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Abstract

Background: The development of the amniote limb has been an important

model system to study patterning mechanisms and morphogenesis. For proper

growth and patterning, it requires the interaction between the distal sub-apical

mesenchyme and the apical ectodermal ridge (AER) that involve the separate

implementation of coordinated and tissue-specific genetic programs.

Results: Here, we produce and analyze the transcriptomes of both distal limb

mesenchymal progenitors and the overlying ectodermal cells, following time-

coursed dissections that cover from limb bud initiation to fully patterned limbs.

The comparison of transcriptomes within each layer as well as between layers over

time, allowed the identification of specific transcriptional signatures for each of the

developmental stages. Special attention was given to the identification of genes

whose transcription dynamics suggest a previously unnoticed role in the context of

limb development and also to signaling pathways enriched between layers.

Conclusion: We interpret the transcriptomic data in light of the known develop-

ment pattern and we conclude that a major transcriptional transition occurs in dis-

tal limb buds between E9.5 and E10.5, coincident with the switch from an early

phase continuation of the signature of trunk progenitors, related to the initial prox-

imo distal specification, to a late intrinsic phase of development.
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1 | INTRODUCTION

The basic developmental plan of the tetrapod limb con-
sists of three main segments separated by joints. From

the body wall to the distal tip, they are referred to as the
stylopod (arm, thigh), the zeugopod (forearm, calf) and
the autopod (hand, foot). The stylopod and the zeugopod
contain one and two skeletal elements, respectively,
whereas the distal segment or autopod contains the mul-
tiple skeletal elements of the hand and foot including
digits and toes. This basic morphological organization is
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highly conserved across species despite the considerable
evolutionary variation of the hand/foot that adapted to
the multiple, environment-driven activities of the limb.

During limb development, these three limb segments
form progressively, in a proximal to distal sequence,
under the influence of the Apical Ectodermal Ridge
(AER), a thickened epithelium that rims the distal edge
of the growing limb bud and is characterized by the
expression of several members of the Fibroblast growth
factor (Fgf) family, of which Fgf8 is critical.1 The crucial
function of the AER was first revealed long ago by the
classical removal experiments performed in the chick
embryo by Saunders and collaborators.2 Removal of the
AER produced terminally defective limbs where the level
of truncation precisely correlated with the stage when
the AER had been removed.2-4 These experiments rev-
ealed for the first time that the limb segments formed
progressively, in a proximo-distal (PD) sequence and
established the AER as an inductor tissue essential for
limb development, contrary to the common assumption
at that time that the ectoderm was merely a passive and
protective structure.

In order to accommodate the results of the AER
removal experiments and thus to explain how various
mesodermal cells acquire their proper proximo-distal
information, Wolpert and colleagues proposed the “pro-
gress zone model”.4 This model posits that distal, sub-
apical mesoderm cells acquire progressively more distal
positional values as a factor of the time spent under the
influence of the AER in the most distal mesenchymal
region called the “progress zone” (PZ). However, the
thickness of the PZ has not been precisely defined and,
although several genes exhibit expression domains remi-
niscent of the PZ, amongst them Msx1, Nmyc, and
Tfap2a,5 a reliable and standard PZ marker is still cur-
rently unavailable.

The PZ model has been re-assessed several times
and the mechanisms and models whereby mesenchy-
mal limb progenitor cells acquire progressively more
distal fates are still subject to investigation and
debate.6-8 Studies in chick embryos support a “signal-
time model”,6 where the specification of the proximal
limb segment depends on signaling from the embry-
onic trunk, whereas the specification of the distal seg-
ments depends on the activation of an intrinsic timing
program that starts once the distal limb progenitors
are free of proximal signals due to the growth of the
bud.6,9,10 This intrinsic program involves the progres-
sive transition from a proximal to a distal mode of Hox
gene expression6,11 that has recently been proposed to
be regulated by a proximo-distal gradient of Meis pro-
teins under the control of FGF signaling coming from
the AER.7 However, transcript signatures acquired

over time and characteristic of progressively more dis-
tal limb progenitor cells have not yet been reported.

Classical tissue recombination experiments showed
that the limb bud AER of different developmental stage
were functionally equivalent.12,13 When the ectoderm
and mesoderm either from different stages, from various
limb types or even from different species were inter-
changed, limb development continued following the
dynamics and origin of the mesoderm compartment.14,15

These results were interpreted as the AER exerting a per-
missive role during limb development. However, the
analysis of several AER-Fgfs mouse mutants showed that
the Fgfs released by the AER cells regulate the transcrip-
tion of the proximo-distal regulators Meis1 and Meis2,
suggesting instead an instructive role over the underlying
mesenchyme.16

Here, to better understand the connections between
the AER and the underlying limb progenitors, we set out
to determine their gene expression profiles, separately
but simultaneously, during critical stages of limb devel-
opment. We thus generated temporal series of trans-
criptomes of the AER and try to integrate the datasets
with those of the underlying mesenchyme, micro-
dissected at the same stages. We report that a major tran-
sition in transcriptional activity occurs in distal limb buds
between E9.5 and E10.5, coincident with the switch from
an initial signaling activity, related to an early phase of
proximo distal specification, to a late intrinsic phase
of development. This major change is observed both in
the ectoderm and in the mesoderm indicating a parallel-
ism in transcriptional dynamics that fits with the strong
connection between both layers. We provide some
insights into the expression changes associated with the
morphogenetic capacity of limb progenitors and the
interaction with the distal ectoderm. Finally, our analysis
also identifies transcripts with as yet unknown role in
limb development such as Fgf3, Rprm, and components
of the Pdgfa and Hippo signaling pathways whose func-
tional implication remains to be characterized.

2 | RESULTS AND DISCUSSION

2.1 | Temporal series of distal limb
transcriptomes from progenitor cells and
the overlying ectoderm

To identify gene expression differences that could be
involved in the acquisition of progressive PD fates, we
generated the transcriptomes of both distal forelimb pro-
genitor cells and the overlying ectoderm at four stages of
mouse limb bud development. Due to the progressive PD
growth of limb buds, the analysis was restricted to the
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distal 150 μm; an approximation of the progress zone4

guided by previous fate mapping experiments in
chick.6,17,18 The 150 μm thick distal stripe was dissected
along with the AER and the two layers were separated by
a mild trypsin digestion (Figure 1A and Experimental
Procedures). The isolated mesoderm and ectoderm com-
partments were collected and processed separately. Two
biological replicates were collected per stage and each
ectoderm and mesoderm replicate were obtained from
the same batch of embryos.

This approach had two main advantages. First, it
enriched for the pool of undifferentiated progenitors
known to be positioned under the AER. Second, it per-
mitted the identification of the ectodermal specific fea-
tures. Thus, while many bulk transcriptomic studies of
the limb bud have been published (ie, 19-21), these gener-
ally included the whole limb bud and hence they con-
tained a heterogenous mix of specified and fully
differentiated cells. In these studies, it was also difficult
to identify and separate the ectodermal component, as it
only accounts for a very small proportion of the cells in
the bud. While recent single cell transcriptomics
approaches allowed for a clear distinction between ecto-
derm and mesoderm cells,22,23 our combination of bulk
RNA-seq with fine dissection to study different
populations with low noise and high sequencing coverage
remains valuable and informative.

We selected four different stages, E9.5, E10.5, E11.5,
and E12.5, which together span a wide period of limb
development and cover most of key morphogenetic
events. The E9.5 stage captures the early initiation of the
limb bud. At this time, the AER is forming but has not
yet acquired its mature morphology and position. The
E10.5 stage is an intermediate stage with a relatively sym-
metrical bud rimmed by a morphologically mature AER.
The E11.5 stage is characterized by the flattened and pad-
dle shaped hand plate in which digits condensations
start.24 To incorporate further temporal information, we
also included stage E12.5 with clearly discernible digit
condensations and the proximal phalanges being
formed.24 During E12.5 the regression of the AER has
already started in a discontinuous manner. While it
becomes undetectable over the interdigital spaces, it still
remains over the digit tips.25

Sequencing libraries were prepared from mRNAs of
each of the 16 collected samples and sequenced with
100-bp single-end read length resulting in an average of
at least 12 million reads per sample. Nearly 86% of the
reads mapped to unique loci and about 11 000 ensembl
ids (hereafter referred as genes) per sample were
expressed (FPKM above 1). Of the 53 837 genes present
in the gtf file, 13 651 (25%) were expressed in at least one
of our samples. Of the 21 773 annotated protein coding

genes, 12 572 (58%) were expressed in at least one of our
samples. Thus, more than half of the annotated protein
coding genes in the mouse genome are deployed during
the developing distal limb.

These transcriptomic profiling datasets were previ-
ously used to explore in details the expression of Hoxc
genes in the limb bud ectoderm26 (accession
no. GSE150702). We thus used these genes to control the
accuracy of the transcriptional profiles during limb devel-
opment, with respect to both the time and the tissue
layer, as well as by the absence of significant cross-
contamination between the ectoderm and the mesoderm
samples.26 In this study, we analyze these transcriptomes
more globally, using exclusively protein coding genes to
try to uncover important differences in gene expression,
which would accompany both the PD patterning events
during limb growth and the concomitant and necessary
mesoderm-ectoderm interactions.

When all samples were analyzed together, the Princi-
pal Component Analysis (PCA) expectedly showed that
the highest amount of variability (77%) separated the
samples by tissue (mesoderm or ectoderm), whereas
the second principal dimension (12%) separated the sam-
ples by stage (Figure 1B). Because the two biological rep-
licates for each condition clustered well together,
indicating biological reproducibility and statistical
robustness, a third replicate was not considered
necessary.

