYOD1)  markers,  indicate  developmental

trajectories associated with maturation of myogenic progenitors and musculature development

during  embryonic  fetal  transition.  Pseudotemporal  ordering  of  myogenic  progenitors  cells

highlights  downregulation  of  mitotic  marker,  TOP2A,  during  embryonic  fetal  transition.  (B)

Differential expression analysis between  embryonic and  fetal stages highlights downregulation

of mitotic markers, up-regulation of ECM proteins and cell cycle inhibitors on fetal myogenic

progenitors and upregulation of cell cycle related genes during embryonic stages.  (C)  Aucell

TSNE  plot  based  on  active  gene  regulatory  networks  highlights  cell  cycle  stages  during

embryonic  fetal  reference  myogenic  map.  (D) Overlap  between gene lists  at  the  gene level,

where purple curves link identical genes; including the shared term level, where blue curves link

genes that belong to the same enriched ontology term. The inner circle represents gene lists,

where hits are arranged along the arc. Genes that hit multiple lists are colored in dark orange, and

genes unique to a list are shown in light orange. (E) Heatmap of enriched terms across input gene

lists for each stage during human skeletal muscle lineage fetal development colored by p-values.

(F) Ridge plot of developmental score distribution of mesenchyme progenitors across in vivo or

in  vitro stages  based on the  difference  between up-regulated  markers  of  GLM mesenchyme

progenitors at mature and premature stages, indicate similar developmental pattern within GLMs

and m human reference atlas, (Supplementary Table 5). (G) UMAP together with feature plots

during  fetal  maturation  (fetal  week  09-18)  indicates  CD44,CD82  upregulation  during  fetal

maturation on myogenic progenitors, while MYOD1,CD82 regulation leads to commitment and

differentiation.  (H)  Scatter  plot  of  anatomical  –  myogenesis  score  for  myogenic  progenitors
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during embryonic, fetal human skeletal muscle development.   (I) Curved trajectory analysis on

PCA space for human skeletal muscle reference atlas. Pseudotime  was calculated, by learning a

principal  curve  on  the  2  first  PC components  using  the  ElPiGraph  algorithm.  Significantly

changing genes at each stage, embryonic, fetal, postnatal, for myogenic progenitors along the

human myogenic trajectory.  (J)  Curved trajectory analysis on PCA space for human skeletal

muscle reference atlas. Pseudotime  was calculated, by learning a principal curve on the 2 first

PC  components  using  the  ElPiGraph  algorithm.  Clustering  based  on  significantly  changing

features  along pseudotime highlights  presence of a  proliferation  module at  embryonic stages

followed by an ECM module following embryonic to fetal transition during late fetal stages. (K)

Heatmap on gene regulatory networks from embryonic (5wk - 7.75wk) and fetal (9wk - 18wk)

stages, highlights HOX genes and PAX3 expression during embryonic and NFIX, NFIC, NFIA,

NFIB and KLF4 expression during fetal stages.  (L) Regulon score specificity (RSS) at human

reference  skeletal  muscle  developmental  trajectory  highlights  HOX  GRNs  upregulation  at

embryonic  stages   and  myogenic  related  GRN,  NFIX,NFIA,NFIB,  NFIC,  KLF4,  FOXO3,

CEPBD, at fetal postnatal stages. 
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Figure  S6   Investigating  gene  regulatory  networks  via  SCENIC pipeline  during  GLM

development and human reference skeletal muscle atlas. (A)  Binary activity regulon matrix

during musculoid skeletal muscle developmental trajectory. Cluster labels correspond to datasets

from each stage (Day 19, Day 35, Day 56, Day 84). Master regulators are color matched with the

cell  types  they  control.  (B)   Heatmap  on gene  regulatory  networks  highlighting  HOX gene

expression on 3rd  week embryonic clusters, cell cycle regulation during 5th  week  and  during

embryonic (PAX3+) to fetal (PAX7+) transition up-regulation of PAX7/NFIA/KLF4/FOXO3 on

5th  week PAX7+ fetal clusters together within the EGR family.  (C) Aucell tSNE plot based on

gene  regulatory  networks  depicts  further  up-regulation  on  NFIX,  PAX7,  MYF5  fetal

transcription factor between 5th,  and 8th  week musculoid derived myogenic progenitors.  (D)

