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Human limbs emerge during the fourth post-conception week as mesenchymal buds
which develop into fully-formed limbs over the subsequent months. Limb
developmentis orchestrated by numerous temporally and spatially restricted gene
expression programmes, making congenital alterations in phenotype common.
Decades of work with model organisms has outlined the fundamental processes
underlying vertebrate limb development, but anin-depth characterisation of this
processin humans has yet to be performed. Here we detail the development of the
human embryonic limb across space and time, using both single-cell and spatial
transcriptomics. We demonstrate extensive diversification of cells, progressing from
arestricted number of multipotent progenitors to myriad mature cell states, and
identify several novel cell populations and distal mesenchymal zonation. We uncover
two waves of human muscle development, each characterised by different cell states
regulated by separate gene expression programmes. We identify musculin (MSC) as a
key transcriptional repressor maintaining muscle stem cell identity that is necessary
torepress late myogenic genes. Through assembly of multiple anatomically
continuous spatial transcriptomic samples, we spatially map single-cell clusters
across asagittal section of a whole fetal hindlimb. We reveal a clear anatomical
segregation between genes linked to brachydactyly and polysyndactyly, and uncover
transcriptionally and spatially distinct populations of mesenchyme in the autopod.
Finally, we perform scRNA-seq on murine embryonic limbs to facilitate cross-species
developmental comparison at single-cell resolution, finding substantial homology
between the two species.

Introduction
smooth muscle populations, whilst skeletal muscle progenitor (SkMP)

Human limb buds emerge by the end of the 4th post conceptional week
(PCW4) and develop to formarms and legs during the first trimester. By
studying model organisms such as the mouse and the chick, it is known
thatdevelopment of the limb bud begins in the form of two major com-
ponents. The multipotent parietal lateral plate mesodermal (LPM) cells
condenseinto the skeletal system as well as forming tendon, fibrous and

cells migrate from the paraxial mesoderm to the limb field, forming
striated musclel,2. The multipotent LPM cells are encapsulated within
athinlayer of ectoderm, a subset of which (termed the apical ectoder-
mal ridge/AER) governs mesenchymal cell proliferationand aidsin the
establishment of the limb axes through fibroblast growth factor (FGF)
signalling3. The limbs continue to mature in a proximal-distal manner,
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Fig.1|Asingle-cell temporal-spatial atlas of human embryoniclimb. a,
Overview of human embryonic developmental time points sampled and
experimental scheme. The asterisk marks the sampling time point. P, proximal;
M, middle; D, distal; PCW, post conceptional week. b, Uniform manifold
approximation and projection (UMAP) visualization 0f 125,955 human
embryoniclimb cells. Sixty-seven cell clusters from seven lineages are labeled
inthe UMAP. Mes, mesenchyme; ProxMes, proximal Mes; TransMes,
transitional Mes; MesCond, mesenchymal condensate cell; OCP,
osteochondral progenitor; ChondroProg, chondrogenic progenitor; Chon,
chondrocyte; ProlifChon, proliferating Chon; PrehyChon, prehypertrophic
Chon; HyperChon, hypertrophic Chon; PeriChon, perichondrium; OsteoB,
osteoblast; ArtiChon, articular Chon; Teno, tenocyte; TenoProg, Teno
progenitor; MyoProg, myogenic progenitor; MyoB, myoblast; MyoC, myocyte;

suchthatby PCW8 the anatomies of the stylopod, zeugopod and auto-
pod are firmly established. This maturation is tightly controlled by a
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Fibro, fibroblast; InterMusFibro, muscle interstitial Fibro; DermFibro, dermal
Fibro; DermFibroProg, DermFibro progenitor; SMProg, smooth muscle
progenitor; SMC, smooth muscle cell; SchwannProg, Schwann progenitor;
SynapSchwann, synaptic Schwann; Melano, melanocyte; AER, apical
ectodermalridge; Endo, endothelial; ArterialEndo, arterial Endo; VenousEndo,
venous Endo; LympEndo, lymphatic Endo; LMPP/ELP, lymphoid-primed
multipotent progenitor/early lymphoid progenitors; CMP/GMP, common
myeloid progenitors/granulocyte-monocyte progenitors; NK, Natural killer;
DC2, Dendritic Cell 2; Macro, macrophage; Megakaryo, megakaryocyte;
DefErythro, definitive erythrocyte; DefReticulo definitive reticulocyte;
PrimErythro, primitive erythrocyte. c-d, Spatially resolved heatmaps across
tissue sections from the PCW6.2 (c) and PCW8.1(d) human hind limbs showing
spatial distribution of selected cell clusters and corresponding marker genes.

complex system of temporally and spatially restricted gene expression
programmes4-7. As with many complex systems, small perturbations
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Fig.2|Spatial expression pattern of genesinvolved in digit formation and
phenotype. a, Overview of experimental scheme to identify genes involved in
digit formation andinterdigital cell death (ICD). DS, interdigital space.
DistMes, distal mesenchyme b, Spatially resolved heatmaps acrosstissue
sections from the PCW 6.2 human lower limb showing spatial expression
pattern of genes promoting ICD (left panel) and digital tissue survival (right
panel), and violin plots showing significance of differences between genes of
digitalregion and IDS. The colour bar indicates the normalized and log-
transformed expression level. ¢, RNA-ISH of tissue sections from human hind
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limb showing the expression pattern of RDH10, CYP26B1and TGFB2.Scale bar,
1mm. d, Heatmap showing the expression differential patterns of genes
associated with digit malformation. The colour barindicates the Z-score of
expression level. e, Spatially resolved heatmaps across tissue sections from the
PCW 6.2 human hind limb showing spatial expression pattern of selected genes
associated with digit malformation, as well as violin plot showing the
differencesingenesbetween digital region, IDS and distal mesenchyme
(DistMes). The colour bar indicates the normalized and log-transformed
expression level.
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Fig.3|Celllineage diversification and transcription factor (TFs) specificity
of lateral plate mesoderm (LPM) during human embryoniclimb
development. a, Force-directed graph layout of cellsassociated with the LPM,
coloured by cell clusters. Black arrows indicate the direction of cell
differentiation. Cluster abbreviations same as Fig.1. b, Dot plot showing
selected marker genes for each cell cluster. The colour bar indicates the

inevenasingle programme canresult in profound changes to the struc-
ture and function of the limb8. Indeed, approximately 1in 500 humans
are born with congenital limb malformations9,10.