The second component separated the samples by
stage. In this axis, the plot showed that the transcrip-
tional changes between E9.5 and E10.5 were more notice-
able than those between E10.5 and E12.5, both in the
ectoderm and mesoderm samples. This revealed a major
transcriptional switch between E9.5 and 10.5, likely
reflecting the continuous interaction between the two
limb components. In addition, the limited/reduced vari-
ance that separated samples by stage (12%) compared
with the separation by tissue (77%), indicated that within
each embryonic layer, an important part of the trans-
criptome is shared throughout the time course analyzed.
Interestingly, a prominent transcriptional gap between
these two stages (E9.5-E10.5) is also detected in the whole
embryo by scRNA-seq.22

As expected, when the top 50 (positive X axis) and
bottom 50 (negative X axis) with higher impact on the
PC1 variance were considered and plotted in a heatmap,
most of the top 50 were expressed in the mesoderm layer
(Figure 1C) whereas most of the bottom 50 were
expressed in the ectoderm layer. The top 50 included
genes characteristic of the limb bud mesoderm such as
Fgf10, Prrx1, Twist1, Hand2, and several Hox genes. It
also included several genes encoding for hemoglobin
chains, which correlated with the presence of the blood
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FIGURE 1 Analysis of the temporal transcriptome of the distal limb progenitors and overlying ectoderm. (A) Schematic representation of the

procedure followed for sample collection. The distal band dissected for the analysis is delineated in red (top row). The separation between the

mesoderm and ectoderm is shown below. (B) Principal component analysis (PCA) plot using the log2(1 + FPKM) values of the 500 most variable

protein coding genes. PC1 separates the samples by tissue and PC2 by stage, these components explain 77% and 12% of the variance, respectively.

(C) Heatmap showing the log2(1 + FPKM) values of the top 50 and bottom 50 PC1 driving genes. (D) Gene ontology analyses showing five out of the

top 20 terms in Biological Process and Molecular Function categories for top 50 (left) and bottom 50 (right) PC1 driving genes. Note that the majority

of top 50 PC1 genes are expressed in the mesoderm samples and poorly expressed in the ectoderm samples and vice versa for the bottom 50 PC1

genes. (E) Heatmap showing the log2(1 + FPKM) values of the top 50 and bottom 50 PC2 driving genes. (F) Gene ontology analyses showing five out

of the top 20 terms in Biological Process and Molecular Function categories for top 50 (left) and bottom 50 (right) PC2 driving genes

FERNANDEZ-GUERRERO ET AL. 1553
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vessels in the subAER mesoderm. It is worth mentioning
here that the avascular zone (100 ± 20 μm) observed under
the ectoderm of the limb bud in chick is not observed in
mouse where blood vessels run immediately underneath
the AER. Conversely, the bottom 50 genes driving PC1 were
preferentially expressed in the ectoderm layer. Amongst
them were the best markers of limb ectoderm and of the
AER including Fgf8, En1, Sp6, Sp8, Wnt6, and Jag2, as well
as genes coding either for epithelial structural proteins such
as keratins (Krts), that is, Krt5 and Kr14 or for cellular adhe-
sion proteins such as cadherins and laminins (Figure 1C
and “Global_PC1_with_FPKM_values.xlsx” in Additional
files).

Accordingly, the Gene Ontology (GO) analysis of the
top 50 genes driving PC1 (associated to tissue factor)
showed a significant enrichment in GO Biological Pro-
cess (BP) terms related to limb morphogenesis and angio-
genesis (“angiogenesis”, “blood vessel development” and
“limb morphogenesis”). GO Molecular Function
(MF) related to blood cell function (“oxygen carrier activ-
ity” and “haptoglobin binding”) were also prominent
(Figure 1D). On the other hand, the bottom 50 genes
driving PC1 showed a significant enrichment in GO:BP
related to epithelial development (“morphogenesis of an
epithelium” and “epithelium development”) and GO:MF
related to epithelia function (“structural molecule activ-
ity” and “laminin binding”) (Figure 1D).

When the top 50 and bottom 50 genes driving PC2
(associated to developmental time) were considered
(Figure 1E), we noticed a large number of Hox genes
included. The GO analysis retrieved enrichment in GO:
BP terms typical of limb morphogenesis (“appendage
development” and “limb development”) in the top 50 and
skeletal development and patterning (“skeletal system
development” and “pattern specification process”) in the
bottom 50 (Figure 1F). GO:MF terms typical of transcrip-
tion factors/cell identity such (“sequence-specific DNA
binding” and “Double stranded DNA binding”) were
salient in both sets of top and bottom PC2 driving genes
(Figure 1F and “Global_PC2_with_FPKM_values.xlsx” in
Additional files). The abundance of Hox genes included
in these top and bottom 50 list, reflect their step-wise
activation along with limb PD specification.11

Therefore, not unexpectedly, this global analysis
showed that the major transcriptomic differences that
separated the mesoderm and ectoderm samples cor-
responded to the expression of tissue specific genes.
Amongst them, genes related to the differentiation of the
epidermis and of mesodermal specific cell types such as
those related to angiogenesis. This analysis also showed
that the transcriptomic differences across developmental
time were chiefly driven by well-known transcription fac-
tors, such as Hox genes for example.

2.2 | Differentially spliced exons
between ectoderm and mesoderm

Bulk RNA-seq dataset offer full-length transcript cover-
age allowing for the analysis of the prevalence and poten-
tial implications of alternatively spliced transcripts.
Indeed, our data permits the separate analysis of differen-
tial isoform expression between the ectoderm and the
mesoderm during limb development. In mammalian
genomes, it has been estimated that nearly all genes can
undergo alternative splicing, a process that could in the-
ory dramatically increase the arsenal of transcripts and of
potential functions carried by a single gene.27

In order to explore the differential exon usage
between ectoderm and mesoderm cells we applied the
DEXseq R package28 to our data. DEXseq uses a General-
ized Linear Model for each gene to fit the difference in
expression across conditions of every exonic part that
comprises the gene's isoforms, accounting for every alter-
native boundary based on a given transcript database.
This analysis extracted 1422 differentially used exonic
parts between the ectoderm and mesoderm at least in
one stage (a 0.5% of 285 926 total exonic parts retrieved),
of which 731 exonic parts were enriched in the ectoderm
and 691 in the mesoderm. These exonic parts corre-
spond to 1320 merged exons from 1693 transcripts of
644 genes (Figure 2A) (for the complete list refer to
“DEexonicparts_pc.xlsx” in Additional files).

While an in-depth analysis of alternative splicing is
beyond the scope of this manuscript, to validate our data
we show the significant differential exon usage of Fgfr2
between the MES and ECT samples. As can be seen in
Figure 2B, the exonic part 17, corresponding to exon 8, is
exclusively found in the ectoderm while the exonic part
16, corresponding to exon 9 is exclusive expressed in the
mesoderm. This confirms previous results showing spe-
cific expression of Fgfr2 isoform IIIb in ectodermal cells
and Fgfr2 isoform IIIc in mesoderm precursors
(Figure 2B). This mutually exclusive exon usage between
the two tissue layers is the reason why ectodermal cells
preferentially respond to Fgf10, whereas mesodermal
cells respond to Fgf8.29 Thus, our datasets offer the possi-
bility of analyzing differential exon usage during limb
development.

2.3 | Temporal dynamics of distal limb
bud progenitors' transcriptomes

To evaluate the relationships between the expression pro-
files of limb progenitor cells over time, we performed a
PCA only considering the mesoderm samples (Figure 3A).
When plotted along the first two components and in two
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dimensions, the first dimension (PC1), accounting for 72%
of the variance, clearly separated the samples by stage.
The second dimension, accounting for 20% of the variance
revealed the specificity of the E10.5 transcriptional signa-
ture, which appeared clearly separated from the E9.5
transcriptomes. In this PC2 dimension, the E11.5 samples

showed positioned between E10.5 and the early (E9.5) and
late (E12.5) stages, which were closer to one another
(Figure 3A, “MES_PC1_with_FPKM_values.xlsx” and
“MES_PC2_with_FPKM_values.xlsx” in Additional files).
The GO analysis of the top 100 genes driving PC1 identi-
fied GO:BP terms related to skeletal development and

FIGURE 2 RNA-seq differential exon usage between ectoderm and mesoderm. (A) Differential exon usage. Barplot showing the

number of exonic parts, merged exons, transcripts and genes with at least one exonic part differentially used between the ectoderm (ECT)

and mesoderm (MES) samples. The number of annotations that show at least one exonic part enriched either in the mesoderm, ectoderm, or

both (at least one enriched in each tissue) is also shown. (B) Differential usage of unique exons from the Fgfr2 locus. The graphs show the

expression of each exonic part as well as the differential usage of exonic part 16 and 17 between the mesoderm and ectoderm samples. The

exonic parts highlighted in purple represent significant differential exon usage. Note that exonic part 17 is practically restricted to the

ectoderm whereas exonic part 16 is practically restricted to the mesoderm. (C) Expression profiles of the Fgfr2 gene in the four stages

analyzed. Data were normalized to the million uniquely mapped reads and mean of duplicates is presented. Note that exon 8 corresponding

to exonic part 17 is only detected in the ectoderm samples while exon 9 corresponding to exonic part 16 is only detected in the mesoderm

samples (red frame)

FERNANDEZ-GUERRERO ET AL. 1555
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patterning (“skeletal system development” and “pattern
specification process”) and GO:MF terms related to DNA
binding functions (“sequence-specific DNA binding” or
“DNA-binding transcription factor activity”), suggestive of
high transcriptional activity (Figure 3B). As expected, this
enrichment of terms was comparable to those in the PC2
when all samples were analyzed (Figure 1D). Amongst the

GO:BP terms enriched in the PC2 top gene list in the
mesoderm samples, those related to limb morphogenesis
were salient (“forelimb morphogenesis”, “appendage mor-
phogenesis”) and amongst the GO:MF terms, there was an
enrichment in functions associated with growth factor sig-
naling pathways (“glycosaminoglycan binding”, “sulfur
compound binding”, “heparin binding” and “retinoic

FIGURE 3 Temporal dynamics of mesodermal gene expression. (A) Principal component analysis (PCA) plot of the 500 most variable

protein coding genes (FPKM values) in the mesoderm samples. PC1 separates the samples by stage (72% of the variance). PC2 (12% of the

variance) unveils the proximity between E9.5 and E12.5 samples. (B) Gene ontology analysis of the PC1 and PC2 top 100 driving genes

showing five out of the top 20 terms in Biological Process and Molecular Function categories. (C) Hierarchical clustering (Pearson

correlation coefficient) with heatmap (scaled and centered) of the expression profile of MES-DEGs in log2(1 + FPKM). According to the

temporal dynamics of expression, seven clusters were extracted and named Mes1 to Mes7 by their order of appearance from left to right in

the heatmap. A line chart with the mean values of the genes contained in each cluster is depicted at the bottom

1556 FERNANDEZ-GUERRERO ET AL.
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binding”) consistent with the specific activation of a set of
signaling pathways being involved in the large transcrip-
tional variations observed along PC2 (Figure 3B).

