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ABSTRACT

The recent growth of single-cell transcriptomics has turned single-cell RNA sequencing (scRNA-seq)
into a near-routine experiment. Breakthroughs in improving scalability have led to the creation of
organism-wide transcriptomic datasets, aiming to comprehensively profile the cell types and states
within an organism throughout its lifecycle. To date however, the skeleton remains a majorly
underrepresented organ system in organism-wide atlases. Considering how the skeleton not only serves
as the central framework of the vertebrate body but is also the home of the hematopoietic niche and a
central player in major metabolic and homeostatic processes, this presents a major deficit in current
reference atlas projects. To address this issue, we integrated seven separate scCRNA-seq datasets
containing skeletal cells and their developmental precursors, generating an atlas of over 800,000 cells.
This skeletal cell atlas describes cells across the mesenchymal lineage from the induction of the limb
field to adult bone, encompassing 50 different cell states. In addition, the original datasets were
reannotated, enabling the discovery of novel, highly specific marker genes, some of which we have
validated in vivo by whole-mount in situ hybridization. Furthermore, expanding the repertoire of
available time points and cell types within a single dataset allowed for more complete analyses of cell-
cell communication or in silico perturbation studies. Taken together, we present a missing piece in the
current atlas mapping efforts, which will be of value to researchers in the fields of skeletal biology,
hematopoiesis, metabolism and regenerative medicine.
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INTRODUCTION

The skeleton is a highly advanced organ system with a wide variety of functions, ranging from protection
of the internal organs and supporting locomotion to calcium homeostasis, housing the hematopoietic
system and serving an endocrine function. In addition, some skeletal tissues possess remarkable
regenerative properties, with bone being able to spontaneously regenerate after fracture without scar
formation. While complex in its functions, the skeletal system is based on a surprisingly low number of
different cell types, suggesting that its functional variety is a trait obtained through extensive intrinsic
heterogeneity of cell states allowing advanced regionalized specialization.

Advancement towards ultra-high throughput single-cell RNA sequencing (scRNA-seq) platforms and
the concomitant development of computational algorithms required to analyze the data, permits the
generation of organism-wide transcriptomic maps, resolved both in time and space [1,2]. If a reference
atlas is available, new datasets can be annotated automatically thus introducing fast, data-driven and
consistent labeling of the cells [3—5]. Unfortunately, the skeleton is minimally represented in most of
these atlases, often with insufficiently detailed annotation of the skeletal lineage. Contrarily, the skeletal
biology community has generated scRNA-seq datasets but focused on very specific cell subpopulations.
As a result, we find a significant discrepancy in the transcriptional characterization of the skeletal
system: large atlases contain a wealth of data left largely unexplored due to the insufficiently precise
annotation while the specialized datasets remain confined to their domain of study. To bridge this gap,
we reannotated and merged publicly available atlases with specialized skeletal datasets into a single
framework comprising over 800,000 cells [6—12] forming the Skeletal Cell Atlas (SCA).

Following the generation of the SCA, we explored its applicability and predictive value. We
demonstrated the potential of the SCA in novel marker gene identification, pseudo-temporal trajectory
inference and intercellular communication analysis. The predictive capacity of the SCA was further
tested by simulation of Sox9 inactivation and the analysis of its consequences, which were in line with
the in vivo phenotype. These results support the notion that our SCA can be used as a reliable reference
for the automated annotation of new skeletal scRNA-seq datasets. To facilitate accessibility, all
notebooks required to build the atlas are available online. Lastly, we developed a web app where users
can query and download the data to increase the accessibility of scRNA-seq data to a wider audience.

RESULTS

Dataset annotation and integration to produce a skeletal cell atlas

To build a comprehensive reference atlas of the skeleton we selected seven publicly available mouse
scRNA-seq datasets containing skeletal cells from the onset of limb development to mature bone. Prior
to integration, we removed non-mesenchymal cells with the exception of endothelium and the apical
ectodermal ridge (AER) from the Mouse Organogenesis Cell Atlas (MOCA) [12] based on the authors’
classification. Cells belonging to the hematopoietic lineage were only retained if they were derived from
the bone marrow, i.e. the sample was obtained through flushing of the marrow. The individual datasets
were then manually reannotated based on canonical marker gene expression and integrated (n = 808,778;
Fig. 1a, Extended Data Fig. 1a-g; Supplementary Table 1).