Although model organisms have provided key insights into cell fates
and morphogenesis that are translatable to human development and
disease, at presentitremains unclear how precisely these models reca-
pitulate human development. Furthermore, the lack of complemen-
tary spatial information in such studies precludes the assembly of a
comprehensive tissue catalogue that provides aglobal view of human
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average expression levelinlinearly scaled values. ¢, Heatmapillustrating the
vertically normalized mean activity of selected TFs for each cell cluster. d,
Force-directed graph (top) and spatially resolved heatmaps acrosstissue
sections from human lower limb (bottom) showing expression pattern of
selected TFs. PCW, post conception week. The colour bar indicates the
normalized and log-transformed expression values.

limb developmentin space and time. Encouragingly, the Human Devel-
opmental Cell Atlas community has recently applied “cell-atlasing”
technologies such as single cell and spatial transcriptomics to several
tissues to give novel insights into development and disease11-16. The
application of these techniques to human embryonic and fetal tissue
therefore holds much promise in furthering our understanding of the
developing human limb17,18.

In this study, we performed single-cell transcriptomic sequencing
(scRNA-seq) and spatial transcriptomic sequencingto reconstructan
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Fig.4|Celltrajectory and transcription factors (TFs) conversion of coloured by cell clusters. d, Heatmapillustrating the vertically normalised
embryonic and fetal myogenesis during human embryoniclimb mean activity of filtered TFs for each cell cluster. e, Violin plot showing the
development. a,Force-directed graph layout of cells associated with the expression level of PITX1between human fore-and hind-limb. f,

myogenesis, coloured by cell clusters. Green and pink arrows indicate the Immunofluorescence co-staining (scale bar: 50 um) of PITX1and PAX3 on hind-
direction of firstand second myogenesis, separately. MyoProg, myogenic (top panel) and fore- (bottom panel) limb sections (scale bar: 200 pm) at PCWS5.
progenitor; MyoB, myoblast; MyoC, myocyte. b, Dot plot showing expression g,RT-qPCRanalysis of the fold enrichment of indicated myocyte differentiation

pattern of selected marker genes for each cell cluster. The colour bar indicates genes upon knock-down of MSCin human primary embryonic myoblasts. Data
the average expressionlevelinlinearly scaled values. c, Fraction of celltypeper  are presented asmean+SEM.*P<0.05,**P <0.01, ***P <0.001 (two-sided
time point (left) and force-directed graphs layout of cells fromeach time point, ~ Student’st test).

integrated landscape of the human hindlimb (or the lower limb) dur-  newlight onthe dynamic process of limb maturation. Inaddition, our
ing first trimester development. Our results detail the development  spatial transcriptomics datagivesinsightsinto thekey patterningand
of the human limb in space and time at high resolution and genomic  morphogenic pathways in the developing limb, with afocus on genes
breadth, identifying 67 distinct cell clusters from 125,955 captured  associated with limb malformation.

single cells, and spatially mapping these across four timepoints to shed
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Finally, we performed scRNA-seq on murine embryonic limbsin  forthe developmental biology community, and canbe freely accessed
order to compare the process of limb development across speciesat  at https://limb-dev.cellgeni.sanger.ac.uk/.
this level of resolution. Our integrated analysis of human and murine
limb development across corresponding time periods reveals exten-
sive homology between a classical model organism and the human, Results
underlining theimportance and utility of suchmodelsin understanding

human disease and development. Our study provides a unique resource . o
Cellular heterogeneity of the developing limb inspace
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Fig. 6| Comparison of single cell atlas between humanand mouselimb. a,
Overview of mouse embryonic developmental time points sampled and
experimental scheme. The asterisk marks the sampling time point. P, proximal;
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mouse scRNA-seq data. c, Multimap layout of integrated cells, coloured by
integrated cell-type annotation or species (bottomright). Cluster
abbreviations similar to Fig. 1. d, Broad cell-type proportions of each scRNA-

and time

To track the contribution of the different lineages in the developing
limb, we collected single-cell embryonic limb profiles from PCW5 to
PCWO (Fig.1a). This time window covers early limb forming stages as
well as later stages of limb maturation. In total, we analysed 125,955
single-cells that passed quality control filters (Extended Data Fig. 1a).
After cell cycle expression module removal by regression, and batch
correction (see Methods), we identified 67 cell clusters (Fig. 1b; see
Methods; Extended Data Fig.1b and Extended Data Table 1 for marker
genes).3 4 of these cell clusters represent cells derived from the LPM.
They contain mesenchymal, chondrocyte, osteoblast, fibroblast and
smooth muscle cell statesinvolved in the maturation of cartilage, bone
and other connective tissues, consistent with previous investigations
of the cellular makeup of the limb19. In addition to these cells, afurther
eight states form a complete lineage of muscle cells that migrate as
PAX3 positive (PAX3+) progenitors from the somite. These go on to
differentiate in the limb to form myoprogenitors and myotubes.
Other non-LPM cell clustersinclude four of the primitive and defini-
tive erythrocytes, ten clusters of immune cells, three clusters of vas-
cular endothelial cells and five clusters of neural crest-derived cells
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seq library with dissection region, location and species labeled at the bottom.
e-f, Triangular diagrams (e) showing the cell-type proportion biases towards
proximal, middle or distal region of humanand mouse forelimb (left panel) and
hindlimb (middle panel) and ascatter plot (f) showing the fraction of each cell
type’shindlimb representation. Each cell type or meanis represented by a
circle (human) and asquare (mouse) with size (square of diameter) meaning
average number of cells per segment (proximal/middle/distal).

(glial cells, neuronal cells and melanocytes). Finally, we identified three
epithelial cell clusters (Extended Data Fig. 2a), among which was a clus-
ter broadly expressing SP8, and WNT6 (Extended Data Fig. 2b), likely
representing distal limb ectodermal cells. Indeed, a small number of
these cells (n=9), originating from PCW5 & 6, strongly expressed FGF8,
agene characteristic of the AER (Extended Data Fig. 2¢, d). We found
the expression of FGF8 to be similarly constrained at PCW5 & 6 using
RNA in-situ hybridisation (RNA-ISH) (Extended Data Fig. 2e).

Examining the relative abundance of each of the major cell states
across different developmental ages revealed how the cellular com-
position of the developing limb changes over time. Within each of the
aforementioned lineages, a clear pattern emerged whereby progenitor
states were chiefly isolated from PCWS5 & 6, with more differentiated
cell states emerging thereafter (Extended Data Fig. 3a,b).

