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Abstract

Amputation of the axolotl forelimb results in the formation of a blastema, a transient tissue where
progenitor cells accumulate prior to limb regeneration. Connective tissue (CT) — skeleton,
periskeleton, tendon, dermis, interstitial fibroblasts — contributes the vast majority of cells that
populate the blastema, however, it is unclear how individual CT cells may reprogram their fate in
order to rebuild the tetrapod limb. Here we use a combination of Cre-loxP reporter lineage
tracking and single-cell (sc) RNA-seq to molecularly track, for the first time, adult CT cell
heterogeneity and its transition to a limb blastema state. We uncover a multi-phasic molecular
program where CT cell types found in the uninjured adult limb revert to a relatively homogenous
progenitor state that participates in inflammation and extracellular matrix disassembly prior to
proliferation, establishment of positional information, and ultimately re-differentiation. While the
early regeneration transcriptome states are unique to the blastema, the later stages recapitulate
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embryonic limb development. Notably, we do not find evidence of a pre-existing blastema-like
precursor nor limb bud-like progenitors in the uninjured adult tissue. However, we find that
distinct CT subpopulations in the adult limb differentially contribute to extending bone at the
amputation plane versus regenerating new segments. Together, our data illuminates molecular and
cellular reprogramming during complex organ regeneration in a vertebrate.

Among tetrapods, only salamanders show an extraordinary capacity to replace a lost limb
(1). The adult axolotl (Ambystoma mexicanum) limb is composed of many different cell
types originating from neural, myogenic, epidermal and connective tissue (CT) lineages.
Upon limb amputation, cells from nearby the amputation plane accumulate in a unique
tissue called the blastema. Cells within the blastema are capable of fully regenerating the
missing limb (reviewed in (2)). CT cells, descendants of lateral plate mesoderm, are the most
abundant lineage contributing to the blastema (3-5), and encompass bone and cartilage,
tendons, periskeleton and dermal and interstitial fibroblasts. The CT cells are a key cell type
for deciphering the molecular program of regeneration, since they express factors that guide
the regeneration of appropriate limb parts (4, 6-8). Nevertheless, how mature CT produces
blastema cells has not been molecularly defined because of the inability to isolate and
deconstruct this cell population. It is even unclear whether mature CT cells molecularly
“reprogram” into embryonic-like limb progenitors, or whether the CT harbors pre-existing
stem cells that selectively seed the blastema.

Here we generated Cre:loxP reporter lines to track CT compartments and uncover
compartment-associated contributions to different limb segments. We use single-cell MRNA
sequencing (ScCRNA-seq) to dissect CT heterogeneity in the blastema, as well as the adult,
embryonic, and regenerated forelimb, enabling the characterization of CT cell types and
lineage relationships as cells regenerate the limb. Notably, CT cells lose their mature
phenotypes to form multipotent limb bud-like progenitors in the blastema. The combination
of lineage tracking and single-cell transcriptomics resolves the origin and molecular profiles
of re-differentiated CT cell types that emerge from the blastema. Our work provides the first
molecular view of individual cells that build a blastema and reconstitute a patterned limb
skeleton.

A Cre-loxP reporter system tracks connective tissue cells during axolotl
limb regeneration

To label and track axolotl CT cells, we generated a germline transgenic line that expresses
the tamoxifen-inducible Cre-ERT2 (Cre-ER) gene under the control of the PrrxZ limb
enhancer element (Prrx1:Cre-ER,;Caggs:lp-Cherry = Prix1.:TFPnls-T2A-Cre-
ERTZ2,CAGGS:lp-GFP-3pA-Ip-Cherry) (figs. S1 and S2, Table S1 and S2). Prrx1, a paired-
related homeobox gene, is expressed in connective tissue precursors in the developing limb
bud and in the limb blastema (9-11). Immunofluorescence staining of PRRX1 protein
confirmed specific expression in axolotl limb bud cells (Fig. 1A), blastema cells (Fig. 1B)
and adult connective tissue (fig S2). Administration of tamoxifen to Prrx1:Cre-ER,;Caggs.ip-
Cherry animals at the limb bud stage resulted in an efficient (>80%) genetic labeling of adult
limb CT (Fig. 1, C and D; fig. S1E). Notably, after limb amputation, we found that Prrx1-
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expressing blastema cells express mCherry showing that the transgenic reporter efficiently
marks the adult precursors to the blastema cells (Fig. 1B). Examination of 25 day post
amputation (dpa) regenerates revealed mCherry-expressing cells in upper and lower arm CT
(Fig. 1D; fig. S1, C to F), showing that CT gives rise to new CT during regeneration.
Therefore, this new transgenic line provides a system to track CT cells during limb
regeneration.