No cross-laboratory or technology-induced batch effects were observed (Extended Data Fig. 2a,b). From
this we concluded that the integration of the atlas was cell-based, spanning 50 unique cell states.

Novel marker gene identification

During the reannotation of the mesenchymal cells in the MOCA [12], we identified a small cluster of
mesenchymal cells expressing characteristic early limb mesenchyme markers including the forelimb
marker 7hx5 [13] and the hindlimb-specific transcription factors 7bx4 and Pitx1 [14,15](Fig. 1b). Based
on the differential abundance of cells expressing hindlimb markers (Extended Data Fig. 3a), we
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80  hypothesized this cluster could be hindlimb-specific. To investigate this, we selected the differentially
81  expressed genes Thx20 and Postn as possible new markers, based on their abundance across multiple
82  days of development, high specificity for this particular cluster (Extended Data Fig. 3b,c) and the
83  absence of hindlimb-specific expression of these genes in the literature. To validate the digital
84  prediction, we carried out whole-mount in situ hybridization (WISH) on chick limbs at the comparable
85  developmental stages, exploiting the strong conservation of skeletal development between these
86  organisms [16-18]. Indeed, we could confirm that these genes were specific to the early hindlimb
87  mesenchyme at Hamilton-Hamburger stage 26 (HH26, Fig. 1c,d). We postulate that differential
88  expression analysis within the atlas can be leveraged for the discovery of novel marker genes, specific
89  in both time and anatomical location.

90  Virtual reconstruction of the growth plate

91  During development, long bones are lengthened through a rapid proliferation of chondrocytes at the
92  ends of the bone along the longitudinal axis, thereby creating columnar structures. As the distance from
93  the dividing front increases, these chondrocytes gradually become hypertrophic and are ultimately
94  replaced by bone (reviewed in [19]). This growth center responsible for bone elongation is referred to
95  as the growth plate (GP) and can, in a simplified view, be regarded as a cylindrical, chondrocytic
96 structure.

97  To virtually restore this structural landmark, we first subset the atlas to select GP chondrocytes, which

98  weuse as the input for pseudotime analysis to reconstruct the transcriptional trajectory from proliferation

99  to hypertrophy in silico (Fig. 2a). Cells were then binned by pseudotime. Upon each bin we performed
100  dimensionality reduction by ¢-distributed stochastic neighborhood embedding (-SNE). Importantly, we
101  imposed a circle as boundary condition on the gradient descent function of each -SNE. Alignment of
102  these circular projections then recreated the cylindrical shape of the GP, while also visualizing
103  transcriptional heterogeneity within the GP across bins of pseudotime (Fig. 2b). As such, plotting gene
104  expression along the pseudotime axis combined with expression in pseudospace artificially restores the
105  tissue architecture lost during tissue digestion (Fig. 2c). This model can be considered an extension of
106 the virtual GP developed by Li and colleagues [8].

107  Intercellular communication inference across the skeleton

108  Intercellular communication driven by ligand-receptor interactions is pivotal for the cellular
109  differentiation. Therefore, a wide variety of tools to infer intercellular signaling from scRNA-seq data
110  has been developed (reviewed in [20]). Here, we used CellPhoneDB [21] as it considers multimeric
111  receptor complexes when inferring ligand-receptor interactions. We analyzed Bone Morphogenetic
112 Protein (BMP) signaling taking place between the limb bud and the Apical Ectodermal Ridge (AER).
113 BMPs are members of the Transforming Growth Factor ligand superfamily and therefore signal through
114  atetrameric Type I-Type II receptor complex. Type I and Type Il BMP receptors are expressed across
115  the limb mesenchyme [22,23] and AER [22], which also acts as a source of BMPs [24]. However, due
116  to the multimeric character of the receptor complexes resulting in many different combinations, it is
117  impossible to experimentally determine which ligand-receptor pair is predominantly used. Screening
118  with CellPhoneDB drastically narrowed down the number of possible combinations. The analysis
119  revealed that the AER mainly signals to the limb bud through BMP4 and BMP7 (Fig. 3) and that BMP4
120  appears to favor binding a receptor complex containing BMPR2. Conversely, BMP signaling towards
121 the AER from the limb mesenchyme is predicted to be limited. Also noteworthy is that the favored
122 ligand-receptor combinations are largely invariable over time. In addition, the AER is predicted to be
123 capable of autocrine signaling.