To further dissect the cellular heterogeneity with spatial context,
andto build onlimb patterning principles established in model organ-
isms, we performed spatial transcriptomic experiments for limb sam-
ples from PCW5 to PCW8. Using the 10X Genomics Visium chips, we
were able to generate transcriptome profiles capturing on average
between 1,000 and 5,000 genes per voxel (Extended Data Fig. 1c).
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We then applied the cell2location package20 leveraging cell cluster
signatures from our single-cell atlas to deconvolute Visium voxels
(See Methods; Extended Data Fig. 1d for QC metrics). The resulting
cell composition map of Visium slides at each time point demarcated
the tissue section into distinct histological regions (Fig. 1c, d). In the
PCWS5.6 samples, differing spatial distributions were observed for distal
progenitor cell clusters, dividing theminto three populations that we
name “distal” (LHX2+ MSX1+ SP9+), “RDH10+distal” (RDH10+ LHX2+
MSX1+) and “transitional” (IRX1+ MSX1+) mesenchyme (Extended Data
Fig.4a-d,f,g). These tissues were predicted to be highly proliferative,
with Visium voxels covering the distal limb all dominated by G2M or
S phase signatures (Extended Data Fig. 4e). The distal mesenchymal
cellsarelocated at the distal periphery of the limb. Proximal toitare the
transitional mesenchyme together with SOX9-expressing chondrocyte
progenitors of the developing autopod (Fig. 1c). This novel spatial
distinction was accompanied by subtle transcriptomic differences,
with the distal mesenchyme expressing anumber of genesimplicated
indigit patterning, including LHX2, IRX1and TFAP2B (Fig. 1c; Extended
DataFig.4a-d). Mutationsin thelatter cause Char syndrome, afeature
of which is postaxial polydactyly21. The RDH10+ distal mesenchyme
strongly expresses RDH10, the primary enzyme of retinaldehyde syn-
thesis whichis critical ininterdigital cell death22 (Extended Data Fig.
4f, g). The transitional mesenchyme expresses IRX1/2, key genes in
digit formation that establish the boundary between chondrogenic
and non-chondrogenic tissue23,24 (Fig. 1c; Extended Data Fig. 4d,f).
We further examined the precise spatial distributions of these marker
genes in the embryonic limb at PCW5 and PCW6 in three dimensions
using tissue clearing and light sheet fluorescence microscopy (LSFM),
giving further insight into the arrangement of these tissues during
development (Supplementary Video 1).

In addition to mesenchyme, prehypertrophic chondrocytes (PHC)
expressing Indian Hedgehog (IHH) localised to the mid-diaphysis of
the forming tibia and the metatarsals (Fig. 1c). At the proximal limit
of the sample, both MEIS2-expressing proximal mesenchymal cells
(ProxMes) and CITED1+ mesenchymal cells (Mes3) were observed (Fig.
1c; Extended Data Fig. 4f).

For the PCW8 sample, we obtained three anatomically continuous
sections fromthe hindlimb and placed each on separate capture areas
of the same Visium chip. We subsequently integrated data from this
chipinorderto obtaina spatial transcriptomic readout of acomplete
sagittal section of the hindlimb (Fig. 1d; Extended Data Fig. 5a). At this
stage, articular chondrocytes were located at the articular surfaces of
the developing knee, ankle, metatarso-phalangeal and interphalangeal
joints, while osteoblasts closely matched to the mid-diaphyseal bone
collar of the tibia and femur. The perichondrial cells from which they
differentiate matched to acomparable region, though they extended
alongthefulllength of the tibia and femur (Fig. 1d); afinding confirmed
byimmunofluorescence staining for RUNX2 and THBS2 alongside the
chondrocyte marker COL2A1 (Extended Data Fig. 5b). Hypertrophic
chondrocytes (HCC) expressing collagen X (COL10A1) mapped to
the mid-diaphysis of the tibia (Fig.1d). Additionally, we were able to
capture glial cells expressing myelin genes (Extended Data Fig. 1b),
and an accompanying FOXS1-expressing fibroblast subtype (named
“neural fibroblast” by us here) enriched in the periphery of the sciatic
nerveinthe posterior compartment of the thigh and its tibial division
inthe deep posterior compartment of the leg (Fig. 1d, Extended Data
Fig.5c-e). We captured only a very small number of neurons (n=28) in
oursingle-cell data, most likely due to the distantlocation of their cell
bodies within the spinal ganglia.

Interestingly, cell states with related (but not identical) transcrip-
tomic profiles did not necessarily occupy the same location, which
we are able to quantify based on our cell2location deconvolution
analysis of Visium and scRNAseq data. One example is two groups of
fibroblasts within the fibroblast lineage. One group of three clusters
were co-located with KRT15-expressing basal cells and SFN-expressing
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cells of the periderm25, suggesting a role in the dermal lineage and
prompting their annotation as dermal fibroblasts (DermFiB) and their
precursors (F10+DermFiBP & HOXC5+DermFiBP)(Extended Data Fig.
2f,g). While another group of two fibroblast clusters expressing ADH
family members (ADH+Fibro, InterMusFibro) co-localised with muscle
cells, with no presence in the dermal region (Extended Data Fig. 2h-j).

Similarly, we were able to spatially resolve two clusters with subtle
transcriptomic differences within the tenocyte lineage. Both clusters
expressed the classical tendon markers scleraxis (SCX) and tenom-
odulin (TNMD), with one population of cells expressing increased
biglycan (BGN) and Keratocan (KERA); molecules which play a role
in the organisation of the extracellular matrix (ECM), while the other
population expressed higher levels of pro-glucagon (GCG) that isimpor-
tant in metabolism (Extended Data Fig. 5f,g). Analysis with cell2loca-
tionmatched the former cluster to the long flexor tendons of the foot,
as well as the hamstrings, quadriceps & patellar tendons around the
kneejoint. Thelatter cluster, however, matched to the perimysium, the
sheath of connective tissue that surrounds a bundle of muscle fibres
(Fig.1d; Extended Data Fig. 5h). We therefore annotated these clusters
astenocyte (Teno) and perimysium, respectively.

Overall, these findings provide new insights into the subtle tran-
scriptomic differences within cell compartmentsincluding the muscle,
tendon, bone and stromal lineages. This integrated analysis serves as
an example of how spatial transcriptomic methodologies canimprove
our understanding of tissue architecture and locate cell states them-
selves within the context of developmental dynamics of an anatomical
structure such as the whole limb.

Patterning, morphogenesis and developmental disordersin the limb

During organogenesis of the limb, individual cell identities are in
part, determined by their relative position within the limb. This devel-
opmental patterningis controlled by acomplex system of temporally
and spatially restricted gene expression programmes. For example, key
aspects of proximal-distal patterning are controlled by the AER26,27.
In contrast anterior-posterior axis specification is chiefly controlled
by the zone of polarising activity (ZPA) through SHH signalling28-30.
Withinthe autopod, a key aspect of morphogenesis is interdigital tis-
sue apoptosis31-33. We utilised Visium spatial transcriptomic datato
explorethelocations of transcripts of all these classic pattern-forming
genes on the same tissue section, finding consistency with classical
expression patterns firstidentified in model organisms (Extended Data
Fig. 6a-e). This included several key genes known to govern proximal
identity, including MEIS1 & MEIS2, PBX1and IRX334-37, as well as genes
regulating limb outgrowth and distal morphogenesis such as WNT3A,
GREM1, ETV4 and SALL138-41. Similarly, classical mammalian anterior-
posterior (AP) genes were captured, including HANDI1, PAX9, ALX4 and
ZIC3 (anterior) and HAND2, SHH, PTCH1 and GLI1 (posterior)28,42-48.