Ridge  plot  of  developmental  score  distribution  of  myogenic  progenitors  during  musculoid

development and across in vivo or in vitro stages based on the difference between up-regulated

satellite  cell  and embryonic  markers  from human reference  myogenic  atlases.  (E)  Dot  plot

illustrating expression of specific genes for the activated, resisting specification, and a mitotic

cluster of 12th week musculoid derived myogenic progenitors. The size of each circle reflects the

percentage of cells in a cluster where the gene is detected, and the color reflects the average

expression level within each cluster (blue, low expression; red, high expression).  (F) Heatmap

shows the relative importance of each cell group based on the computed four network centrality

measures  of  the  Notch  signaling  network.  (G)  The  inferred  outgoing  and  incoming

communication patterns of secreting cells,  show the correspondence between the inferred latent

patterns and cell groups, as well as signaling pathways. The thickness of the flow indicates the

contribution of the cell  group or signaling pathway to each latent pattern.  (H)  RNA velocity

UMAP plot on 12th week GLM dataset highlights the pool of activated myogenic progenitors

along  a  trajectory  of  myogenic  specification  resistance  and  another  that  leads  to  myogenic
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commitment and myotube formation .  (I) Myogenic progenitor cluster further characterized by

the  low  rate  of  differentiation  (Velocity  length)  in  comparison  to  myotube  cluster  that  is

characterized by high rate of differentiation,  while both clusters show high confidence among

the cells. (J) Feature and scatter plots depicting RNA velocity and gene expression  on selected

markers representing the  activated, CD44,  resist specification, COL5A1, FBN1,  and mitotic,

TOP2A, state of myogenic progenitors. (K) Brightfield images depicting morphology of mature

developed  musculoids  with  presence  of  the  characteristic  protrusions-like  structures,  where

myogenic progenitor maturation occurs (L)  Scatter plot depicting average expression of genes

between  control  GLM  derived  myogenic  progenitors,  Day84,  and  GLM  derived  myogenic

progenitors from FLNC and Pompe patients lines at GLM level (left, Day 120). Selected genes

from the  late  fetal,  adult  MuSCs  core  program,  NFIX,  MYF5,  PAX7,  and  genes  related  to

specification resistance, NOTCH, ECM, are highlighted in red. 
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Figure S7 Evaluating adult mouse muscle stem cells at different stages during regeneration

at single cell resolution 109. (A) UMAP plot depicting muscle stem cell populations at day 0, day

2, day 5 and day 7 together with violin plots on activated, CD44, MYF5 and quiescent markers

e.g. PAX7, CD34 and  SPRY1. (B)  Ordering of cells by diffusion map pseudotime demonstrates

distinct  states  of muscle stem cells  developmental  trajectory  during muscle regeneration and

highlights the self renewal process. (C) Dot plot showing the expression of extracellular matrix

genes, dormant genes e.g . Pax7, Cd34, activated genes e.g. Cd44, Jun and Fos during muscle

stem cell regeneration process. The size of each circle reflects the percentage of cells in a cluster

where the gene is detected, and the color reflects the average expression level within each cluster

(blue,  low expression;  red,  high  expression). (D)   UMAP plots  on  Pax7,  Cd34 and   Cd44

distinguish activated,  quiescent and self  renewal populations during muscle regeneration.  (E)

Diffusion  map pseudotime  of  muscle  stem cells  and cell  cycle  state  during  each  stage. (F)

Pseudotemporal ordering of muscle stem cells progenitors from day 0 , day 2, day 5 and day 7

depicting gene expression trend for extracellular matrix genes, Pax7, Cd34, and  Cd44, Jun, Fos

along diffusion map pseudotime.  (G) Outcome of NicheNet’s ligand activity prediction for the

20 ligands best predicting the quiescent gene set, Nichenet analysis performed on differentially

expressed genes between Day 7 (return to quiescence for MuSCs, receiver cell type: Quiescent

MuSCs)  and  Day  5  (activation  /transient  amplification  of  MuSCs,  sender/niche  cell  type:

Activated/Committed  MuSCs),  better  predictive  ligands  are  ranked higher.  Heatmap to infer

receptors  and top-predicted  target  genes  of  ligands that  are  top-ranked in the ligand activity

NicheNet’s  analysis (left). Ligand-receptor network inference for top-ranked ligands between

activated/committed MuSCs ligands and receptors strongly expressed in quiescent MuSCs cells

(right). 
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Figure  S8  Characterization  and  in  vitro sustainable  expansion  of  late  fetal  myogenic

progenitors.  (A)  Immunocytochemistry  images  indicate  proliferating,  EdU+/PAX7+,  and

dormant, EdU--/PAX7+, fetal myogenic progenitors, and proliferating neural progenitors (EdU+).