To gain insight into the gene regulatory networks reg-
ulating the progressive specification of the limb along the
PD axis, we examined the temporal pattern of changes in
gene expression in distal limb progenitors. We extracted
the differentially expressed genes (DEGs) in the meso-
derm samples using DESeq2, with a Likelihood Ratio
Test (LRT) on all the mesoderm samples. Genes with an
adjusted P-value below .05 were considered as signifi-
cantly differentially expressed. The resulting 3858 DEGs
in the mesoderm samples (MES-DEGs) were submitted
to hierarchical clustering and grouped into seven clus-
ters, according to their temporal expression profiles. The
clustered heatmap with the seven clusters, termed Meso-
dermal clusters 1 to 7 (Mes1 to Mes7), as well as the plots
of expression profiles are shown in Figure 3C.
The temporal dynamics in the expression profiles in dif-
ferent clusters showed either an stark initial drop and
subsequent maintenance in Mes1 (431 genes), a slight
initial increase followed by a steady decline in Mes2
(172 genes), a steady decline in Mes3 (1027 genes), a
small initial increase followed by significant increase in
Mes4 (1135 genes), a robust initial increase followed by a
modest increase in Mes5 (882 genes), and inverted V pro-
files peaking either at E10.5 in Mes6 (119 genes) or at
E11.5 in Mes7 (92 genes). The list of genes for each clus-
ter can be found in “MES_clusters_with_FPKM_values.
xlsx” in Additional files.

Since this clustering analysis reflects genes sharing
comparable expression dynamics, it may reveal poten-
tial gene networks regulating important transitory pro-
cesses during limb development. To further examine
this possibility, the list of genes belonging to each clus-
ter was subject to GO terms enrichment analysis and
five of the 20 most represented terms in the GO:BP and
GO:MF categories are shown in Table 1 (see also
“MES_and_ECT_clusters_Enriched_GO_terms.xlsx” in
Additional files). This analysis revealed a number of
features that can be accommodated with the cluster' tra-
jectories. Briefly, clusters Mes1 and Mes3, both with
maximal expressions at E9.5 (Figure 3C), were enriched
in terms associated with pattern specification (Mes1) or
high transcriptional and metabolic activity (Mes1 and
Mes3), both features of undifferentiated and pluripotent
cells.30 Conversely, both Mes4 and Mes5, with trajecto-
ries progressively upregulated over time (Figure 3C),
showed enrichment in GO:BP terms pointing to cell dif-
ferentiation (“cell differentiation” and “connective tis-
sue development”) and GO:MF terms related to the
establishment of the cytoskeleton and the extracellular

matrix (ECM) (“ECM constituent” and “cytoskeletal
protein binding”), thus connecting these categories to
the progressive aging of limb progenitors (Table 1).

The over-representation of GO terms in clusters
Mes2, Mes6, and Mes7, peaking at E10.5 or E11.5,
respectively, was less significant than in the other clus-
ters probably due to the smaller number of genes
included (Table 1). Nevertheless, enriched terms
related to modulation of signaling activities (“negative
regulation of signal transduction” and “hedgehog
receptor activity”) clearly emerged in cluster Mes6
(peaking at E10.5). Assigned to these GO categories
were genes such as Spry2, Dusp6, and Ptch1, which are
well-known targets and negative feedback regulators
of Fgf and Sonic Hedgehog (Shh) signaling, indicating
the high activity of these pathways in this intermediate
stage of limb development.

2.4 | Gene expressions associated with
early and late distal limb progenitors

It is well known that distal limb bud progenitors undergo
a progressive reduction in their morphogenetic capacity
along with development, despite their sustained proxim-
ity to the AER.6,31 To identify genes whose expression
dynamics would either positively or negatively correlate
with the ageing of these mesoderm cells, we analyzed
clusters Mes1 and Mes3, that is, those displaying down-
ward gene expression trajectories, and clusters Mes4 and
Mes5, that is, those showing upward gene expression tra-
jectories (Figure 3C).

The presence in clusters Mes1 and Mes3 of genes
expressed in undifferentiated cells was noteworthy in this
respect (Figure 4A,B). These included the pluripotency-
associated genes Lin28a and Lin28b,32,33 the early embry-
onic and stemness regulator gene Sall4,34-36 as well as
other regulators of pluripotency such as Fzd7.37 Lin28
genes have a well-recognized function as regulators of
pluripotency.38 LIN28 proteins are members of an RNA-
binding protein family, which function as posttranscrip-
tional regulators involved in developmental timing and
self-renewal in embryonic stem cells (reviewed in
Tsialikas and Romer-Seibert32). While previous expres-
sion of Lin28a had been described as very broad in the
early embryo and limb buds,39,40 whole-mount in situ
hybridization (WMISH) detected Lin28a and Lin28b
expression in early E9.5 forelimbs, yet not in subsequent
stages (Figure 4B), in agreement with the expression pro-
files of genes belonging to clusters Mes1 and Mes3. The
RNA-seq showed that the amount of Lin28a transcripts
declined more rapidly than those of Lin28b between E9.5
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and 10.5 (Figure 4A), thus placing these two genes into
two different clusters (Mes1 vs Mes3). However, the
Lin28b transcripts remaining at E10.5 were under
the WMISH detection level (Figure 4B). Transcripts
encoded by the Sall4 gene, also included in cluster Mes3

were detected by WMISH at E10.5 (Figure 4B), likely due
to a higher expression level when compared to Lin28b.

In contrast, as expected from the GO-term enrich-
ment analysis, genes involved in tissue differentiation
were over-represented in clusters Mes4 and Mes5

TABLE 1 Selected GO:BP and GO:MF from the top 20 enriched terms in mesoderm clusters

Cluster GO BP term P value GO MF term P value

Mes1 Anatomical structure morphogenesis 3.08E-26 Sequence-specific DNA binding 2.86E-12

Multicellular organism development 5.58E-25 DNA-binding TF activity 7.97E-12

Developmental process 1.84E-24 DNA-binding TF activity, RNA pol. II-specific 4.33E-11

Anterior/posterior pattern specification 2.72E-19 Transcription regulator activity 3.34E-09

Pattern specification process 1.76E-18 DNA - binding transactivator activity, RNA pol. II-
specific

3.39E-07

Mes2 Multicellular organism development 1.52E-07 Binding 5.19E-09

System development 4.30E-07 Protein binding 1.58E-06

Anatomical structure development 2.75E-06 LBD domain binding 1.40E-03

Developmental process 5.04E-06 Nucleic acid binding 1.58E-03

Cellular component organization 2.47E-05 Organic cyclic compound binding 2.01E-03

Mes3 Ribonucleoprotein complex biogenesis 1.71E-79 RNA binding 3.36E-46

Ribosome biogenesis 4.52E-76 Catalytic activity, acting on RNA 1.74E-34

Rrna metabolic process 1.73E-57 Catalytic activity, acting on a trna 1.19E-23

RNA processing 6.56E-57 Snorna binding 5.74E-15

Gene expression 1.70E-43 Transferase activity, transferring one-carbon groups 1.03E-13

Mes4 Anatomical structure development 1.51E-27 Protein binding 4.08E-16

Regulation of cell differentiation 6.72E-25 Calcium ion binding 1.14E-09

Cell differentiation 4.15E-24 Extracellular matrix structural constituent 7.63E-09

Tissue development 1.52E-22 Cation binding 2.33E-08

Connective tissue development 3.49E-19 Metal ion binding 2.76E-08

Mes5 Anatomical structure development 6.15E-17 Cytoskeletal protein binding 6.84E-11

Movement of cell or subcellular
component

2.77E-15 Actin binding 2.01E-07

Cell differentiation 2.66E-14 Actin filament binding 2.08E-06

Cellular developmental process 5.60E-14 Phospholipid binding 1.08E-05

Cell morphogenesis 1.72E-13 Microfibril binding 1.37E-04

Mes6 Anatomical structure morphogenesis 1.38E-08 Hedgehog receptor activity 1.14E-04

System development 3.82E-08 Smoothened binding 1.24E-04

Negative regulation of signal transduction 4.34E-08 Transmembrane-ephrin receptor activity 1.73E-04

Negative regulation of cell
communication

7.33E-07 Glycosaminoglycan binding 1.89E-03

Negative regulation of signaling 7.79E-07 Lysophospholipid:sodium symporter activity 3.95E-03

Mes7 Tissue development 7.10E-10 Frizzled binding 4.34E-06

Animal organ development 1.50E-09 Cadherin binding involved in cell–cell adhesion 1.10E-04