We used a high-throughput droplet-based scRNA-seq method (10X Genomics) to sample the
cellular diversity in the uninjured adult limb and further validate this transgenic line. We
converted cells at the limb bud stage and performed scRNA-seq on the dissociated uninjured
adult limb tissue containing labeled and unlabeled cells (2,379 cells; Table S3). Using
unbiased clustering, and based on the expression of marker genes, we identified endothelial,
epidermal, immune, muscle, red blood, and CT cells (Fig. 1E). mCherry mRNA from
Prrx1:Cre-ER,Caggs:lp-Cherry converted cells was only detected in the CT cluster, which
included periskeletal, tendon, dermal, and fibroblastic cell subpopulations as identified based
on the expression of canonical markers (Fig. 1F). To specifically examine CT heterogeneity,
we analyzed 2375 single cell transcriptomes after FACS isolation of labeled Prrx1:Cre-
ER,Caggs-lp-Cherry derived CT cells from the adult upper forelimb using tSNE clustering
(Fig. 2, A and B; Table S5). We identified 8 distinct clusters that we assigned based on the
expression of marker genes as tenocytes ( 7r1mad), periskeletal cells (Col8a2), actively cycling
cells (CcnbI) as well as 5 fibroblastic CT subpopulations (fCT I-V) (Fig. 2, B and C; Table
S6). The two fibroblastic CT populations fCT IV and fCT V could be identified as
components of the dermis based on expression of 7wist2and Prgds. Interestingly, the
cycling population contained multiple different cell types including tenocytes, fCT I, fCT 111
and fCT IV (fig. S4A). We detected only very few skeletal cells (fig. S4B) likely due to their
inability to dissociate from the skeletal matrix. Due to the low cell number, skeletal cells fall
within the periskeletal cluster in the tSNE plot. Previous live imaging data (12) and our own
cell tracking data (fig. S9) show that skeletal cells do not contribute to the regenerate. Since
regeneration of bone progresses via endochondral ossification, “skeletal cells” here refers to
osteogenic and chondrogenic cells, the proportion of which differs between mature and
regenerating bone. In summary, this profiling data validates the specificity of our Prrx1.:Cre-
ER;Caggs:lp-Cherry - reporter animals, provides a cell atlas and marker set for cell types of
the uninjured adult axolotl limb (Table S4) and characterizes the heterogeneity of the upper
arm CT (Table S6).