The homeobox (HOX) genes are a group of 39 genes split into four
groupstermed “clusters”,each of whichislocated onaseparate chromo-
some. Duringlimb development, genesinthe A& D clustersactincon-
cert with the aforementioned axis-determining genes to dictate limb
patterning in mammals49. In mice, these genes are expressed in two
waves. The first wave occursin the nascent limb bud (prior to the period
capturedinour samples) with expression progressively restricted toits
posterior margin withincreasing 5’ position. During the second wave,
this expression patternis nolonger seenin the A cluster, but persists in
the 5’ members of the D cluster50,51. Our spatial transcriptomic data
captured the expression patterns of the A and D clusters at PCW5.6
(Extended DataFig. 6f). As expected, their expression matches the sec-
ond wave of expression in mice, with aloss of asymmetry in the HOXA
cluster and its maintenance in the HOXD cluster. For both clusters, an
increase in group number corresponded to more distally restricted
expression, with group 13 genes limited to the autopod. An exception
to thiswas HOXA1l expression, which showed no overlap with HOXA13,
in keeping with the expression pattern of these two genes during the
second HOX wave in mice. In fact, our data revealed a clear switch to
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the antisense transcript of HOXA11in the distal limb (Extended Data
Fig. 6f). This mutual exclusivity in expression domainis thought to be
due to HOXA13/D13-dependent activation of an enhancer that drives
antisense transcription of HOXA11 in pentadactyl limbs52

Inorder toinvestigate gene expression patterns during digit forma-
tion, we obtained coronal sections throughaPCWé.2 foot plate to reveal
the five forming digits together with the intervening interdigital space
(IDS; Fig. 2a). We then performed louvain clustering on these slides
to unbiasedly annotate digital, interdigital, distal mesenchyme and
other regions (Fig. 2a, see Methods). Differential expression testing
between digital and interdigital regions across two adjacent sections
demonstrated an enrichment of classical genesinvolved ininterdigital
celldeathintheIDS, such as BMP7, BMP2 and ADAMTS153,54 (Fig. 2b).
Interdigital regions also showed an enrichment of retinol dehydroge-
nase 10 (RDH10) and Cellular Retinoic Acid Binding Protein (CRABP1),
whereas the retinoic acid (RA) metabolising enzyme CYP26B1 was
upregulated in the digital regions (Fig. 2b). We further validated their
spatial patterns at single-cell level using RNA-ISH (Fig. 2¢). These find-
ingsunderlinetheimportance of RAintriggeringinterdigital cell death
inthe hand and foot plate32,55. Other genesidentified as digit-specific
included TGFB2, avital moleculein interphalangeal joint specification,
andtheregulator of chondrogenesis, WWP2 56,57.Inaddition, PIEZO2,
which promotes bone formation via calcium-dependent activation of
NFATCc1, YAP1and f3-catenin, was restricted to the digits, together with
the calcium-binding molecule C1QL1, which hasbeenshownto correlate
with COL2Al expression duringin vitro chondrogenesis 58,59(Fig. 2b).

Finally, we histologically annotated each digit in the PCW6.2 foot
plate to search for genes that vary with digit identity (Extended Data
Fig. 6i). Weidentified four genes that were upregulatedin the great toe
including ID2 and ZNF503, both of which are known to have anterior
expression domains in the limb, as well as the regulator of cell prolif-
eration PLK2 and the cancer-associated gene LEMD-160-63. HOXD11
was downregulated inthe great toe, inkeeping with its non-expression
hereinmice and chicks. We found no differentially expressed genesin
the remaining digits, though statistical power was limited by the small
number of voxels occupied by each.

We next cross-referenced the list of spatially differentially expressed
genes against a list of 2300 single gene health conditions. We found
genesinvolvedinseveral types of isolated (or non-syndromic) brachy-
dactyly (BD) were significantly upregulated in the digital tissue (Fig.
2d,e; full list of DE genes shown in Extended Data Table 2). These
included NOG (brachydactyly type B2), PTHIR (Eiken syndrome),
COL11A2 (Oto-Spondylo-Mega-Epiphyseal Dysplasia / OSMED),
SOX9 (Cook’s syndrome) and FGFR3 (Achondroplasia)64,65,66. Con-
versely, genes which are varied in syndromes with syndactyly as part
oftheir phenotype were significantly upregulated in the IDS and distal
mesenchyme. These include DLXS5 (split hand-foot malformation),
MYCN (Feingold Syndrome type 1), and TWIST1 (Saethre-Chotzen Syn-
drome)67-70. Where murine models of the aforementioned heritable
conditions exist, their phenotype isbroadly comparable to the human
(Extended Data Table 3)71,72 65,66,69,73-87. Thus, our spatial atlas
provides a valuable reference of gene expression under homeostatic
conditions for comparison with genetic variations for which pheno-
types may begin to penetrate during embryonic development.

Regulation of cell fate decisions of mesenchymal-
derived lineages

Our single-cell and spatial atlases revealed a high diversity of mesen-
chymal-derived cell clusters. Inorder to better understand what tran-
scriptional mechanisms may control their specification, we inferred
cell-fate trajectoriesin the 34 mesenchyme-associated states by com-
bining diffusion maps, partition-based graph abstraction (PAGA) and
force-directed graph (FDG) (see methods).
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Asexpected, the globalembedding resembled a ‘spoke-hub’system,
whereby multipotent mesenchymal cells are embedded centrally, with
clusters of lineage-committed cells radiating outward as they begin
to express classical cell-type specific marker genes (Fig. 3a, b). The
central hub of mesenchymal cells consisted of six clusters with sub-
tle differences in their transcriptome (Extended Data Fig. 4f). A first
population, proximal mesenchymal cells (ProxMes) expressed the
regulator of proximal (stylopod) identity, MEIS2, together with WT1,
whichmarks the point of limb-torsojunctionand plays an unknownrole
inlimb development88 (Fig. 3a,b; Extended Data Fig. 4f, h). A similar
population, here named Mesenchyme 1 (Mesl), exhibited a similar
expression profile but lacked WT1 (Fig. 3a,b). This likely represents
mesenchyme inthe proximal limb just distal to the limb-torsojunction
(Extended DataFig. 4f, h). We also identified a population of mesenchy-
mal cells that expressed ISL1 (ISL1+Mes) in addition to MEIS2, but not
WT1 (Extended Data Fig. 4f,h). These cells represent a mesenchymal
niche within the posterior aspect of the developing hindlimb89. Two
further clusters (Mes2, Mes3) of mesenchyme expressed CITED], a
molecule whichlocalises to the proximal domain of the limb and plays
anunclearroleinlimbdevelopment90 (Extended DataFig. 4e, g). Mes3
strongly expressed CITED1, whereas Mes2 exhibited lower expression,
and co-expressed MEIS2, suggesting proximal-anterior locationin the
limb91 (Extended Data Fig. 4f, h).The Mes4 cluster exhibited similar
overall expression patterns to distal and transitional mesenchymal
cells though lacked LHX2 and IRX1, expressing low levels of PRACI, a
molecule identified as maintaining a prostate gland stem cell niche
but with no known role in limb development92.