Multicellular organism development 2.02E-08 Protein binding 6.08E-04

Anatomical structure development 3.80E-08 DNA-binding TF activity, RNA pol. II-specific 1.53E-03

System development 5.07E-08 Chromatin binding 1.62E-03
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FIGURE 4 Clusters with upward and downwards gene expression trajectories and transcription factor expression profiles. (A) Heatmap with log2

(1 + FPKM) values (A) andWMISH (B) of selected relevant genes associated to early (clusters Mes1 and Mes3) or late (clusters Mes4 and Mes5) limb

progenitors. (B) WMISH showing the expression pattern in the stages of interest are steadily upregulated over time and genes in Mes5 experience an

initial sudden activation and are subsequently steadily upregulated onwards. (C) Heatmaps of selected relevant transcription factor peaking in E9.5

(clusters Mes1 and Mes3). (D) WMISH showing representative expression patterns of the genes indicated in bold and marked with an asterisk in the

heatmaps. (E) Heatmaps of selected relevant transcription factor peaking in E10.5 (clusters Mes2 and Mes6). (F) WMISH showing the expression patterns

of Zic2 as a representative gene of these clusters. (G) Heatmaps of selected relevant transcription factor with maximal expression at E12.5 (clusters Mes4

and Mes5). (H) Expression of Dlx5 and Tle3 as representative of these clusters. Note the coherence between the expression pattern and the heatmap

profiles. All pictures are dorsal views of limb buds of the indicated stage. Anterior is to the top and distal is to the right. Scale bars are 500 μm
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(“MES_clusters_with_FPKM_values.xlsx” Additional
files). Genes known to regulate chondrogenic differentia-
tion and limb skeletal, digit and joint morphogenesis
including Bmp2, Col2a1, Gdf5, and Nog were present in
cluster Mes4, which was characterized by upward trajec-
tories over time, more pronounced from E10.5. Two
members of the retinoic acid pathway, Rarg and
Cyp26b141 were also identified in cluster Mes5
(Figure 4A,B), probably reflecting their involvement in
skeletal patterning.42

In support of this, clusters Mes4 and Mes5 contained
a large number of structural genes including several col-
lagen genes (Col1a1, Col5a1, Col9a3, Col24a1, Col4a5,
Col12a1, Col16a1, Col6a3, Col8a1), non-muscle myo-
sins (Myo1e, Myo1d, Myh9), integrins (Itga2, Itga11,
Itga6, Itga8), and Arhgef genes(Arhgef28, Arhgef3,
Arhgef9, Arhgef19, Arhgef6, Arhgef26, Arhgef40,
Arhgef17, Arhgef5, Arhgef10l, Arhgef37, Arhgef10). The
latter genes code for Rho-guanyl exchange factors
involved in the activation of Rho, a major regulator of
the cellular actin cytoskeleton.43,44

Particularly striking was the presence in cluster Mes4
of the Reprimo gene (Rprm, assigned to the GO:MF “pro-
tein binding” term), a tumor-suppressor gene implicated
in p53-mediated cell cycle arrest.45 As it is known that
the ratio of distal progenitors in G1 raises over time,6 we
analyzed its expression pattern during limb development.
Rprm transcripts were first detected by WMISH at E11.5,
indicating expression below detection level at earlier
stages (Figure 4A,B). From E11.5 onwards, Rprm was
detected in the distal-anterior mesoderm and, at 12.5, in
the whole digit 1 area and the basis of digits 2 to 4. This
polarized and anteriorly restricted expression pattern of
Rprm does not support a function in controlling the cell
cycle of distal progenitors. Furthermore, Rprm is thought
to function in G2 arrest, while the growth deceleration of
limb progenitors is associated with an elongation of the
G1 phase.6,46 However, Rprm function in cell cycle has
not been completely established45,47 and an alternative
role in cell death control has also been proposed for this
gene.48 Further studies in the developing limb bud sys-
tem may help clarify these issues.

Collectively, our data show the progressive loss of
stemness state and increase in skeletal specification of
the distal limb progenitors over time. This is in contrast
with the current assumption that the distal mesoderm
remains undifferentiated as long as being under the influ-
ence of the AER. Amongst the genes that could poten-
tially contribute to the stem cell-like state of the early
progenitors, Lin28 appear as good candidates, as also
observed in chick limb buds.46 A recent study revealed
that Hoxb13 and Hoxc13 genes terminate the expansion
of tail bud progenitors in mice, at least in part by

inhibiting the expression of Lin28 genes.40 Whether a
similar regulatory mechanism between Hox13 paralogs
(in this case Hoxa13 and Hoxd13) and Lin28 genes occurs
during limb bud development, remains open. The pro-
gressive activation of the chondrogenic program over
time in distal limb mesoderm correlates with the progres-
sive increase in Bmp signaling,19,46,49 as well as with the
progressive loss of AER activity and its concurrent nega-
tive effect on the cytodifferentiation of limb mesenchy-
mal cells located underneath.50

2.5 | Stage-specific transcriptional
signatures of distal limb progenitors

We also asked whether the limb progenitors carry spe-
cific transcriptional signatures associated to their
proximo-distal states of specification. To identify develop-
mental stage-specific gene expression patterns, we further
explored the list of genes with expression profiles peaking
at each stage, focusing on TFs as determinants of cellular
identity by intersecting the lists of genes in each cluster
with a curated set of mouse genes coding for transcrip-
tion factors51 (“MES_clusters_with_FPKM_values.xlsx”
in Additional files).

Amongst the 76 TFs included in the Mes1 cluster, a
large set of Hox genes including Hoxd1, Hoxb1 to 9 and
several 30 members of the HoxA and HoxC clusters stood
out (see the heatmap in Figure 4C). The expression of
these Hox genes was mostly restricted to E9.5 and
undetectable subsequently, as shown for Hoxc4 in
Figure 4D. Mes1 also included several TF with well docu-
mented roles in the development of the proximal limb,
for example the Irx3,5,52 Meis1,2,53,54 Pbx1,3,55 and
Emx256 (Figure 4C). Meis1 and Meis2 are well-known
markers of the proximal limb segment and inactivation
studies have demonstrated their essential function during
trunk development and forelimb formation, as well as
their involvement in proximo-distal limb patterning.7,57

Pbx and Emx2 are members of the regulatory networks
acting during shoulder girdle development.56 The expres-
sion of these genes in the early E9.5 distal limb bud pro-
genitor cells provide additional validation to our datasets
and confirms the stylopod specification state of these
progenitors.

Moreover, a set of genes known to be transcriptional
targets of Retinoic Acid (RA) in the trunk, including
Cdx1, Nr2f1, Nr2f2, and Rarβ57 were also spotted in clus-
ter Mes1 (Figure 4C). Nr2f1, Nr2f2, and Rarβ are nuclear
RA receptors (RARs) that bind DNA sequences known as
RA response elements (RAREs) as a heterodimer com-
plex with retinoid X receptors (RXRs). Cdx1 gene is a
member of the caudal-related homeobox transcription
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factor family involved in growth of embryonic posterior
axial progenitors. Interestingly, Cdx1 is included in all
the top 5 GO:BP enriched terms in Mes1 (Table 1). The
expression of these RA transcriptional targets in the distal
progenitors of the E9.5 forelimb bud (Figure 4D) indi-
cates that RA signaling reaches the distal tip of the early
bud and underscores the commonalities between the
early limb bud and trunk progenitor cells.

Another group of TFs showing an expression peak at
E9.5 were included into cluster Mes3 due to their less
abrupt decay than that occurring in the Mes1 cluster
(Figure 4C). Amongst those are Alx3 and Alx4, which are
markers of the proximal anterior mesoderm, and another
set of 3'Hoxa and Hoxd genes including the stylopod-
associated genes Hoxa9 and Hoxd9 and Shox2. As previ-
ously reported, the expression patterns of all these genes
fit well with their known function in limb development58

(Figure 4D). Shox2 and Hox genes have related spatial
expression dynamics, with Shox2 expression restricted to
the proximal limb along with Hoxd9 and Hoxa11.59

In summary, the transcriptional signature of the early
(E9.5) limb progenitors is dominated by three predomi-
nant features: stylopod-associated markers, RA respon-
sive genes and 3' Hox genes of all clusters. Overall, this
signature indicates an extension, in limb progenitors, of
the identity of trunk progenitors, from which they
derive.57 It also shows that RA signaling reaches the dis-
tal tip of the early bud, an observation further supported
by the expression of several RA targets in the early limb
bud ectoderm (see below).60 Some of these factors are
abruptly downregulated from E9.5 onwards (Mes1) in the
distal limb progenitors, whereas others slowly decline
over time (Mes3). Amongst the formers are the stylopod
associated genes that remain expressed in the
stylopod cells, while in the latter are Shox2 and Hox9
paralogs, gradually transitioning to the distal limb bud
developmental program.