Blastema formation from axolotl upper arm connective tissue cells involves

molecular funneling during regeneration

To understand the molecular pathways involved in CT regeneration, we used a high
transcriptome coverage sScRNA-seq method (Fluidigm C1) to analyze mCherry* cells
isolated by FACS (Prrx1:Cre-ER;Caggs.lp-Cherry) along a dense time course that captures
the major transitions during regeneration. Time points were determined based on the average
blastema cell cycle length (53-103 hours) (13, 14), and previous bulk transcriptional
dynamics (15), and therefore included the uninjured upper forelimbs (uninjured, 108 cells)
as well as blastema stages (3 dpa, 108 cells; 5 dpa, 167 cells; 8 dpa, 121 cells; 11 dpa, 163
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cells; 18 dpa, 135 cells), and a fully regenerated upper forelimb (3-12 months post
amputation, 128 cells) (Fig. 2A, fig. S3 and Table S7). We first analyzed the uninjured upper
forelimb data and could confirm the presence of the CT subpopulations described above,
which allowed identification of additional marker genes for each cell type (fig. S4, C and D).
We next combined fibroblastic and periskeletal cells from the uninjured CT, which are the
major populations contributing to the blastema (12), with all blastema states and the
regenerated CT and used a diffusion pseudotime estimate (16) to reconstruct the lineage path
from uninjured CT through the blastema state to the regenerated CT (Fig. 2D and fig. S4E).
This analysis revealed a general time-dependent progression, with some intermixing
between time points. Interestingly, diffusion component 3 visualizes how heterogeneous
differentiated CT cells funnel into the relatively homogeneous early blastema state (Fig. 2E)
and regenerated CT cells funnel out of the blastema to re-establish the initial cellular
heterogeneity (fig. S4F). We confirmed this observation with two alternative analyses. When
focusing on the cell type-specific expression patterns found in the uninjured tissue (Fig. 2F),
we did not observe a comparable heterogeneity within the blastema cell populations, and
instead found that heterogeneity was diminished in all blastema time points (Fig. 2G), up
until the re-differentiation of CT cell types (fig. S4G). Further, we calculated for each time
point the number of unique genes detected within the top 100 most expressed genes per cell
as a measure of intercellular heterogeneity per time point. We detected a decrease in the
number of unique genes from the adult uninjured upper limb through the early blastema
stages up to 11 dpa blastema, followed by an increase at 18 dpa and in the regenerate (fig.
S4H). This is consistent with a progressive decrease in intercellular heterogeneity during
blastema formation until 11 dpa with the highest heterogeneity found in the uninjured adult
upper arm, the regenerate and in the 18 dpa blastema when cells begin to differentiate.
Notably, we do not find blastema-like cells within the uninjured tissue since all cells from
the adult upper forelimb cluster separately from blastema-derived cells in a tSNE analysis
(fig. S41). Also, when analyzing the cycling cells in the uninjured tissue together with
cycling blastema cells, the cells derived from the uninjured tissue are distinct, since they
express signatures of differentiated CT cell types (e.g. Mfap5, Fbnl) and lack expression of
blastema markers (e.g. Nrep, Prdx2) (fig. S4, J and K).

Our molecular data taken together with previous cell lineage observations (12) and digital
tracking data (17) show little numerical bias in cell contribution during blastema formation
allowing us to conclude that blastema formation does not involve the selection of a pre-
existing stem cell population. Considering cell cycle length (13, 14) and cell counts pointing
to an on average 6-fold expansion of cells from the uninjured to the 11 dpa timepoint
(Supplemental Materials and Methods), a “pre-existing” blastema cell would need to
comprise at least 20% of the mature CT population to account for the cell expansion. In
summary these data indicate that mature CT cells dedifferentiate into a relatively
homogeneous pool of progenitor cells when forming the blastema.

Next, we explored the transcriptional changes that ensue during the regenerative process
within the blastema (Fig. 2H and fig. S5, A to C). The uninjured CT state is characterized by
the expression of many extracellular matrix (ECM) genes that are downregulated during
blastema formation (Fig. 2, H and I). We observe an inflammation response (e.g. /11,
Cxcl2) in the early blastema (3-5 dpa) coinciding with the expression of various matrix
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metalloproteinases (Mmp&8/13), indicating extensive ECM remodeling induced by injury. By
8 dpa, cells express genes involved in proliferation (e.g. Ccnb3), and by 11 dpa there is
positive regulation of transcription (HmgaZ, Lbh) and evidence of re-patterning (Hoxal3,
Hoxd12). Re-establishment of ECM (Matn4) is initiated by 11 dpa but peaks at 18 dpa.
Notably, genes necessary for skeletal development are detected in the blastema 18 dpa
(Hoxd13, Col2al, Sox9). In addition, the expression of various signaling molecules (DkkZ,
Bambi, Lep) associated with regeneration are induced throughout blastema development
(15, 18, 19). This data constitutes a molecular map of CT cells as they transition through the
limb regenerative process.