Examining the abundance of different clusters by developmental
agerevealed how cellular heterogeneity within the mesenchymal com-
partment evolves during limb development (Extended Data Fig. 7c).
During PCWS5, the majority of the cells captured were mesenchymal
progenitors. This was particularly notable at PCW5.1and 5.4, where mes-
enchyme accounted for 85% and 65% of all cells respectively (Extended
DataFig.7e). Therelative abundance of mesenchymal progenitor cells
inthe limb declined thereafter, with almost none present at PCW8 & 9.

We next performed transcription factor (TF) network inference using
the SCENIC package toidentify distinct modules of active TF networks
associated with progression through each lineage93. Amultitude of TF
networks were predicted to be active in these progenitor populations
(Fig.3c,d; Extended DataFig. 7a, b; Extended Data Table 4). Inaddition
to WT1and MEIS family members, several GATA factors were predicted
tobeactiveinthe proximal mesenchyme. Thisincluded GATAS, which
wasrecently identified as a putative proximo-distal patterning genein
the Xenopuslimb, and GATA3, which hasbeen detected in the proximal
developing mouse limb 94,95. HOXAL11, which defines the zeugopod,
was activein Mes3, in keeping with the aforementioned lack of MEIS1/2
expressionin this cluster. Cells of the distal mesenchyme showed activa-
tion of a distinct module of TFs, including LHX2 and MSX1/2, as previ-
ously described in the mouse, as well as HOXA13, which defines the
autopod96-98. Interestingly, HIC1 was predicted to have low activity
in several mesenchymal populations, with high activity in Mes3 (Fig.
3¢, d). HIC1+ mesenchymal cells are known to migrate into the limb
from the hypaxial somite, eventually differentiating into a range of
tissues such as chondrocytes and tenocytes, whilst maintaining HIC1
expression 99.Indeed, some chondrocyte populations and all tendon
populations showed HIC1 activity (Fig. 3¢, d).

The chondrocyte lineage increased in number steadily over time,
accounting for 25% of the cells captured at PCW5.6, increasing to 50%
at PCW7.2. Within this lineage, a shift from progenitors to more mature
clusters was observed during the period studied (Extended Data Fig.
7¢). Mesenchymal condensate cells, SOXlow/COL2Allow/PRRX1hi
osteochondral progenitors (OCP) and immature, SOX9hi/ COL2Allow
chondrocyte progenitors giving way to three populations of SOX9hi/
COL2A1hi chondrocytes: resting (expressing UCMA), proliferating
(withagreater proportion of cellsin G2/M/S phases, but lacking UCMA
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or IHH) and prehypertrophic chondrocytes (PHCs, expressing IHH)
(Fig.3b,c; Extended Data Fig. 7d-g; Extended Data Table 1). In addition,
our single cell data captured a small number (n=14) of hypertrophic
chondrocytes (HCCs) expressing COL10A1and MMP13 (Extended data
Fig. 7d). Curiously, both PAGA and RNA velocity analysis suggested
chondrocyte progenitors for an individual sample may progress to
either the resting state prior to proliferation or proceed directly to
proliferation (Fig. 3a; Extended data Fig. 7e, f). However, these com-
putational predictions should be interpreted cautiously, and further
work is required to investigate this finding.

Progression through the chondrocyte lineage was accompanied by
changesinregulonactivity (Fig.3c, d). Forexample, the transition from
mesenchymal condensate to committed chondrocytes was associated
withactivity in the master regulators of chondrogenesis - SOX5, 6 and 9,
with thelatterlocalising to chondrocyte condensations at PCW 5.6 and
the developingtibia, fibulaand digits at PCW6.2 (Fig. 3d)100. This trend
was observed for other known regulators of chondrogenesis, including
MAFF and NKX3-2101,102. Interestingly, FOXJ1 was predicted to have
similaractivity in the chondrocyte lineage, particularly in resting chon-
drocytes.Inadditiontoits established rolein ciliation, this TF has been
showntoregulate dental enamel development 103. Furthermore, like
SOX5and9, chondrogenesisis regulated by IRX1; a TF which specifies
the digits and establishes the boundary between chondrogenic and
non-chondrogenic tissuein the developing chick limb23. Several known
regulators of chondrocyte hypertrophy were activein PHCs and HCCs,
including Osterix (SP7), DLX2/3 and RUNX3, with the latter localising
to the tibial diaphysis at PCW 6.2104-106. RUNX2 was, as expected,
predicted to be active in osteoblasts and the perichondrial cells from
which they are derived, in addition to PHCs and HCs, with expression
localising to the tibial diaphysis (Fig. 1d). Finally, the osteogenic regula-
tor SATB2 was highly specific to osteoblasts107.

Inorder to capture the cells of theinterzone, mesenchymal cells that
reside at the sites of future synovial joints and give rise to their constitu-
ent parts, we sectioned four limbs (two forelimbs, two hindlimbs) into
proximal, middle (containing the knee/ elbow interzone regions) and
distal segments. Our data indeed contained a cluster expressing the
classicalinterzone marker GDF5 and which gaverise toarticular chon-
drocytes expressing lubricin (PRG4; logFC=5.15, p=4.1E-26) (Fig. 3b;
Extended Data Fig. 7d). Intriguingly, the articular chondrocytes were
not predicted to exhibit SOX5/6/9 activity, but instead showed activity
inFOXP2, anegative regulator of endochondral ossification, and ERG,
which directs chondrocytes down a permanent developmental path
withinthejoint108,109 (Fig.3c). Therole of SOX9inarticular cartilage
development and homeostasis is uncertain, with inducible loss in mice
resulting in no degenerative change at the joint postnatally110,111.

Tendon progenitors expressing high levels of SCX but low TNMD
emerged during PCW5 before declining innumber and being replaced
by tenocytes and perimysium expressing high levels of TNMD from
PCW?7 onward (Fig. 3b, Extended Data Fig. 7a). Of note, our data cap-
tured apreviously described population of SCX+/SOX9+ cells; a popu-
lation previously shown to giverise to cells of the entheses (Extended
DataFig. 7h,i)112. Visium spatial transcriptomic assays and RNA in-situ
hybridisation confirmed co-expression (Extended Data Fig. 7j, k). Sev-
eral TFsimplicated in tenogenesis were predicted tobe activein these
clusters, including ETV4 and NFIX113,114(Fig. 3c).