124  Simulation of transcription factor perturbation

125  Developmental biology was the first field to tackle the monumental task of reconstructing gene
126  regulatory networks (GRNs). Historically, this was done through series of experiments in which
127  transcription factor (TF) activity was perturbed by gain- or loss-of-function. CellOracle [25] is a novel
128  algorithm designed for GRN inference from scRNA-seq data. In addition, it allows for perturbation of
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129  TF expression to predict resultant gene expression changes. To test if our dataset was amenable to this
130  type of analysis, we simulated an inactivation of Sox9, the master regulator of chondrocyte identity [26].
131  In our simulation, most mesoderm-derived cells were unable to contribute to the limb mesenchyme and
132 cartilage, while myogenesis and endothelial development were unaffected (Fig. 4a,b). Conversely,
133 unperturbed mesodermal cells progressed to both fates, as shown by the gradient of pseudotime or
134  developmental flow (Fig. 4c). Attractor basins created as a result of the Sox9 absence were then
135  visualized by the inner product of the perturbation and developmental flow vectors. The results are in
136  line with the findings in mice where in vivo inactivation of Sox9 renders mesodermal cells unable to
137  reach the chondrocyte state and causes accumulation of cartilage precursors, while progression into the
138  myogenic lineage is unimpeded [26].

139 DISCUSSION

140  The Skeletal Cell Atlas represents a manually curated compendium of over 800,000 cells across seven
141  datasets, of which we have shown its applicability in both data- and hypothesis-driven analyses. First,
142 the repository was demonstrated to enable marker gene discovery with remarkable specificity, as
143 demonstrated by the previously undescribed hindlimb-specific enrichment of 7bx20 and Postn in the
144  early limb bud. Additionally, we presented the unsupervised construction of a spatiotemporal map of
145  the GP, which correctly recapitulates the molecular cascades of GP development, by imposing boundary
146  conditions on the gradient descent of #~-SNE dimensionality reduction. Similar results have been obtained
147  previously by warping the principal component space [8]. Next, analysis of intercellular communication
148 by BMP signaling was able to shed light on a longstanding question in the field of limb development. It
149  is known that BMP signaling is required for AER regression, but not whether the AER, the mesenchyme
150 or both act as the source of those BMPs [24]. Based on CellPhoneDB’s cell-cell communication
151  inference, taking into account the subunit architecture of both ligands and heteromeric receptors [20,21],
152 our case study suggests the AER to be the dominant source. This finding does require further in vivo
153  validation. Lastly, we demonstrated that artificial knockout of Sox9 corroborates previous work
154  demonstrating the inability of Sox9-negative cells to differentiate into chondrocytes [26]. Given how
155  the expression of effectively any TF can be modulated to assess developmental outcome, the SCA
156  represents a valuable resource for both limb developmental biologists and skeletal biology researchers.

157  This meta-analysis does have limitations. The list of datasets used in its assembly is not exhaustive and
158  except for the MOCA, all cells are derived from the appendicular skeleton. Considering the different
159  developmental origin of the axial skeleton, it is very likely that some cell states and rare populations are
160  still missing. In addition, the current release is restricted to the healthy murine skeleton. We therefore
161  planto continuously update and extend the SCA, as data availability permits, towards the entire skeleton
162  in health and disease.

163  The goal of this study was to provide an initial reference of the musculoskeletal system. In future work,
164  this first version will serve as the basis of a collaborative effort to complete the atlas. All data, analyses
165  and code to replicate the figures are freely available. Our web portal is designed to be intuitive and to
166  allow browsing of the data at a glance. In short, the Skeletal Cell Atlas provides a framework with
167  characterization of most known cell populations in the skeleton and represents a foundation for future
168  studies in a wide variety of disciplines.
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169 MATERIALS AND METHODS
170

171  Data preprocessing

172 Quality control of the raw count matrices was performed for each individual dataset using scater [27].
173  Initial filtering was performed based on the library size and number of expressed genes per cell. Cells
174  more than three standard deviations away from the median of either metric were filtered out.
175  Subsequently, cells where the mitochondrial fraction of reads exceeded a proportion higher than three
176 standard deviations from the median mitochondrial fraction were removed. Finally, low-abundance
177  genes (expression lower than 1e-3) were filtered out and duplicate rows were removed if present.