Connective tissue reprogramming progresses through a blastema-specific

state prior to recapitulating embryonic limb bud development

We next explored the extent to which CT regeneration recapitulates limb development. To
cover different stages of limb development, we examined the single-cell transcriptomes of
stage 28 limb field cells (82 cells) as well as stage 40 (76 cells) and stage 44 (121 cells) limb
bud cells (20) (Fig. 3A; Table S7) and identified CT cells based on PrrxI expression (279
cells). By stage 44 the limb bud contains approximately 1500 cells. We observed that CT
precursors in the developing limb are distinct from and less differentiated than adult CT
(Fig. 3B and fig. S6A). While cells from the two limb bud stages showed major similarities,
cells from the stage 28 limb field were distinct from stage 40 and 44 limb bud cells as shown
by the unique expression of genes such as Wnt8a or Hoxd1 (fig. S6B). Interestingly,
variation in the expression of spatial patterning genes constituted the major source of
heterogeneity in the limb buds (Stage 40 and 44; fig. S6C) whereas patterning genes were
generally not yet expressed in stage 28 limb field cells (Fig. 3C). This variation enabled
reconstruction of the proximal-distal and anterior-posterior axes through the correlated
expression of patterning genes confirming that our data captured the representation of the
limb bud cells (Fig. 3D) (21). We investigated when patterning axes start to be established
during limb regeneration and found that anterior-posterior markers (Fgf8and Shh,
respectively) and proximal-distal markers (Meis2, Hoxall and Hoxal3, respectively) are
established between 8-11 dpa (Fig. 3E). In a similar manner as for the limb bud, patterning
genes enabled the spatial reconstruction of cell positions in a blastema 11 dpa (Fig. 3F and
fig. S6D).

We next quantified the similarity between different blastema stages and limb development.
We created mock bulk transcriptomes of each uninjured, regenerate, embryonic, and
blastema time point and calculated the correlation (Spearman’s r) of each single cell with
each bulk transcriptome. We found that the correlation of blastema cells with stage 40 and
stage 44 limb bud peaks at 11 dpa, with a progressively weaker correlation in earlier
blastema time points (Fig. 3G and fig. S6, E and F). Notably, the same trend was observed
when we compared blastema cells with the stage 28 limb field (Fig. 3H). Additionally, we
find that cells in the 3 and 5 dpa blastema are similar to neither uninjured adult cells nor
limb bud/limb field cells, suggesting that a cell state emerges in the blastema that is
distinctive for limb regeneration (Fig. 31 and fig. S6E). Indeed, within our dataset, we
identify many genes that are uniquely expressed in the early blastema stages, whereas 11
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dpa cells largely share expression patterns with the cells derived from the developing limb
(Fig. 3J and fig. S6, G and H). Our data suggests that the former CT cells within the
blastema initiate reprogramming using genetic mechanisms that are distinct from embryonic
limb bud development but arrive at a limb bud-like state by day 11.

Tracking different connective tissue subpopulations in the blastema reveals

distinct cell sources for proximal versus distal limb regenerate tissue

We next sought to analyze how different CT cell subpopulations contribute to re-
differentiated cell types in the regenerated limb. We first generated a new transgenic line
using the Col1a2promoter (Col1AZ:ER-Cre-ER,;Caggs.lp-Cherry = Col1AZ2: TFPnls-T2a-
ERT2-Cre-ERT2,CAGGS:Ip-GFP-3pA-[p-Cherry) in which only a subset of CT cells are
labeled and tracked (fig. S7). Specifically, conversion of 3 cm larvae leads to limbs with
genetic labeling primarily of skeleton, periskeleton, and tendons, but very few dermal
fibroblasts and no interstitial fibroblasts, thus comprising a subset of cell types labeled in the
Prrx1:Cre-ER;Caggs:lp-Cherry line (Fig. 4A and fig. S7A). SCRNA-seq on 36 sorted,
labeled cells from the uninjured adult upper arm revealed periskeletal cells and tenocytes
(bone cells were not recovered in the dissociation, but they do not contribute to the
blastema), confirming the histological analysis of the labeled cells (Fig. 4B and Table S8).
We next performed scRNA-seq on labeled CollaZ:ER-Cre-ER,Caggs:lp-Cherry (“Colla2”)
descendants in the 11 dpa blastema (349 cells), and could identify undifferentiated
progenitors as well as immature skeletal and non-skeletal cell lineages (Fig. 4C and Table
S8). A pseudotemporal trajectory displayed two branching paths; one transitioning from
progenitors (Mycl, Matn4, Nrep) to non-skeletal cells (7nmd, Fen2, Aspn, likely precursors
to tenocytes and periskeletal cells) and the other to skeletal cells (Cnmadl Lectl, Otos) (Fig.
4D, fig. S61 and Table S10).