Finally, different fibroblast and smooth muscle populations within
thelimb exhibited clearly distinct TF activities (Extended DataFig. 7a,
b). Forexample, dermal fibroblasts showed activity in known regulators
of this lineage, including RUNX1and TFAP2C115,116, whereas smooth
muscle cells (SMC) and their precursors (SMProg) both showed activ-
ityin GATA6, whichis thought toregulate their synthetic function117.
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In addition, SMC showed activity in TFs with known roles in smooth
muscle function, such as ARNTLI118.

Regulation of embryonic and fetal myogenesis

Limb muscle originates from the dermomyotomein the somitel,2. Clas-
sically, its formation begins with delamination and migration fromthe
somite regulated by PAX3 and co-regulators such as LBX1and MEOX2,
followed by two subsequent waves of myogenesis: embryonic and
fetall19. During embryonic myogenesis, a portion of PAX3+embryonic
skeletal muscle progenitors are destined to differentiate and fuse into
multinucleated myotubes. These primary fibres act as the scaffold for
the formation of secondary fibres derived from PAX7+ fetal skeletal
muscle progenitors, which are themselves derived from PAX3+ muscle
progenitors120-122.

To dissect these limb muscle developmental trajectories in detail
from our human data, we took cells from the eight muscle states, re-
embedded them using diffusion mapping combined with PAGA and
FDG. Three distinct trajectories with an origin in PAX3+ skeletal mus-
cle progenitors (PAX3+ SkMP) emerged (Fig. 4a). The first trajectory
(labelled 1st Myogenesis) starts from PAX3+ SkMP and progresses
through an embryonic myoblast state (MyoB1) followed by an early
embryonic myocyte state (MyoCl), and finally arrives at mature embry-
onic myocytes. This trajectory is in keeping with embryonic myogen-
esis. Along the second trajectory, the PAX3+SkMP leads to PAX3+PAX7+
cells, followed by a heterogeneous pool of PAX7+ SKMP cells that are
mostly MyoD negative (Fig. 4a,b). This represents a developmental
paththat generates progenitors for subsequent muscle formation and
regeneration. The final trajectory (labelled 2nd Myogenesis) connects
cell states that express PAX7 first to fetal myoblasts (MyoB2), then early
fetal myocytes (MyoC2) and finally mature fetal myocytes (Fig. 4a,c).

Comparing these myogenic pathways, we noticed that PAX3 expres-
sionis almost absentin the fetal myogenic pathway whileiit persists to
late states along the trajectory of the embryonic myogenic pathway
(Fig.4b). Thisis consistent with a previous study that captured Pax3+
Myog+ cells in the mouse limb 123. Interestingly, ID2 and ID3 that are
known to attenuate myogenic regulatory factors 124,125 are also more
highly expressed in embryonic myogenesis than fetal, which may imply
differentupstreamregulatory networks. Additional genes such as FST,
RGS4, NEFM and SAMD11 were also identified to be marking the first
myogenic pathway while TNFSF13B, KRT31 and RGR mark the second
(Fig.4b).Infact, Keratingenes have been found to facilitate sarcomere
organisationl26.

Next, we performed SCENIC analysis to search for transcription fac-
tors driving each myogenic stage. A large number of stage-specific
transcription factors were identified (Fig. 4d; Extended Data Fig. 8a;
Extended Data Table 4). Whilst the master regulators MYOD1and MYOG
showed similar activities across fetal and embryonic myogenesis, sev-
eral TFs were predicted to have higher activity in one or the other. For
example, PITX2 exhibited a higher activity score and abundance dur-
ing embryonic myogenesis than fetal myogenesis (Fig. 4d), possibly
related toits different regulatory roles127. By contrast, its related family
member, PITX1, exhibited comparable activity in both trajectories.
Interestingly, while known as a hindlimb-specific transcription factor,
PITX1is expressed in both forelimb and hindlimb muscle cells (Fig. 4e;
Extended Data Fig. 8b), including a fraction of PAX3+ cells as early as
PCWS5 (Fig. 4f; Extended Data Fig. 8b), suggesting a potential regulatory
role in embryonic myogenesis. Other TFs specific to embryonic myo-
genesis included MSX1, which maintains the early progenitor pool, the
MyoD activator SIX2, and the satellite cell homeodomain factor BARX2
128-130. The fetal myogenic trajectory was associated with several TFs
involved inregulating myogenesis, such as E2F2 and MYF6 .131,132.

Complementary to SCENIC analyses focusing on activators, we also
investigated several transcriptional repressors such asMSC (also known
as Musculin, ABF-1or MyoR), TCF21(Capsulin), and families of ID, HES
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and HEY genes. We observed specific expressions of IDs, HEY1, MSC,
and HES1in PAX7+skeletal progenitors (Fig. 4b). The most prominent
repressor, MSC is abHLH transcription factor that has been shown to
inhibit MyoD’s ability to activate myogenesis in 10T1/2 fibroblasts133
and rhabdomyosarcoma cells134. In addition, in C2C12 murine myo-
blasts, MSC facilitates Notch’s inhibition of myogenesis (although
it appears to exhibit functional redundancy in this role)135. To test
whether humanMSC also plays aroleinrepressing PAX7+skeletal mus-
cle progenitor maturation136,137, we knocked down MSC in primary
human embryoniclimb myoblasts. RT-qPCR results showed profound
upregulation of late myocyte genes (Fig. 4g). This suggests that MSC
is key to maintaining limb muscle progenitor identity.

Spatially resolved microenvironments exhibit distinct
patterns of cell-cell communication

In order to investigate communication between clusters of cells, we
utilised the CellphoneDB python package to identify stage-specific
ligand-receptor interactions by cell type inthe developing limb138,139.
This output was thenfiltered to reveal signalling pathways between co-
located populations of cells, determined in an unbiased way using cell-
2locationfactor analysis. Our analysis highlighted the role of the WNT
signalling pathway in early limb morphogenesis. As has been foundin
model organisms, WNT5A exhibited a proximo-distal expression gradi-
ent, with expression peaking in the distal mesenchymal populations
(Fig.5a-e).Itsreceptor FZD10 was expressed in the distal ectoderm of
the limb at PCW6 with weak mesenchymal expression, though at this
comparatively late stage appears to be no longer restricted to poste-
rior regions, as is reported in early limb development in the mouse
and chick 140,141(Fig 5c). Furthermore, our single cell data revealed
high expression of the canonical receptor FZD4 in the mesenchymal
condensate; a finding supported by RNA-ISH (Fig.5a, d and e). This
gives weight to the suggestion fromin vitro studies that FZD4 plays a
role in initiating chondrogenesis when a collection of mesenchymal
cellsreaches acritical mass 142.