To analyze the TF coding genes expressed with a peak
at E10.5, we focused on clusters Mes2 and Mes6, which
contained only 19 and 12 TFs, respectively. Noteworthy,
cluster Mes2 contained Hoxa11, a known marker for
zeugopod cells, which is also highly expressed in E9.5
and peaking at E10.5 (Figure 4E). Other TFs with highest
transcript levels at E10.5 included Sall3 in Mes2, and
Sall1 and Zic2 in Mes 6 (Figure 4E,F). These latter genes
participate in autopod development, in particular Sall1
and Sall3 in digit specification through Hox gene modula-
tion61,62 and Zic2 in the morphogenesis of the wrist and
ankle.63 Accordingly, the temporal WMISH of Zic2 shows
its peaking in E10.5 distal progenitors and posterior
restriction to the wrist (Figure 4F). Clusters Mes2 and
Mes6 also contained several genes coding for members of
the Ankyrin repeat domain protein family (ARDPs)

including Ankrd6, Asb4 and Kank2 (Figure 4E). ARDPs
are wide-spread structural proteins mediating protein-
protein interactions in all phyla.64,65 These proteins play
a role in processes including transcriptional regulation,
cytoskeletal organization and cell cycle progression.65,66

Asb4 is expressed in the distal anterior mesoderm and
negatively regulated by Shh.67 Ankrd6 and Kank2 also
show patterns of expression expected for genes belonging
to the Mes6 cluster (EMBRYS database of embryonic
gene expression.38,67 Therefore, the analysis of the TFs
with maximal expression in E10.5 progenitors confirmed
their specification to the zeugopod state. However, the
presence in this cluster of other TFs whose perturbations
preferentially impact the development of the autopod
may reflect a mixture of cells specified for zeugopod and
autopod in the distal tip of the E10.5 limb bud or, alterna-
tively, transitional states expressing zeugopod and
autopod genes. Single cell analysis would be very helpful
to clarify this point.

We then searched for TF coding genes with a maxi-
mal expression at E11.5 (Mes7) and found little or no
results, except for the Gli1 and dHand2 genes whose
highest expressions at this stage were interpreted as a
consequence of the anterior expansion of their expression
domains reflecting progression of AP patterning. We note
that several TFs typical of the ectoderm were found in
this cluster, revealing a contamination of one of the
E11.5 samples. However, this contamination was mini-
mal considering the low expression values observed
(highest FPKM = 0.409, corresponding to Hoxc13 in the
mesoderm).

To determine the specific transcriptional signature of
late E12.5 progenitors, which are generating the
digits68,69), we concentrated on the TF coding genes
included in clusters Mes4 and Mes5 and identified
128 and 75, respectively. GO:BP enriched terms in these
clusters were associated with cell differentiation and spe-
cialization (Table 1). Although chondrogenesis or skeletal
differentiation was not specifically pointed out in the GO
enrichment analysis, a manual revision identified many
genes with known role in these processes. Thus, Sox9, a
major regulator of chondrogenesis, Sox5, Sox6, Msx1,
Msx2, and the early osteoprogenitor marker Runx2
(Figure 4C) were found in cluster Mes4 and Sp7 (Osterix)
and Dlx570,71 in Mes5 (Figure 4D). The temporal WMSIH
analysis for Dlx5 corroborated its steady increased expres-
sion over time in distal cells (Figure 4H).

Yet the hallmark genes in cluster Mes5 were the most
50 Hoxa and Hoxd genes including Hoxa13, the best
marker of the autopod and Hoxd11-13, which are impor-
tant regulators of digit patterning (Figure 4G). The tran-
scription factor signature of the late limb bud progenitors
is thus characterized by the expression of markers of
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chondrogenic and osteogenic differentiation and a high
expression of 5' Hoxa and Hoxd genes, in particular the
Hox13 paralogs. In addition, several members of
the transducin-like enhancer of split (TLE) family of
transcriptional corepressors (also known as Groucho-
related genes) including Aes (Tle5), Tle1, Tle3, and Tle4
were found in cluster Mes5 (Figure 4G,H). Some of these
factors function as transcriptional co-repressors to nega-
tively regulate Wnt signaling72 and could thus participate
in the Wnt dependent modulation of the chondrogenic
differentiation in distal cells.50 The progressive increase
in Tle3 expression level in the distal limb progenitors is
observed in the temporal WMISH (Figure 4H).

Consequently, gene-expression signatures of early-
phase and late-phase limb progenitors were associated
with the first and second phase of Hox gene expression.11

Recently a possible mechanism to link progression in PD
specification and Hox gene expression has been proposed
based on a PD gradient of Meis proteins.7 In the emerg-
ing bud, Meis expression correlates with RA signaling.
When RA signaling is distally repressed by Fgf-mediated
induction of Cyp26b116,41,54 the stability of Meis proteins
generates a continuous PD gradient that somehow
impact the expression of Hox genes.7

2.6 | Temporal transcriptome dynamics
of the distal limb bud ectoderm

To evaluate the relationship between the expression pro-
files of distal ectodermal cells over the stages analyzed,
we performed a PCA including only the ectoderm sam-
ples (Figure 5A). Noteworthy, the ectodermal region con-
cerned in this study corresponds to the ectoderm
covering the distal 150 μm of the limb bud. This region
includes the AER and the flanking dorsal most and ven-
tral most ectoderm (Figure 1A, Experimental Proce-
dures). Within this region, the AER is the predominant
component and signaling center and hence this is the cell
cluster where important changes in gene expression are
postulated to occur.

Similar to the situation with the mesodermal samples,
the first dimension (PC1), which accounted for 67% of
the variance, separated the samples by developmental
stage. The second dimension, accounting for 17% of the
variance, distributed the samples in identical pattern as
the mesodermal samples, underscoring the singularity of
the E10.5 stage and the parallel transcriptional dynamics
between the two limb components probably reflecting
the strong connection between them (Figure 5A, com-
pare with Figure 3A).

The GO analysis of the top 100 genes driving PC1
identified GO:BP terms related to developmental

processes and to RA metabolism (“anatomical structure
development” and “RA catabolic process”) and GO:MF
terms related to TF functions and RA binding (“DNA-
binding transcription factor activity” and “RA binding”)
(Figure 5B and “ECT_PC1_with_FPKM_values.xlsx” in
Additional files). The GO:BP terms enriched in the PC2
top gene list were generic and less informative (“append-
age morphogenesis”, “limb development”) while the GO:
MF were enriched in terms related to growth factor activ-
ity (“growth factor receptor binding” or “growth factor
activity”) (Figure 5B and “ECT_PC2_with_FPKM_values.
xlsx” in Additional files). Therefore, the aging of distal
ectodermal cells (PC1) was strongly associated with the
progressive removal of RA signaling, whereas the differ-
ences between stages (PC2) seemed to rely on the specific
patterns of growth factor activity.

2.7 | Gene expression dynamics in the
distal ectoderm

To gain insight into the temporal dynamics of AER sig-
naling, we extracted the genes differentially expressed
in the various ectoderm samples and used the same
pipeline as applied to mesoderm cells. We qualified
2444 genes that were differentially expressed in the
ectoderm across stages (ECT-DEGs). The ECT-DEGs
(“ECT_clusters_with_FPKM_values.xlsx” in Additional
files) were grouped into six clusters according to their
temporal expression profiles. The clustered heatmap
with the six clusters, termed Ectodermal clusters 1 to
6 (Ect1 to Ect6) and the plots of the expression profiles
are shown in Figure 5C. Briefly, the gene expression tra-
jectories in these clusters either followed a steadily
increase over time (Ect1; 1069 genes), an initial strong
increase followed by maintenance (Ect2; 323 genes), a
maxima at E10.5 (Ect3; 224 genes), an initial dramatic
decrease followed by maintenance (Ect4; 83 genes), a
stable expression followed by an abrupt drop (Ect5;
45 genes) or a steadily decrease (Ect6; 685 genes).

To explore the functional relevance of these trajectories,
the list of genes in each cluster was subject to GO analysis.
Five out of the 20 over-represented terms are shown in
Table 2 (“MES_and_ECT_clusters_Enriched_GO_terms.
xlsx” in Additional files). In agreement with the upward
profiles displayed in clusters Ect1 and Ect2, the enriched
GO terms associated with cell differentiation, maturation of
the ECM structure and cytoskeleton, and regulation
of adhesive properties (“cell differentiation”, “extracellular
matrix structural constituent” and “cell adhesion”). The GO
analysis in the set of genes in cluster Ect3, whose RNAs
were at maximum at E10.5, showed enrichment in GO:BP
terms such as “cell surface receptor signaling pathway”,
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“cell-cell signaling” and “signaling receptor binding”
reflecting the high signaling activity in the E10.5 limb bud
ectoderm. Similarly, GO:MF enriched terms in cluster Ect3
included “fibroblast growth factor receptor binding” and
“frizzled binding” matching the expression peak of several
AER-Fgfs (Fgf8, Fgf4, and Fgf17) and several Wnt ligands
(Wnt8a, Wnt5a, Wnt10b, and Wnt10a), thus providing a
potential explanation for the singularity of the E10.5 stage
observed in PC2. Cluster Ect4, including genes with

maximal expression at E9.5, was enriched in terms related
to “stem cell differentiation”, “skeletal system morphogene-
sis” and TF activity. This surprising enrichment in skeletal
morphogenesis is driven by the expression of genes with
known functions in skeletal patterning such as Sox9,
Meis1/2, and 3'Hox genes, but whose ectodermal domains
are rather linked to the maintenance of pluripotency and
RA signaling.73 Genes in cluster Ect5, steeply decaying from
E11.5, associated with appendage morphogenesis and

FIGURE 5 Temporal dynamics of ectodermal gene expression. (A) Principal component analysis (PCA) plot of the 500 most variable

protein coding genes (FPKM values) in the ectoderm samples. PC1 separates the samples by stage (67% of the variance). PC2 (17% of the

variance) distributes the samples following the same pattern as in the mesoderm. (B) Gene ontology analysis of the PC1 and PC2 top

100 driving genes showing five out of the top 20 over-represented GO terms in Biological Process and Molecular Function categories.

(C) Hierarchical clustering (Pearson correlation coefficient) with heatmap (scaled and centered) of the expression profile of ECT-DEGs in

log2(1 + FPKM). According to the temporal dynamics of expression, six clusters were extracted and named Ect1 to Ect6 by their order of

appearance from left to right in the heatmap. A line chart with the mean values of the genes contained in each cluster is depicted at the

bottom
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development and transcriptional activity while genes in
cluster Ect6, with downward trajectories, associated with
the negative regulation of biological, cellular processes and
retinoid binding, supporting the decreasing reception of RA
observed over time in the distal limb bud.