178

179  Clustering and dimensionality reduction

180  All datasets were first analyzed individually prior to integration. The filtered count matrices were
181  imported into Seurat v4 [5]. Normalization was performed using the LogNormalize parameter and a
182  scale factor of le4. Subsequently, the data was centered and scaled using all genes followed by a
183  calculation of principal components (PCs) using the top 2000 highly variable genes selected by the “vst”
184  method. The optimal number of PCs to construct the Shared Nearest Neighbor (SNN) graph was visually
185  determined based on the scree plot and varied for each dataset. Clustering was performed using the
186  Louvain algorithm. The resolution was adapted to the individual dataset, where we defined the optimal
187  number of clusters as the maximum number of cell states that could confidently be labeled based on
188  marker gene expression. These marker genes were obtained from the FindMarkers function using the
189  default settings. The Uniform Manifold Approximation Plots (UMAPs) were calculated using the same
190  number of PCs as those used for the SNN graph.

191

192  Integration by reference mapping

193 The integrated atlas was constructed using Seurat v4 [5]. Anchors between all individual datasets were
194  identified using reciprocal PCA (rPCA). After passing these anchors to IntegrateData, the integrated
195 matrix was scaled, the first 30 PCs were calculated and used to construct the UMAP.

196

197  Pseudotime analysis

198  For pseudotime analysis of the growth plate, a subset of cells was taken from the atlas based on their
199  cell type labels (proliferative, prehypertrophic and hypertrophic chondrocytes). The subset was then
200 rescaled and UMAP projections were calculated using the first 20 PCs. Minimal distance was set to 0.5
201  and local connectivity to 1.5. This projection was then passed to monocle3 [12] using SeuratWrappers.
202  Clustering was performed on the resulting CellDataSet (CDS) object using the default parameters. The
203  trajectory graph was learned on the monocle-derived clusters by calling learn_graph.

204

205  Cell-cell interaction prediction

206  Prediction of cell-cell communication by ligand-receptor interactions between cell types was performed
207  using CellPhoneDB [21]. Results were separated into individual tables for each developmental time
208  point. Cell types not present at a specific developmental stage were removed to retain only biologically
209  meaningful interactions.

210
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211 Knockout simulation

212 For in silico knockout (KO) experiments in CellOracle [25], the atlas was subset to only include the
213  developmental time points. This Seurat object was then converted to AnnData format using sceasy
214  (https://github.com/cellgeni/sceasy). To reduce the amount of computational time and resources
215  required by a large dataset, 30,000 cells were randomly selected and only highly variable genes (n=1552)
216  were included. For gene regulatory network (GRN) inference, we used the built-in base GRN made from
217  the mouse sci-ATAC-seq atlas [28]. Following k nearest neighbors (KNN) imputation based on the first
218 71 PCs, GRNs were imputed for each cluster. To simulate KO of a transcription factor, its expression
219  was set to 0. After this KO, GRN inference was performed again. Signal perturbation propagation and
220 transition probabilities were calculated using the standard settings. Visualization of the pseudotime
221  gradient, simulation vector field and their inner product was performed as described in the CellOracle
222 online documentation.