(B)  Density  plots  indicating  the  FACS gating  during  cell  cycle  analysis  of  fetal  myogenic

progenitors derived via GLM and expanded in 2D.  Plot investigating area vs width for DAPI

signal indicates presence of multi-nucleated proliferating cells  in the culture.  Before analysis

cells incubated with 5uM EdU overnight (18hr). Colors correspond to the same cell population

among  the  plots.  (C)  Feature  plots  from  force-directed  k-nearest  neighbor  graph  on  fetal

myogenic progenitors at Day 180, derived via GLM approach (Day56-Day84) and expanded in

2D for  10 passages,  illustrate  MAGIC imputed  average  expression levels  for  core  late  fetal

muscle stem cell program, PAX7, MYF5, NOTCH3, KLF4, PLAGL1, NFIX, NFIA, NFIB, NFIC,

CD44,  absence of  committed  markers, MYOD1, MYOG, MEF2C. (D)  Immunocytochemistry

images from late fetal myogenic progenitors, derived via GLM and expanded in 2D, at different

passages indicate at the seeding stage an initial presence of committed, MYOD1+/PAX7-, and

uncommitted,  MYOD1-/PAX7+,  cell  populations,  followed  by  sustainable  propagation  of

uncommitted myogenic progenitors for at  least  10 passages (> 100 Days).  (E)  Contour plots

illustrating FACS quantification on MYOD1+ and PAX7+ fetal myogenic progenitors established

at GLM level (Day56 - Day84) till late fetal stage, followed by 2D expansion. Black contour:

unstained population, green contour: MYOD1 FMO control, red contour: PAX7 FMO control.

n=number of samples and quantification represents mean values ± standard deviation.  (F)  The

inferred  outgoing  and  incoming  communication  patterns  of  secreting  cells,   show  the

correspondence  between  the  inferred  latent  patterns  and  cell  groups,  as  well  as  signaling

pathways. The thickness of the flow indicates the contribution of the cell group or signaling

pathway to each latent pattern. (G) Heatmap indicating signals contributing most to the outgoing
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or incoming signalling of myogenic progenitor and neural clusters in datasets of expanded in 2D

for 10 passages myogenic progenitors. (H) Pseudotime analysis on myogenic progenitors (GLM

derived,  2D  expansion for 10 passages)  using Palantir  pipeline.  Gene expression trends for

SPRY1,  CD44, FBN1, NOTCH3,  highlight upregulation on their expression along pseudotime.

Trends are  colored based on states/cells  presented in  pseudotime illustration  (circles).  Initial

(black  circle)  and  activated  (magenta  circle),  resist  specification  (cyan  circle)  ,  committed

(orange circle)  state were calculated/selected based on RNA velocity analysis presented in Fig.

4c. Shaded region represents 1 s.d.  Scale Bars: 500um in  (C),(D,  10th passage),  400um in  (D

6th,7th passage), 250um in (D, seeding, 5th passage).
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Figure  S9  Characterization  of  patient  derived  biopsies  (FLNC  p.Q1662X,  FLNC

p.Y2704X) at single cell resolution. (A) UMAP analysis on FLNC p.Q1662X Biopsy depicting

cluster composition, together with (B) dot plot  with representative markers for each cluster. The

size of each circle reflects the percentage of cells in a cluster where the gene is detected, and the

color reflects the average expression level within each cluster (blue, low expression; red, high

expression).  (C)  Aggregated  cell-cell  communication  network  indicating  the  number  of

significant ligand-receptor pairs between any pair of two cell populations. The edge width is

proportional  to   number  of  ligand-receptor  pairs.  (D)  UMAP analysis  on  FLNC p.Y2704X