In summary, the temporal transcriptomes of the distal
limb bud ectoderm revealed two separate aspects. First a
progressive epidermal differentiation trend and second,
a peak of signaling activity at E10.5. These two aspects

probably reflect the mixture of surface ectoderm and the
specialized AER in our samples. Indeed, scRNAseq of
the autopod of stage HH25 chick wing buds distinguished
two subclusters of “skin” cells one corresponding to the
surface skin and the other to the AER.23 All AER-Fgfs
showed a maximal expression at E10.5, with Fgf8, Fgf4,
and Fgf17, included in cluster Ect3, and Fgf9 in cluster
Ect2, since despite peaking at E10.5, it was still
maintained at subsequent stages. The decay in RA-

TABLE 2 Selected GO:BP and GO:MF from the top 20 enriched terms in ectoderm clusters

Cluster GO BP TERM P value GO MF TERM P value

Ect1 Anatomical structure morphogenesis 1.64E-30 Extracellular matrix structural constituent 1.96E-11

Biological adhesion 2.02E-22 Calcium ion binding 6.77E-11

Cell adhesion 4.88E-22 Cell adhesion molecule binding 3.85E-10

Cell differentiation 5.35E-20 Structural molecule activity 1.47E-09

Regulation of cell communication 1.78E-17 Cytoskeletal protein binding 1.73E-06

Ect2 Tissue development 6.10E-11 Protein binding 4.09E-06

Anatomical structure development 2.90E-09 Calcium ion binding 1.62E-04

Cell differentiation 3.12E-09 Extracellular matrix structural constituent 6.96E-04

Cellular developmental process 6.54E-09 Ephrin receptor activity 1.19E-03

Regulation of cell differentiation 8.35E-08 Transmembrane receptor protein tyrosine kinase activity 1.45E-03

Ect3 Cell surface receptor signaling pathway 6.03E-15 Fibroblast growth factor receptor binding 1.37E-07

Cell–cell signaling 4.83E-12 Growth factor activity 5.48E-07

Cellular developmental process 7.04E-11 Growth factor receptor binding 8.13E-07

Regulation of cell communication 1.45E-09 Signaling receptor binding 4.54E-06

Regulation of signaling 1.80E-09 Frizzled binding 1.91E-04

Ect4 Animal organ morphogenesis 9.82E-10 Sequence-specific DNA binding 3.44E-08

Stem cell differentiation 1.39E-09 RNA pol. II transcription regulatory region sequence-
specific DNA binding

6.62E-06

Skeletal system morphogenesis 1.86E-08 Regulatory region nucleic acid binding 1.36E-05

Developmental process 1.05E-07 DNA binding transcription activator activity, RNA pol.
II-specific

2.07E-05

Embryonic skeletal system development 1.49E-07 Protein binding 2.16E-05

Ect5 Anatomical structure morphogenesis 0.00E+00 RNA pol. II transcription regulatory region sequence-
specific DNA binding

1.54E-06

Embryonic limb morphogenesis 4.35E-11 Transcription regulatory region sequence-specific DNA
binding

2.75E-06

Embryonic appendage morphogenesis 4.35E-11 Regulatory region nucleic acid binding 2.87E-06

Appendage development 9.85E-10 Sequence-specific double-stranded DNA binding 4.31E-06

Limb development 9.85E-10 DNA-binding TF activity, RNA polymerase II-specific 3.64E-04

Ect6 Developmental process 7.09E-24 Protein binding 1.43E-15

Cellular developmental process 1.79E-17 DNA-binding TF activity 2.60E-09

Cell differentiation 9.71E-17 Ion binding 9.14E-09

Negative regulation of cellular process 2.58E-16 Catalytic activity 2.27E-06

Negative regulation of biological
process

2.87E-16 Retinoid binding 6.25E-06
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responsive genes, on the one hand, concomitant with the
raise of AER-Fgfs signaling, is consistent with the previ-
ously proposed mutual antagonism between RA signaling
and AER-Fgf expression.54

The Fgf peak of expression in the ectoderm fits nicely
with the peak of mesodermal expression of Dusp6 and
Spry2 (Mes6), the best-known readouts of Fgf
signaling,74,75 suggesting that not only Fgf transcription
but also Fgf signaling peaks at E10.5 (see also Figure 7C).
Interestingly, a similar decay in Dusp6 and Spry2 expres-
sion from HH24 (equivalent to E10.5) onwards was also
observed in chick (Pickering et al. 2018). In this regard, it
is interesting to consider that limb bud development is
controlled by a self-regulatory Shh/Gremlin1/Fgf positive
feedback signaling system.76 It was proposed that the ter-
mination of limb outgrowth depends on the progressive
increase in the level of AER-Fgfs that are able to repress
Grem1 in a dose-dependent manner77 eventually leading
to the breakdown of the Shh-Grem1-Fgf loop. However,
this proposal cannot be easily reconciled with our data
showing that AER-Fgf expression and signaling peaks at
E10.5 that is, well before limb patterning terminates. Our
data may instead favour the recently proposed intrinsic
progressive increase in BMP signaling described in
chick.46 This intrinsic activation of BMPs is possibly
mediated by Hoxa13, as Hoxa13 can bind to regulatory
regions of Bmp2 and Bmp7 and activate the expression of
these genes.78

Finally, our results clearly show that the transcriptome
of the ectoderm is not equivalent across stages. Because of
the mixing of surface ectoderm (dorsal and ventral most
region) and AER cells in our samples, we can envisage that
part of the ectoderm transcriptional changes corresponds
to the epidermal differentiation and part to the specific
activity of the AER. Even considering only the expression
of AER signaling factors, our data does not support a func-
tional equivalence between stages as has been shown by
heterochronic recombination experiments in chick. A par-
simonious explanation for this discrepancy is that the func-
tional equivalence of the AERs of different stages relies on
the AER ability to immediately respond to the mesoderm
influence as previously suggested.6 In this view, the limb
progenitors would not only maintain the AER but exert an
instructive effect on it by directing its transcriptomic pro-
file and contributing to the intimate connection between
the two limb components.

2.8 | Major transcriptional shift between
E9.5 and E10.5

The profiles of clusters Mes1, Mes2, Mes5, and Mes6
(Figure 3C) and Ect2, Ect3, and Ect4 (Figure 5C) showed

a pronounced change in expression level between E9.5
and E10.5, indicating a major transition in transcriptional
regulation occurring between these two stages in the dis-
tal limb bud. This is in line with the marked separation
between E9.5 and E10.5 samples observed in the PCA
plots (Figures 3A and 5A). Furthermore, when compar-
ing between successive stages, the number of DEG in the
E9.5 vs E10.5 was substantially larger than in the other
comparisons (Figure 6A).

We interpreted the transcriptional shift between
E9.5 and E10.5 as reflecting a change from an early
transcriptional profile that is mostly a continuation of
trunk progenitors and that includes expression of a
battery of 3' Hox genes,57 to a later limb specific tran-
scriptional signature characterized by the starting of
the second phase of Hox gene expression including
Hoxa13 and Hoxd13. This key transcriptional inflec-
tion point fits with the switch from an early phase of
PD patterning specifying the stylopod that relies on
signaling9,10 to a second phase in which more distal
positional values are progressively specified in an
intrinsically timed manner possible mediated by the
loss of Meis proteins.6,7 Overall, our results support a
relevant role for Hox genes as modulators of PD pat-
terning in limb development. Interestingly, the analy-
sis of the temporal transcriptome of the limb bud at
single cell resolution also concluded that the transition
from an early to a late signature largely relied on the
progression of the HoxA and HoxD clusters.79

2.9 | The developmental program of the
limb bud ectoderm

To learn more about the transcriptional dynamics over
time in the ectodermal limb component, we assessed the
number of genes enriched in each tissue layer at any
given developmental stage. We found 3452 genes signifi-
cantly enriched in at least one stage (P-adj < .05 and
log2FC > 1.5), 1487 in the mesoderm and 1899 in the
ectoderm layer, with 67 genes enriched in both the ecto-
derm and the mesoderm at different developmental
stages (“Summary_MESECT_eachstage.xlsx” in Addi-
tional files).

We focused on the 617 genes that were significantly
enriched in the ectoderm at all stages, thus potentially
including essential ectodermal regulators (Figure 6B).
We reasoned that some of these genes would vary in
their expression levels over time, reflecting the imple-
mentation of an ectoderm developmental program,
whereas those remaining constant may instead indicate
a more basic involvement into ectodermal structure and
function. We identified 366 genes with significant
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variations of their transcript levels (P-adj < .05)
(“ECT_Signature_Variable.xlsx” in Additional files) and
66 genes displaying no obvious variation (P value >.5)
(“ECT_Signature_Stable.xlsx” in Additional files). Another
set of 185 genes were labeled as undetermined (Figure 6B)
(“ECT_Signature_undetermined.xlsx” in Additional files).
The list of 66 stable genes expectedly included several
genes coding for structural components in basement mem-
branes, epithelial cell-cell junctions and epithelium archi-
tecture (ie, Bcan, Dsg2; Figure 6C). Of note, the Esrp1 was
present in this list, an epithelial specific splicing regulator
of the ectoderm specific isoform of Fgfr2 (Fgfr2-IIIb)
(Figure 6C).