Inthe early (PCW5.6) limb, NOTCH signalling was predicted to occur
initsdistal posterior aspect through the canonical ligand Jagged (JAG)-1
(Fig. 5a, f). This interaction occurs between adjacent cells, with JAG1
bound to the cell rather than being secreted, triggering proteolytic
cleavage of the intracellular domain of NOTCH receptors with varying
activity depending on the NOTCH receptor involved143-145.JAGl is
induced by SHH in the posterior distal limb;43,146 a distribution we
confirmed with spatial transcriptomics and show co-localisation at
single cell resolution using RNA-ISH (Fig. 5g). Through colocalisation
analysis (see methods) we observed that notch-1 expression closely
follows JAG1 with a probability of co-existencein each pixel (0.14 x0.14

) of 0.75 (2.63x107 dual-positive pixels; 3.51x107 total pixels contain-
ingJAG1). Analysis of single cell data at the corresponding time point
showed JAG1 and NOTCHL1 to be expressed by several mesenchymal
populations within the early limb (Fig. 5a). This finding sheds further
light on the mechanisms controlling limb morphogenesis and has
implications for conditions where this signalling axis is disrupted, such
as the posterior digit absence of Adams-Oliver syndrome and the 5th
finger clinodactyly of Alagille syndrome147,148.

We captured weak but reproducible signals of FGF8 in the AER epi-
thelial cells across various timepoints while FGF10 was detected in
the adjacent distal mesenchyme (Fig. Sh-i). It is known that FGF8 and
FGF10 are expressed in the limb ectoderm and distal mesenchyme
respectively and form afeedback loop through FGFR2 that is essential
for limbinduction149. Ectodermal FGF8 expression was confirmed via
RNA-ISH (Fig. 5j). FGF10 expression was notably restricted in the foot
plate next to the distal mesenchyme adjacent to the forming phalanges
andwas excludedinthe IDS region and RDH10+ distal mesenchyme (Fig.
5h,j). Thisis consistent with expressionin lineage tracing experiments
inthemouse, where conditionalknockdown leads to truncated, webbed
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digits150. FGF10 hasbeen shown toinduce chondrogenesis via FGFR2
whichwe found to be densely expressedin the chondrocyte progenitors
(Fig.5h). RNA-ISH confirmed this high FGFR2 distribution throughout
the skeletal elements of the forming limb (Fig. 5j). FGFR2 exhibits a
tendency to colocalise with FGF8, with a probability of 0.62 (7.31x105
dual-positive; 1.17x106 total FGF8) and similarly, FGFR2 colocalises
with FGF10 with a probability of 0.89 (1.56x106 dual-positive; 1.75x106
total FGF10. Lastly, the co-expression of FGF10 and FGF8 in the same
pixel (0.14 x0.14 )isinfrequent, asindicated by a probability of 0.05
(9.68x104 dual-positive; 1.17x106 total FGF8). The importance of this
receptor inskeletal development s highlighted by the limb phenotypes
observedinthe FGFR2-related craniosynostoses, such as radiohumeral
synostosis, arachnodactyly and bowed long bones151.

Homology and divergence between human and murine
limb development

Limb development has long been studied in model organisms, while
assays directly performed on human samples are less common. To
explore differences between mice and humans, we collected 13 mouse
limb samples for scRNA-seq, and combined our newly generated data
with18 high-quality (Extended DataFig. 9a, Extended Data Table 5) limb
datasets from three previously published studies 152-154 to build a
comprehensive mouse embryonic limb atlas (Fig. 6a, Extended Data Fig.
9b, ¢). To compare the mouse and human transcriptome, we used our
previously developed alignment algorithm MultiMAP155 to align single
cellsbased on matched orthologs, while also considering information
from non-orthologous genes (Fig. 6b). The resulting integrated atlas
with aligned cell-type clusters show a highly conserved cell composi-
tion between humans and mice (Fig. 6¢,d; Extended Data Fig. 9d). An
independent and separate analysis also shows highly similar develop-
mental trajectories of the skeletal muscle (Extended Data Fig. 8c-g) and
LPM-derived lineages (Extended Data Fig. 10).

Some notable differencesin the human and the mouse datasets were
most likely due to sampling differences, such as the greater abundance
of PAX3+myoprogenitorsinthe mouse and the presence of two distinct
mesenchymal populations, “Early Distal Mes

and “Early Prox Mes” (Extended Data Fig. 8c-d;
Extended Data Fig. 10a,b). The vast majority of these cells originate
fromsamples prior to E12; the equivalent developmental stage to the
earliest human stage sampled (Extended Data Fig. 8f, Extended Data
Fig.10c). Similarly, the lack of Wtl expression in the mouse proximal
mesenchyme (Extended Data Fig.10d) is most likely due to dissection
notincluding the trunk, as this expression pattern was first described
in the mouse88.

However, we also identified species-specific features when compar-
ing datasets. Mouse limbs contained a higher percentage of epithelial
cells and immune cells (Fig. 6d) possibly due to faster maturation of
these systems in the mouse. Additionally, in skeletal muscle, a more
abundant PAX3+PAX7+MyoProg cell state was observed in humans
than in mice (Extended Data Fig. 8c-e). Whilst the PAX3+ pools were
highly similar in their gene expression, the mouse data showed curi-
ously low expression of pro myogenic factors Fst and Uchll, though
this may again be due to differences in sample stage from which the
PAX3+ poolsarisel56,157(Extended Data Fig. 8g). For the PAX7+pools,
mouse clusters pfPAX7+MyoProgl & 2 showing clear differential expres-
sion of the ECM genes Lamb1, Matn2 and Eln which are more similar
in human (Extended Data Fig. 8g). The mesenchymal compartments
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of both species showed substantial similarity in gene expression of
different cell clusters (Extended Data Fig 10d). One interesting find-
ing that held true for both species was the expression of FGF8 in the
proximal mesenchyme (Extended DataFig. 2c-e; Extended DataFig.10e,
f). This molecule is not classically associated with mesenchymal cell
states other thaninurodeles, andits role in this human mesenchymal
nicheis unclear 158.

To systematically compare pattern formation between mouse and
human limbs, we dissected forelimbs and hindlimbs from a human
embryo and amouse counterpart, each separated into proximal, middle
and distal segments to compare with our first trimester human samples
(Fig. 1a, Fig. 6a). This allowed us to address the differences between
forelimb and hindlimb along the proximo-distal axis at matched time
points in human and mouse development. Overall, mice and humans
demonstrate highly similar cell cluster compositions along the P-D
axis. Inboth human and mouse forelimbs, proximal mesenchymal cells
are enriched towards the proximal end, while distal and transitional
mesenchymal cells are highly enriched in the distal part as expected
(Fig. 6e). Additionally, interzone cells are enriched in the middle seg-
ment, where we intentionally included the joints. The sameis true for
the hindlimb. Comparison of forelimbs and hindlimbs demonstrated
that both humans and mice show minimal differences in terms of cell
type composition (Fig. 6f). This suggests that the composition of the
developing limb is highly conserved between humans and mice even
when pinpointing the broad anatomical regions. To perform a more
stringent comparison, we took cells from the 34 LPM-derived states to
compare ortholog expression signatures between proximal vs distal
segments and forelimb vs hindlimb samplesin mice and humans. Both
species recapitulate known P-D biased genes such as MEIS2 (proximal),
LHX2 (distal) and HOX family genes (Extended Data Fig. 9e). Known
forelimb/hindlimb biased genes were also captured such as TBX5 spe-
cifictothe forelimb and TBX4, PITX1and ISL1specificto the hindlimb
(Extended Data Fig. 9f). Overall, we show that the spatial expression
patterns of genes controlling forelimb/hindlimb identity and P-D axis
formation are highly similar between mice and humans.