223 Whole-mount in situ hybridization (WISH)

224  Making of digoxigenin-labeled RNA probes

225  The digoxigenin-labeled riboprobes were constructed from PCR probes generated by performing PCR
226  using primers with an attached T7 promotor sequence (Supplementary Table 2) and chick limb cDNA.
227  RNA isolation and cDNA conversion were accomplished by following the protocol of the RNeasy Mini
228  Kit (Qiagen) and the protocol of the PrimeScript™ RT reagent Kit (Perfect Real Time). Digoxigenin
229 (DIG) labeling was performed with the DIG RNA Labeling Kit (SP6/T7) (Roche, cat. no.
230 11175025910): 2 uL 10X Transcription buffer, 2 uL. 0.1M dithiothreitol, 2 uL. Nucleotide mix for DIG
231  labeling, 2 pL PCR product, 0.5 pL RnaseOut and 1.5 pL. T7 RNA polymerase were mixed in a total
232 volume of 20 puL. After 2 hours of incubation at 37°C, 2 pL. DNasel was added for 15 minutes at 37°C
233 to degrade the DNA template. 2 ulL Yeast tRNA and water were added to a total volume of 50 uL.. The
234 samples were mixed with 180 puL water, 50 pL 10M ammonium acetate and 400 pL. 100% ethanol. After
235 30 minutes of incubation on wet ice, they were spun for 20 minutes at 14000 rpm at 4°C. The supernatant
236  was removed, and the pellet was washed with 70% ethanol. The samples were spun a second time, the
237  supernatant was removed, and the pellet air-dried. The pellet was re-dissolved in 50 uL. water, aliquoted
238  and stored at -80°C.

239  Whole-mount in situ hybridization of chick embryos

240  Isolation of chicken embryos was performed at stages HH18 to HH28, fixed in 4% paraformaldehyde
241 (PFA) overnight and stored in methanol at -20°C. Embryos or limbs were bleached for an hour with 6%
242 hydrogen peroxide, rehydrated through a methanol series (100%-75%-50%-25%) for 10 minutes each
243 and washed in phosphate-buffered saline with 0.1% Tween20 (PBT). This was followed by a (100-150
244 pg/mL) Proteinase K treatment at room temperature (RT) for 10 minutes and the samples were re-fixed
245  with 4% PFA. Then, the embryos/limbs were hybridized with DIG-labeled riboprobes in hybridization
246  buffer (5X SSC pH 4.5; 50% formamide; 50 pg/mL yeast tRNA; 50 pg/mL heparin porcine) overnight
247  at 65°C.

248  On the second day of the whole-mount in sifu hybridization experiment, embryos/limbs were washed
249  for two times 30 minutes with solution 1 (50% formamide, 5X SSC pH 4.5, 1% sodium dodecyl sulfate
250 (SDS)) at 65°C, three times 5 minutes with solution 2 (0.5 M NaCl, 10 mM Tris-HCI pH 7.5, 0.1%
251  Tween 20) on a rocking plate at RT, two times 15 minutes with 100 pg/mL RNase A in solution 2 on a
252 rocking plate at RT, two times 30 minutes with solution 3 (50% formamide, 5X SSC pH 4.5) at 65°C
253 and three times with maleic acid buffer with 0.1% Tween20 (MABT) for 5 minutes at RT. The samples
254  were pre-blocked with 2% blocking reagent (Roche, cat. no. 11096176001) in 20% fetal bovine serum
255  (FBS) at RT and then incubated overnight at 4°C with a 1:1000 dilution of an alkaline phosphatase-
256  conjugated anti-DIG antibody (Roche, cat. no. 11093274910) in blocking solution. After several washes
257  in MABT, an additional washing step at 4°C was performed for 2 days. To limit the background signal
258  and internal phosphatase activity the embryos/limbs were washed with 2 mM Levamisole. The
259  coloration was achieved using BM purple AP substrate (Roche, cat. no. 11442074001) at 30°C. After
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staining, the samples were washed in 20 mM ethylenediaminetetraacetic acid (EDTA)/PBT, post-fixed
with 4% PFA overnight at 4°C and stored in 100% ethanol. Embryos were photographed using a
stereomicroscope (Zeiss). A minimum of three limbs per gene was assayed for reproducibility (n=3).

DATA AND CODE AVAILABILITY

All datasets used to generate the atlas are publicly available. Their accession numbers are listed in
Supplementary Table 1. The Skeletal Cell Atlas can be downloaded or interactively explored at
www.skeletalcellatlas.org. All code used to perform the analyses and notebooks to generate the figures
is available at https://github.com/HerpelinckT/SkeletalCellAtlas. The code to create the web app can be
found at: https://github.com/mbarzegary/skeletal-cell-atlas.
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270 FIGURE LEGENDS

271

272 Figure 1. An integrated compendium of skeletal cell types with detailed annotation. a, UMAP
273  visualization of 808,778 murine mesenchyme- and skeleton-derived cells, colored by annotation. b,
274  UMAP projection of cell type annotation of data taken from the MOCA. Arrow: early limb mesenchyme
275 enriched in hindlimb cells. ¢,d, WISH of marker genes for the cluster indicated in b in chick limbs at
276  HH26, demonstrating clear hindlimb specificity in early limb mesenchyme. FL: forelimb, HL: hindlimb.