The list of 366 variable genes included genes
involved in the progressive differentiation of the ecto-
derm and displaying specific temporal patterns of tran-
scription. For instance, it included a wide set of
epidermal keratins (Krt 5, 8, 14, 15, 17, 18, 19, 23,
75, 80, 90) involved in the epidermal keratinocyte dif-
ferentiation program to form the mature epidermis, a
process that involves keratin modulation and TP63
expression (Figure 6C). Genes involved in the differen-
tiation of the hair and other epidermal derivatives,
such as several Hoxc members and Edar, were also pre-
sent in this list, which also contained all AER-Fgfs as
well as the Sp8 and Sp6 transcription factors that

FIGURE 6 Transcriptional

shift and ectoderm

developmental program.

(A) Euler diagrams showing the

overlap of the mesodermal

differentially expressed genes

(DEGs) that varied by stage with

P-adj < .05 and log2FC > 1.5

after Wald test for the indicated

stages of mesoderm (left) or

ectoderm (right) samples.

Number of genes is indicated for

each comparison. Note the

larger number of DEGs in the

E9.5 vs E10.5 contrast compared

with the other contrasts.

(B) Venn diagram showing the

overlap of the ectoderm-

enriched genes obtained by

comparing ectoderm and

mesoderm at each stage (P-

adj < .05 and log2FC > 1.5 after

Wald test). The 617 genes

enriched in the ectoderm in all

stage comparisons were

considered the ectodermal

development program. Based on

their P values from the LRT test

along stages, these 617 genes

were further classified as

significantly variable genes

(366 genes; P-adj < .05),

potentially stable genes

(66 genes; P value >0.5) and

undetermined (185 genes;

P value <0.5) as indicated in the

pie chart. (C) heatmaps of log2

(1 + FPKM) of representative

potentially stable (top) and

significantly variable (bottom)

genes
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mediate Wnt-dependent Fgf induction and several
modulators of Wnt signaling such as Fzd6 and Sost.

2.10 | Signaling pathway analysis during
limb bud development

Limb development relies on the continuous crosstalk
between the ectoderm and the mesoderm and hence the
parallel trajectories followed by the transcriptomes of
both limb components may reflect these dynamic interac-
tions. In order to identify pathways preferentially used in
the ectoderm or in the mesoderm, we used the Signaling
Pathway Impact Analysis (SPIA) package in R.80 This
package extracts over-represented signaling pathways
based on a set of differentially expressed genes and the
topology of the pathway. As input, we used the DEGs
between ectoderm and mesoderm at each stage. SPIA will
highlight pathways which are preferentially used in ECT
or preferentially used in MES. The results can be visual-
ized in the volcano plots in Figure 7A and in
“SPIA_raw_results.xlsx” (Additional files).

The Wnt and Hippo pathways were significantly
enriched in the ectoderm at all stages analyzed
(PGFWER value <.05) whereas the Ras and the MAPK
pathways were enriched in one layer or another
depending on the stage. These pathways were therefore
considered for further study (Figure 7A). Based on their
expression profiles and published information, we manu-
ally curated the list of most relevant components in each
pathway, which were then visualized in heatmaps
(Figure 7B-E). We also considered and marked which
components of the pathways displayed significant enrich-
ment in transcript level between the two tissue layers at
each of the four time points analyzed. It is worth noting
here that the BMP pathway, key in limb development,
was not included in our study because it did not show
any inter-layer enrichment.

The Wnt/β-catenin signaling pathway plays crucial
functions in limb bud initiation, outgrowth, early pat-
terning and subsequent morphogenesis in both the meso-
derm and ectoderm compartments. In the limb bud
ectoderm, it is initially required for AER induction, then
for its maintenance.81,82 Accordingly, the majority of Wnt
ligands, several of the frizzled receptors (Fzd1, Fzd6, and
Fzd8) and a set of associated regulators including Dkk1,
Notum, Wif1, Sost, Lgr6, Rspo2, and the E3 ligases Rnf43
and Znfr3, were significantly enriched in the ectoderm
(Figure 7B). We noticed the restricted expression of Sost,
an inhibitor of Bmp and Wnt signaling, to the non-AER
ectoderm (Figure 7B).83 In contrast, the expression of
Notum, a Wnt negative feedback regulator, was specifi-
cally restricted to the AER with expression peak at E10.5

as visualized in the heatmap and the temporal expression
plot (Figure 7B). This analysis supports the predomi-
nance of ectodermal Wnt signaling during limb develop-
ment and underscores fine differences in modulation
between the AER and the surface ectoderm.

The MAPK pathways are activated by receptor tyro-
sine kinases, amongst them the FGF receptors.84 During
limb development, AER signaling is mediated by FGFs
acting through the RAS/MAP kinase transduction cas-
cade.85,86 The heatmap of the RAS/MAPK kinase path-
way components clearly reflected the expression
distribution of Fgf ligands and receptors, with a robust
enrichment of Fgf10 and Fgf2 in the mesoderm and of
the AER-Fgfs in the ectoderm (Figure 7C). Amongst the
Fgf receptors, Fgfr2 was significantly enriched in the ecto-
derm at all stages, whereas Fgfr1 appeared slightly
upregulated in the mesoderm. The heatmap showed the
previously observed peak of expression of the AER-Fgfs
at E10.5. The gene coding for the dual specificity protein
phosphatase Dusp6, that specifically binds to and inacti-
vates ERK1/2 thus acting as Fgf inducible negative regu-
lator of the activity of MAPK, was highly expressed in
both the ectoderm and mesoderm cells, suggesting recep-
tion of the signal in both layers. As previously men-
tioned, in the mesoderm, Dusp6 and Spry2 had their
maximal transcript levels at E10.5, coincident with the
peak of AER Fgfs thus reflecting the transmission of
the signal from the ectoderm to the mesoderm. We also
observed a previously unnoticed yet significant enrich-
ment of Fgf3 and Fgf15/19 in the ectoderm (Figure 7C).
Of note, Fgf15/19 has been reported to be expressed in
the chick AER, but not in the mouse.87 Despite WMISH
failing to clearly detect Fgf3 and Fgf15/19 mRNAs in the
limb bud ectoderm, ISH to tissue sections detected the
Fgf3 low level of expression (Figure 7C). These results
add two more Fgfs to the set of AER-Fgfs,16 whose func-
tional impact on AER function remain to be assessed.

The platelet derived growth factor (Pdgf) signaling
pathway consists of four ligands (Pdgfa, Pdgfb, Pdgfc, and
Pdgfd) and two tyrosine kinase receptors (Pdgfra
and Pdgfb).88 During embryonic development, this sig-
naling system predominantly uses the PI3/AKT transduc-
tion pathway and regulates many biological processes
including angiogenesis, cell proliferation and differentia-
tion.85 In our datasets, Pdgfa expression showed high
transcript levels restricted to the ectoderm, while Pdgfc
was expressed in both layers although with higher levels
in the ectoderm. The other two ligands, Pdgfb and Pdgfd,
showed very low expression levels in both layers
(Figure 7D). In addition, the Pdgfra and Pdgfrb receptors
were also expressed in both layers with different enrich-
ment, while Pdgfrb showed enrichment in the mesoderm
throughout the period studied, the enrichment of Pdgfra
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FIGURE 7 Selected signaling pathways with enrichment between ectoderm and mesoderm layers. (A) Volcano plots summarizing the SPIA results

in each stage. On the x-axis is tA (observed total accumulation) which indicates if the pathway is significantly more used in ectoderm (PGFWER <.05

and tA < 0, red dot) or in mesoderm (PGFWER <.05 and tA > 0, blue dot). Grey dots denote non-significant pathways. On the y-axis is the P value with

Bonferroni correction. The name of the selected pathways is included. (B) Manually curated heatmap of the Wnt pathway (top) and ISH expression

pattern and plotted expression profile of Sost and Notum (bottom). (C) Manually curated heatmap of the Ras-MAPK pathway. Note the peak of

expression of AER-Fgfs in the E10.5 ectoderm. The expression pattern and expression profile for Fgf3 is also shown. (D) Heatmap of the Pdgf pathway

components and expression pattern and profile of Pdgfa and Pdgfra. (E) Heatmap of the Hippo pathway components and expression patterns and

temporal profiles of Llgl2 andWwc1. Heatmaps with log2(1 + FPKM) values include the expression of selected genes in both mesoderm and ectoderm

tissues. Colors on the left indicate a significant enrichment of log2FC >1.5 of a gene in mesoderm or ectoderm at this stage (P-adj < .05 and

log2FC > 1.5). All ISH show longitudinal sections E10.5 forelimb buds. Scale bar is 150 μm
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was stage dependent. In situ detection experiments in
both whole mount and tissue sections validated these
results (Figure 7D). Activation of the Pdgf pathway across
adjacent layers has already been noted in different
embryonic contexts.89 In most cases the receptor was
expressed in the mesenchyme, whereas the ligand was in
the epithelium, as we observed in the developing limb.
The function of this pathway during limb development
nevertheless remains elusive.

We finally looked at the Hippo signaling pathway,
which is highly conserved between invertebrates and ver-
tebrates and involved in the growth response to mechani-
cal forces.90-93 While several studies have shown the role
of the Hippo pathway during skeletal development, its
function during early stages of limb development has
received less attention. Here we show that many of its
core components including Wwc1, Llgl2, Tead3, Tead4,
and Trp73 were robustly expressed and significantly
enriched in the ectoderm compartment, an observation
confirmed by ISH experiments (Figure 7E), which may
be relevant since the upregulation of both Wwc1 and
Llgl2 prevents YAP/TAZ from entering the nucleus
and thus the activation of the signaling cascade. During
facial development, it was suggested that this pathway
coordinates growth of the overlying ectoderm in response
to the mesoderm growth, by sensing the ectoderm ten-
sion.94 Our observation suggest that a similar mechanism
may be at work in the growing limb.

3 | CONCLUSIONS

The temporal transcriptomes of the distal limb progeni-
tors that we have generated in this study provide a valu-
able genomic resource, which contains relevant temporal
and spatial information that may help refine our current
understanding of limb development, in particular regard-
ing the progression of PD patterning. Our datasets are
also very valuable for examining alternative splicing and
isoforms between the ectoderm and mesoderm in the
developing distal limb bud.