Biopsy depicting cluster composition, together with (E) dot plot  with representative markers for

each cluster. The size of each circle reflects the percentage of cells in a cluster where the gene is

detected,  and  the  color  reflects  the  average  expression  level  within  each  cluster  (blue,  low

expression; red, high expression).  (F)  Aggregated cell-cell communication network indicating

the number of significant ligand-receptor pairs between any pair of two cell populations. The

edge  width  is  proportional  to   number  of  ligand-receptor  pairs.  (G) Integrative  comparison

between   FLNC p.Q1662X, FLNC p.Y2704X biopsies  and  skeletal  muscle  reference atlas

composed from young (19-22Yr) and aged (70-76Yr) datasets, indicate via the increased adult

muscle stem cells and immune system representation within FLNC biopsies, signs of ongoing

regeneration.   FLNC p.Y2704X biopsy further  exhibits  increased  fibrosis,  a  sign of  disease

progression.   (H)  Violin plots  depicting  expression of  RUNX1, KLF6, LYVE1 markers  on

immune  related  clusters  from  FLNC p.Q1662X,  FLNC p.Y2704X  biopsies  and  those  from

young (19-22Yr) and aged (70-76Yr) skeletal muscle reference atlas, indicate ongoing immune

response  on  FLNC patient  derived  biopsies. (I)  Regulon  score  specificity  (RSS)  at  human

skeletal muscle biopsies highlights GRNs from nuclear factor I family, NFIX, NFIA and GRN

involved in MuSCs activation, FOS, JUN, RUNX1. 
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Figure S10 Characterization of control and patient derived fetal and adult MuSCs (FLNC

p.Q1662X, FLNC p.Y2704X) at  single cell  resolution.  (A)  Outcome of  NicheNet’s  ligand

activity prediction for the 20 ligands best predicting the GLM derived fetal myogenic progenitors

niche gene set, Nichenet analysis performed on deferentially expressed genes between FLNC

p.Q1662X,  FLNC p.Y2704X  (receiver  cell  type:  Myogenic  progenitors)  and  control  GLM

derived musculoid datasets (sender/niche cell type: musculature), better predictive ligands are

ranked higher. Heatmap to infer receptors and top-predicted target genes of ligands that are top-

ranked in the ligand activity NicheNet’s  analysis (B) Ligand-receptor network inference for top-

ranked ligands between myotube/myofiber ligands and receptors strongly expressed in myogenic

progenitors.  (C)  Outcome  of  NicheNet’s  ligand  activity  prediction  for  the  20  ligands  best

predicting  the  adult  MuSCs  niche  gene  set,   Nichenet  analysis  performed  on  deferentially

expressed  genes  between  FLNC p.Q1662X,  FLNC p.Y2704X   (receiver  cell  type:  MuSCs,

satellite  cells)  and  control   MuSCs   (sender/niche  cell  type:  musculature),  better  predictive

ligands are ranked higher. Heatmap to infer receptors and top-predicted target genes of ligands

that  are  top-ranked in  the  ligand activity  NicheNet’s   analysis  (D) Ligand-receptor  network

inference for top-ranked ligands between  myofiber associated ligands and receptors strongly

expressed  in  adult  MuSCs.  (E)  Immunocytochemistry  images  from  FLNC  biopsies  and

musculoid  derived  myogenic  progenitors  indicate  committed,  RUNX1+/PAX7+,  uncommitted

RUNX1-/PAX7+, myogenic progenitors. Brightfield plane  indicates presence of RUNX1+/PAX7-

nuclei at myoblast/myotubes. Scale Bar: 100uM  (F)  Differential expression analysis and SC3

clustering for Biopsy derived MuSCs (FLNC p.Q1662X, FLNC p.Y2704X ) datasets, indicate

committed and regeneration state predominantly for  p.Q1662X MuSCs. (G) Selected enriched

GO terms from DEGs enriched in  p.Q1662X, p.Y2704X FLNC adult MuSCs  versus  GLM

derived p.Q1662X, p.Y2704X FLNC myogenic progenitors (top). Selected enriched GO terms
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from  DEGs  enriched  in  GLM  derived  p.Q1662X,  p.Y2704X  FLNC  myogenic  progenitors

versus p.Q1662X, p.Y2704X FLNC adult MuSCs (bottom). 
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Figure S11 Profiling GLM  derived myogenic progenitors  from infantile and late onset