277  Figure 2. Spatiotemporal reconstruction of the transcriptional dynamics within the growth plate.
278 a, UMAP visualization of the integrated GP data subset from the main atlas, colored by annotation (left)
279  and monocle3 pseudotime value (right). b, GP chondrocytes were grouped in 50 bins based on similar
280  pseudotime value. +-SNE dimensional reduction was performed on each bin, using a circle with radius
281 20 as the boundary condition for gradient descent, thus recreating the cylindrical shape of the GP upon
282  stacking of the bins. ¢, pseudotime analysis of known marker genes for different zones of the growth
283  plate in pseudotime-space (left) and average expression along pseudotime (right).

284  Figure 3. BMP signaling case study between AER and mesenchyme. Dotplot of predicted ligand-
285  receptor complex interactions. Within each time point, the AER is first assessed as a receiver of BMP
286  signal by evaluating expression of its receptor expression (blue). This is then inverted, testing for BMP
287  ligand expression in the AER (red) and to which receptor complexes it is likely to signal in the
288  mesenchyme (blue). Dot color indicates log, of average expression of ligand and receptor mRNAs. Dot
289  size reflects significance of the predicted interaction.

290  Figure 4. Sox9 KO simulation during development. a, reference annotation of developing limb data
291  used for KO analysis. b, vector field graph indicating cell trajectories after Sox9 KO. ¢, gradient of
292  pseudotime in the absence of perturbation. d, inner vectorial product of vectors in b and ¢. Red indicates
293  attractor states, while blue represents unlikely states.
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294 EXTENDED DATA FIGURES

295  Extended Figure 1. Individual datasets after reannotation. a-g, UMAP visualization of the
296  individual datasets with their updated annotations.

297  Extended Figure 2. Assessment of batch effects influencing integration. a-c, UMAP visualization of
298 the atlas after integration where neither research group (a) or sequencing technology (b) appear to affect
299  integration.

300 Extended Figure 3. Hindlimb-enriched mesenchymal cluster marker genes. a, Violin plot
301  comparing Tbx5, Thx4 and Pitx] showing enrichment of early hindlimb mesenchyme markers within
302 the cluster. b, expression of Thx20 and Postn, both predicted as marker genes for this cluster over time
303  showing the expression is relatively constant over multiple days of development and is specific to the
304  cluster, as shown in c.

305 SUPPLEMENTARY TABLES
306
307  Supplementary table 1: scRNA-seq datasets used to construct the Skeletal Cell Atlas.

308  Supplementary table 2: primer sequences used for WISH (related to Fig. 1).
309
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437 Extended Data Figure 3
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Supplementary Table 1

Study (database ID) Study Study (First, Last Author) Technology Age
(PMID)

SRP161714 30787437 Cao, Trapnell & Shendure sciRNA-seq3 E9.5, E10.5, E11.5, E12.5, E13.5
SRP188674 31130381 Baryawno, Regev & Scadden 10x 8-10 weeks
SRP278393 34260921 Sivaraj, Adams 10x P21
PRJEB33444 31543445 Bohm, Maes Smart-seq?2 E15.5
SRP122545 30250253 Debnath, Landau & Greenblatt CEL-seq2 P7
SRP067577 27160914 Li, Wu FluidigmC1 P7
SRP266397 32580935 Bian, Cahan 10x E12.5,E13.5,E14.5, E15.5
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444 Supplementary Table 2

445
Gene Forward primer Reverse primer
Tbx20 | ATTAACCCTCACTAAAGGGAGAAGCTCACGAAC | TAATACGACTCACTATAGGGAAAGTGGGGCCAGT
AACGAGC ACCTTG
Postn | ATTAACCCTCACTAAAGGGATGAGCCTGGTGTG | TAATACGACTCACTATAGGGTGTACTCAGTTCCA
ACAAACA GCTCCCT
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