Our comprehensive analysis of the expression profile
of the population of distal limb progenitors shows that
they progressively lose their stemness state in association
with an increase in skeletal specification. This is note-
worthy, considering the frequent assumption that distal
mesoderm cells remain undifferentiated as long as they
are under the influence of the AER.

The transcriptome of early (E9.5) limb progenitors
appears as a continuation of that observed in trunk pro-
genitors from which they derive and include also stylopod-
associated markers, RA responsive genes and 3' Hox genes
of all clusters. The profile of late distal limb progenitors,

instead, is characterized by the skeletal differentiation and
expression of 5' Hox genes. This progression towards differ-
entiation with developmental time correlates with the step-
wise implementation of Hox clusters.

The time-sequenced transcriptomes of the distal limb
bud ectoderm reveal a mixture of the progressive epider-
mal differentiation of the surface ectoderm, on the one
hand, and the specialized activity of the AER cells, on the
other hand. We show that the peak of AER FGF activity
occurs at E10.5, that is, likely too early to explain the ter-
mination of the Shh-Grem1-Fgf autoregulatory loop.
Considering only the temporal changes attributed to the
AER, our data does not support a functional equivalence
of the AER throughout limb development, as concluded
from heterochronic recombination experiments in chick.
In contrast, we propose that the functional equivalence
of the AER along limb development relies on its ability to
rapidly respond and adapt to the mesoderm influence as
previously suggested. In this view, the limb progenitors
would not only maintain the AER but also exert an
instructive effect by impacting its transcriptomic profile
and contributing to the intimate and necessary connec-
tion between the two limb components.

The analysis of such interactions between the meso-
derm and ectoderm is complicated by the fact that the
same signaling pathways are used either between layers,
or within each layer. The SPIA analysis allowed to iden-
tify signaling pathways differentially enriched between
layers and revealed the preferential expression of Hippo
pathway components in the ectoderm.

4 | EXPERIMENTAL PROCEDURES

4.1 | Mouse embryos

Embryos from the mouse inbred line C57BL/6J were used.
Noon of the day of the vaginal plug was defined as Embry-
onic day (E) 0.5. Embryos of the desired developmental
stage were collected, dissected in Phosphate Buffered
Saline (PBS) and processed as required. All animal proce-
dures were either conducted accordingly to the EU regula-
tions and 3R principles and reviewed and approved by the
Bioethics Committee of the University of Cantabria, or per-
formed in accordance with the Swiss Animal Welfare Act
(LPA), under the license no. GE 81/14 (to DD).

4.2 | Preparation of samples for RNA-
seq, ectoderm-mesoderm separation

Forelimbs of embryos of the desired stage were collected
in ice-cold PBS and distal bands of 150 μm were carefully
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dissected (Figure 1A). Then, to separate the ectoderm
and the mesoderm components, the dissected bands of
distal tissue were subject to mild digestion in 0.25% tryp-
sin (HyClone Trypsin Protease, SV30037.01) on ice. After
a quick wash in cold PBS + 10% FBS, the separation of
the two limb components was completed in cold PBS
with the help of fine forceps. For each replicate, the
mesoderm and ectoderm samples came from the same
pool of approximately 25 limb buds.

4.3 | RNA sequencing

Two biological replicates were prepared from two inde-
pendent pools of forelimb buds of each of the stages ana-
lyzed (E9.5, E10.5, E11.5, and E12.5) for both mesoderm
and ectoderm. Total RNAs were purified using the
RNeasy Mini Kit (QIAGEN, Cat No./ID: 74104) or
the RNeasy Plus Mini Kit (QIAGEN, Cat No./ID: 74134).
RNA libraries were prepared using the Truseq Stranded
mRNA Library Prep kit (Illumina, Cat No./ID: 20020594)
and 100-bp single-end reads were generated.

The gtf from ensembl version 93 was filtered to remove
read through transcripts and all noncoding transcripts
(retained-intron, nonsense-mediated decay, etc.) from a
protein-coding gene. In addition, all genes with the same
gene name which overlaps were merged under the same
gene to avoid ambiguous reads. Adapters and bad-quality
bases were removed with Cutadapt version 1.16 options -m
15 -a GATCGGAAGAGCACACGTCTGAACTCCAGTCAC
-q 30. Reads were further mapped using STAR version
2.6.0c with ENCODE parameters with the gtf file described
above. FPKM values were computed with cufflinks version
2.2.1 omitting mitochondrial genes. These transcriptomic
datasets were initially reported and validated in
Reference 26.

4.4 | Statistical analyses

Only protein coding genes were considered in this study.
All statistical analyses and plots were performed using
custom scripts in R version 4.0.3 (www.r-project.org). Dif-
ferential gene expression analyses were performed using
the DESeq2 R Bioconductor package.95 For pairwise com-
parations, the Wald test was used and in those
comparations including all embryonic stages, the Likeli-
hood Ratio Test (LRT) was used to evaluate the gene
expression changes across different conditions, with a
threshold of significance of adjusted P value = .05.

For Principal Component Analysis (PCA) only the
500 protein coding genes with the higher variance were
considered, using log2(1 + FPKM) values. To study

reduced sets of differentially expressed genes, heatmaps
with log2(1 + FPKM) values were generated. To display
the differentially expressed genes across the mesoderm
samples (MES-DEGs) or the ectoderm samples (ECT-
DEGs), FPKM values were renormalized on the basis of
rank-conserved genes and a median-scaling procedure
using the 1000 genes with the least expression rank var-
iation across samples.96 Clustered heatmaps were gener-
ated using Pearson correlation coefficient as distance, with
centered and scaled log2(1 + FPKM) values. The cluster-
ing was cut to separate MES-DEGs in seven clusters and
ECT-DEGs in six clusters. A line chart was performed with
the mean of the values on the heatmap for a given cluster
for each time point. Gene Ontology (GO) enrichment ana-
lyses were performed using the goseq R Bioconductor
package97 to identify statistically overrepresented terms in
GO Biological Process (GO:BP) and Molecular Function
(GO:MF) categories (the 20 most enriched GO terms for
each category are available in Additional files under the
name “Global_PC1_and_PC2_Enriched_GO_terms.xlsx”
and “MES_and_ECT_clusters_Enriched_GO_terms.xlsx”).

To study alternative splicing, exon coverage was
evaluated with DEXseq version 1.38.028 on uniquely
mapped reads (see https://github.com/lldelisle/
scriptsForFernandezGuerreroEtAl2020). Gene aggre-
gation was disabled to better estimate the relative
exon usage on each gene. Only exons belonging to
protein coding genes were kept and DEXseq analysis
was run with default parameters comparing the eight
samples of mesoderm to the eight samples of ectoderm.
Exonic parts were considered as differentially used in one
tissue layer when adjusted P value <.05. The coverage plot
in Figure 2C was generated using pyGenomeTracks.98,99

To obtain the genes enriched in one of the two tissues
(ectoderm or mesoderm) at each time point, a Wald test of
ectoderm vs mesoderm samples was performed and signifi-
cant genes (P-adj < .05 and log2FC > 1.5) that were
extracted. 3452 genes were significantly enriched in one of
the tissues at least in one stage. From these, 1487 were
enriched in the mesoderm, and 1899 in the ectoderm.
From the ectoderm enriched genes, the 617 genes that
were enriched at all stages were extracted. A Venn dia-
gram to depict intersections between ectoderm-enriched
genes was obtained with R package eulerr. An LRT test
on this subset was performed to obtain DEGs across
stages and resulting P values were used to separate the
617 genes in three groups: Genes with P value >.5 were
treated as potentially stable genes (66), genes with
P-adjusted value <.05 were treated as significantly vari-
able genes (366), and the remaining genes were labeled
as undetermined genes. A pie chart of the distribution
of the ectoderm developmental program genes was plot-
ted with ggplot2 R package.
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For the pathway enrichment analysis we used the
SPIA R package.80 At each stage, the log2FC of ectoderm-
or mesoderm-enriched genes (see above) were used as
input. Pathways that were significant (PGFWER value
<.05 [Bonferroni correction] and tA < or > 0 for ECT
and MES, respectively) at all stages analyzed were consid-
ered for further studies. Then, expression heatmaps were
constructed with genes that, based on previous published
information and their expression values and statistical
significance, were considered most relevant.

4.5 | In situ hybridization

Embryos were dissected out in ice-cold PBS and fixed
overnight (ON) in 4% paraformaldehyde (PFA) in PBS
and embedded in paraffin or stored in 100% methanol.
For WMISH, embryo permeabilization was performed
with proteinase K (10 μg/ml) at room temperature for a
variable time depending on the stage of the embryo to
study mesodermal expressions and with a lower concen-
tration of proteinase K (5 μg/ml) for 5 min to study ecto-
dermal expressions. For in situ hybridization on paraffin
sections permeabilization was performed by incubation
in PK (10 μg/ml) for 7.5 min at room temperature. Sec-
tions were post-fixed with 4% PFA, followed by an acety-
lation step to reduce background signal. Both in whole
mount and in tissue sections, hybridization was per-
formed using in vitro transcribed digoxigenin-labelled
antisense RNA probes, at 65�C ON. After washing,
embryos or tissue sections were incubated with alkaline
phosphatase-conjugated anti-digoxigenin antibody
(Roche, 16 646 821) ON at 4�C and detection reactions
were performed with NBT (Promega, S3771)/BCIP
(Roche, 16 853 423). Primers used to amplify cDNA tem-
plates for riboprobe synthesis are included in Table 3. A
minimum of three forelimbs were used for each probe
and stage.
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