Pompe lines at single cell resolution. (A) Curved trajectory analysis on PCA space for human

skeletal muscle reference atlas. Pseudotime  was calculated, by learning a principal curve on the

2 first  PC components  using the  ElPiGraph algorithm.  Significantly  changing genes  at  each

stage,  embryonic,  fetal,  postnatal,  for  myogenic  progenitors  along  the  human  myogenic

trajectory.  (B) Cytochemical  PAS staining and glycogen assay on control  and IOPD, LOPD

myotubes following differentiation indicates significant glycogen accumulation in IOPD, LOPD

myotubes compared to control line. Statistical analysis was performed by a one-way ANOVA

and showed a p-value <0.0001 for the comparison of wt with IOPD/LOPD. Scale Bar: 50 μm.

n=4, Statistics: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns: not significant. (C) Outcome

of NicheNet’s ligand activity prediction for the 20 ligands best predicting the GLM derived fetal

myogenic progenitors niche gene set,  Nichenet analysis performed on deferentially expressed

genes between late onset Pompe  (receiver cell type: Myogenic progenitors) and control GLM

derived musculoid datasets (sender/niche cell type: musculature), better predictive ligands are

ranked higher. Heatmap to infer receptors and top-predicted target genes of ligands that are top-

ranked in the ligand activity NicheNet’s  analysis (D) Ligand-receptor network inference for top-

ranked ligands between myotube/myofiber ligands and receptors strongly expressed in myogenic

progenitors.  (E) Outcome  of  NicheNet’s  ligand  activity  prediction  for  the  20  ligands  best

predicting  the  GLM  derived  fetal  myogenic  progenitors  niche  gene  set,  Nichenet  analysis

performed on deferentially expressed genes between infantile onset Pompe  (receiver cell type:

Myogenic progenitors)  and control  GLM derived musculoid datasets  (sender/niche cell  type:

musculature), better predictive ligands are ranked higher. Heatmap to infer receptors and top-

predicted target genes of ligands that are top-ranked in the ligand activity NicheNet’s  analysis
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(F) Ligand-receptor  network  inference  for  top-ranked  ligands  between  myotube/myofiber

ligands and receptors strongly expressed in myogenic progenitors. 
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Figure  S12 Profiling  myogenic  progenitors  derived  via   GLM  and  2D  or  3D  in  vitro

differentiation  approaches.  (A)  Scatter  plots  illustrating  “pseudobulk”  profiles  derived

following  integration  of  single  cell  RNA  seq  data  using  the  AggregateExpression

command from Seurat. Gene expression profile comparison between adult, fetal and embryonic

stages of myogenic progenitors during human development, between  GLM derived and  adult,

fetal  and  embryonic  in  vivo myogenic  progenitors,  and   between  GLM  derived  myogenic

progenitors  and  those  derived  from  the  state  of  the  art  2D  or  3D  in  vitro differentiation

approaches. Red circle indicates ECM and fetal/adult muscle stem cells related genes. Blue circle

indicates Hox gene expression. 
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	Single-nuclei isolation of human skeletal muscle biopsies
	Skeletal muscle tissues from Vastus Lateralis (p.Y2704X) and Soleus (p.Q1662X) were sampled by the surgeon and immediately frozen in liquid nitrogen. Single-nuclei isolation was performed on ice using the Chromium nuclei isolation kit according to the manufacturer’s instructions. After dissociation, nuclei number was estimated and processed immediately using the Chromium Single Cell 3′ Reagent Kits (v3).
	Spatial gene expression assay
	​ Gene ontology enrichment analysis: Gene ontology (GO) enrichment was performed on Differentially expressed genes (DEGs), genes are listed in listed in Table S3,S4. using Metascape105 (http://metascape.org/gp/index.html#/main/step1) against GO terms belonging to “Biological Processes” and “Hallmark Processes”. Reactome analysis106 (https://reactome.org/) was performed on differentially expressed genes (DEGs) between GLM derived fetal and biopsy derived adult MuSCs p.Q1662X,p.Y2704X lines. Genes are listed in in Table S4.
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