Discussion

Our developmental limb atlas combines single-cell RNA and spatial
transcriptomic analyses of embryonic limb cells from multiple time
points in the first trimester in order to form the first detailed char-
acterisation of human limb development across space and time. We
identify sixty-seven clusters of cells within eight tissue lineages in the
developinglimb and place theminto anatomical context, building on
existing knowledge of cellular heterogeneity gained from model organ-
isms152. Our spatial data also reveals the expression of key regulators
of limb axis identity in the developing human limb.

Inaddition torecapitulating model organismbiology, our atlas ena-
bles the identification of novel cell states. We identify and confirm a
population of neural fibroblasts surrounding the sciatic nerve and its
tibial division. We also characterise several novel populations of mes-
enchymal cells as mesenchymal progenitors and distal mesenchyme
subtypes that may play unclear roles in limb formation and should
spur further investigation. The scale and resolution of our atlas also
enables the construction of a refined model of cell states and regula-
tors in partially overlapped and paralleled primary and secondary
myogenesis in the limb marked by different panels of regulators, with
theidentificationand validation of MSC as a key player in muscle stem
cellmaintenance.

Our atlas also leverages spatial data by placing subtly distinct sin-
gle cell clustersinto their anatomical context, shedding light on their
true identity. In particular, three clusters of cells with subtly different
transcriptomes mapped to the distal limb with different distributions,
whichwe term “distal” (LHX2+MSX1+SP9+), “RDH10+distal” (RDH10+
LHX2+ MSX1+) and “transitional” mesenchyme” (IRX1+ MSX1+).
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Similarly, two clusters in the tendon lineage map to the tendon and
perimysium, giving insight into the subtle differences between these
related tissues. Furthermore, through spatial transcriptomic analysis of
the developing autopod, we connected physiological gene expression
patterns to single gene health conditions that involve altered digital
phenotype, demonstrating the clinical relevance of developmental
cell atlas projects. We further maximised the utility of this study by
presenting anintegrated cross-species atlas with unified annotations
asaresource for the developmental biology community that we expect
will strengthen future studies of limb development and disease that
utilise murine models.

One limitation in our study is the lack of samples from the earliest
stages of limb bud development. Although we were able to dissect and
process limbs from PCW5.1 onwards, the logistical limitations of work-
ing with human embryonic tissue precluded analysis of the nascent
limbbud. Thisin turn prevented analysis of the earliest patterning and
maturation events, such as the first wave of HOX gene expression. It
also added to the difficulty of an unbiased cross-species comparison
where more early-stage mouse samples are more accessible, let alone
the dataintegrationis already challenged by differencesin lab proto-
cols, transcriptome reference completeness and ortholog definitions
etc. Furthermore, the small number of FGF8+AER cells captured by
our experiments, together with the limited expression observed using
RNA-ISH, suggest that during our sampling window, FGF8 expression
inthe distal ectoderm was already downregulated. In addition, whilst
we were able to investigate FGFR2 expression patterns in the limb, it
should be noted that the assays used are unable at present to distinguish
betweenits IlIb (highest FGF10 affinity) and llic (highest FGF8 affinity)
isoforms. < br>Whilst the combination of single cell and spatial tran-
scriptomicsis an established method for tissue atlasing, we recognise
the challenges of combining different technologies. For example, our
single-cell data captured large numbers of chondrocytes, including
prehypertrophic chondrocytes which mapped to the mid-diaphysis
oftheformingbones. Interestingly, analysis of spatial gene expression
revealed abundant collagen-X expressionin these regions; the marker
gene for mature, hypertrophic chondrocytes. Our scRNAseq experi-
ments captured only n=14 cells expressing collagen-X; adisproportion-
ately small number given the tissue area of expression on the visium.
One possible explanation of this is that the method of permeabilisation
and RNA capture with visiumin this case was superior to the single cell
tissue dissociation and droplet-based capture method for profiling
matrix-rich tissues such as mature cartilage. Another important fac-
tor to consider is the breadth of cell capture with each technique. For
scRNAseq, tissue samples were dissociated in order to produce single
cell solutions. A typical solution in such an experiment contains hun-
dreds of thousands of cells, only afraction of which are loaded onto the
chromium system, meaning rarer cell populations are unlikely to be
sequenced. By contrast, visium captures RNA fromall cells within each
voxel across an entire tissue section, thus rare cell populations should
still contribute to the overall RNA signal obtained from a voxel, which
may in part explainwhy transcripts that wererare inthe single cell data,
such as COL10A1, are more abundantin the visium data. These factors
may also explain the low numbers of SCX+/SOX9+ enthesis progenitor
cellscapturedin our study. We expect these technical considerations to
feed forwardinto future atlasing endeavours involving cartilage, bone
and other dense tissues, or any tissue where rare cell types existand an
in-depth transcriptomic profile of such cells is desired.

Although the use of spatial transcriptomics in this atlas gives valu-
able anatomical context to sequenced single cells, at present this tech-
nique is still limited in its utility due to its 50pum resolution, as well as
significant dead space between voxels that are not sequenced. In the
case of the fetal limb, this translates to up to 25 cells per voxel in histo-
logically dense tissues such as cartilage, and finer structures such as
the endothelium (Extended Data Fig. 6g,h) that showed an uncertain
pattern of co-localization to be validated at higher resolution. Thus
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whilst deconvolution techniques such as those utilised in this study
canallowabroad appreciation of cell type location, atrue understand-
ing of tissue architecture at the single cell, whole transcriptome level
remains elusive. Furthermore, such alarge sampling area makes fine-
grainanalyses of gene expression based on histology or anatomy chal-
lenging. Inthis study, we attempted to identify genes that vary between
individual digits, but found very few. This is likely due to alack of statis-
tical power, with each digit only occupying 10-16 voxels. Similarly, our
comparative analyses of digit and interdigit spaces would likely have
been impacted any voxels that exhibited even a very small degree of
overlap (and hence transcript mixing) between one histological zone
and the next.& nbsp;& nbsp;
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