Interestingly, microscopic examination of regenerates revealed a spatial bias in cell
contribution. Labeled cells were primarily found in the extension to the existing bone at the
amputation site (humerus) with few cells in more distal segments (Fig. 4, E and F). We also
found a similar spatial restriction of “Co/la2’-descendants to extending bone in lower arm
amputations (Fig. S8B). This is in contrast to the Prrx1:Cre-ER,;Caggs:lp-Cherryline in
which all proximal and distal positions of the regenerate are labeled. These data provide
direct evidence supporting a previous hypothesis that distinct cell sources are used for bone
extension versus de novo segment formation (22). The “Col1a2”-derived blastema cells
could be intrinsically or extrinsically limited to extending existing bone. We transplanted a
humerus from a Co/la2:ER-Cre-ER,Caggs:lp-Cherry donor into an unlabeled host and
found that after upper arm amputation some rare mCherry* cells were found in the distal,
Hoxall-positive region of blastema 15 dpa and showed Hoxall staining (Fig. 4G). These
observations lead us to conclude that the “Co/1a2’~derived blastema cells are not
intrinsically limited in their segmental identity, but rather are strongly associated with the
callus, and therefore spatially biased towards extending their bone of origin.

We performed multiple transplantation experiments to confirm the above observations and
resolve the source of the distal CT. To exclude the possibility that the Co/1a2 driver marked
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only a subset of periskeleton and tendon with spatially-restricted potential, we grafted a
humerus from Prrx1.Cre-ER;Caggs.lp-Cherry (“Prrx1”) converted limbs into an unlabeled
host limb, replacing the host humerus prior to upper arm amputation (Fig. 4, H and 1).
Similar to the Co/la2tracing, mCherry* cells were found in the callus and the regenerated
periskeleton and skeleton just beyond the amputation site with progressive depletion towards
the lower arm regenerate. We next performed a complementary graft of unlabeled humerus
into “Prrx1”-converted hosts to label non-bone CT. We found nearly complete labeling of
tendon, skeleton, and periskeleton as well as dermal and interstitial fibroblasts in the lower
arm regenerate indicating that non-skeletal CT cells regenerate the distal CT (Fig. 4, J and
K). We separately grafted a muscle fiber bundle containing labeled interstitial fibroblasts
from embryonic “Prrx1”-converted animals into unlabeled hosts and found extensive
labeling of the distal CT (fig. S10). These data indicated that the fibroblastic CT cells were
the major contributors to the distal limb regenerate. To analyze the regeneration of distal
limb CT on the molecular level, we performed a lineage reconstruction analysis on the
SscCRNA-seq data of labeled “Prrx1’-descendants in the 18 dpa blastema (Fig. 4L, fig. S6J
and Table S10). This analysis revealed a bifurcated path where uncommitted blastema
progenitors branch off into a non-skeletal and a skeletal lineage. At the 18 dpa timepoint,
differentiated dermal and interstitial fibroblasts were not yet identifiable, consistent with live
imaging data showing the late differentiation of these lineages (12). Notably, both “Col1a2”-
descendant blastema cells (Fig. 4C, mostly periskeleton-derived) and “Prrx1 -descendant
blastema cells (Fig. 4L, mostly fibroblastic CT-derived) had a similar expression profile
resembling limb bud progenitors. Taken together, we conclude that cells from multiple CT
compartments funnel into an undifferentiated progenitor with the tissue of origin biasing the
spatial contribution of the cells.

Connective tissue lineages reemerge through multipotent progenitors

To reconstruct the re-establishment of each CT cell type in the upper arm regenerate, we
performed high-throughput droplet-based scRNA-seq of labeled Prrx1.:Cre-ER,;Caggs.po-
Cherry descendants in the late blastema at three time points including 18 dpa (9939 cells),
25 dpa (9019 cells) and 38 dpa (2861 cells) (Fig. 5A and Table S9). We inferred
differentiation trajectories and pseudotemporal cell relationships (23) from a diffusion map
embedding (16), and identified a trifurcated path, where multipotent blastema progenitors
expressing embryonic limb and cell cycle markers (e.g. Prax2, Nrep, Ccnbl) branch off to a
non-skeletal lineage or a skeletal lineage that then bifurcates into either cartilage or bone
(Fig. 5, B and C). We observed temporal differences in the lineage progression as progenitor
cells are present only at the earlier two time points (18 and 25 dpa), whereas cells on the
non-skeletal branch are found at all three time points. A skeletal precursor state is found
mainly at 18 dpa before cartilage and bone start to differentiate at 25 dpa and 38 dpa,
respectively (see also fig. S11B). We next analyzed the heterogeneity in the non-skeletal
branch and found that the main non-skeletal lineages (periskeletal cells, tenocytes,
fibroblastic CT cells) present in the adult uninjured tissue had started to reemerge by 38 dpa
(Fig. 5D and fig. S11, C and D). This data suggests that, at the transcriptome level, the
progenitor pool between 18 and 25 dpa is still relatively homogeneous, and that these
progenitor cells diversify sometime after 25 dpa into diverse CT lineages.
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We further sought to validate our molecular analysis by clonal lineage tracing using a
Brainbow transgenic animal, which allowed us to determine the spectrum of cell types
formed from single CT cells. To establish clonal tracing conditions, recombination was
induced in mature limb cells and examined after 7 days. To identify color combinations
showing appropriately low occurrence for clonal analysis, clone pairs were identified as
infrequently occurring adjacent sisters derived from a cell division, and their distribution in
color and hue saturation space was determined (fig S11E). From this data, a rare
recombinant type that mapped in the blue color range was identified (fig. S11F).
Examination of 9 different source zone equivalents in the mature tissue identified 2, 1, 0, 1,
1,0, 0, 2, 0 blue cells per zone (fig. S11G). Amputated limbs were allowed to regenerate for
25 days (Fig. 6A) and then examined for the presence of blue clones. Three out of ten limbs
contained a blue clone whereas the other seven limbs showed no blue clone, confirming its
rare occurrence (Fig. 6, B and D). The frequency distribution in color space of the blue cells
in each regenerate was consistent with clonal origin (Fig. 6, C and E) (for more examples
see fig. S11, H and 1). Assignment of the blue cells from within each limb to connective
tissue sub-types revealed contributions of clonal descendants to skeletal, periskeletal,
fibroblastic and tendon cells (Fig. 6B). These lineage tracing data confirm for the first time
the molecular profiling conclusions that limb blastema cells acquire a limb bud progenitor
identity and form a multipotent CT progenitor (24, 25).

The molecular understanding of blastema formation had previously suffered from the
inability to identify and isolate blastema precursor cells in the adult tissue. We have
demonstrated the importance of genetically marked transgenic axolotl strains for isolating
blastema precursor cells from adult limb tissue and we have molecularly profiled them using
single-cell transcriptomic methods. This profiling has indicated that CT cells express adult
phenotypes that are lost upon induction of regeneration and funnel into an embryonic limb
bud-like phenotype including multipotency within the CT lineage (24, 25). The molecular
reprogrammability of adult cells to cells of embryonic limb potential capable of
orchestrating complex limb morphogenesis has clear implications for future prospects in
regenerative engineering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

Single-cell transcriptomics and reporter lineage tracking were used to deconstruct cell
composition, reconstruct lineage relationships, and trace connective tissue
reprogramming during axolotl limb regeneration.

Science. Author manuscript; available in PMC 2019 July 31.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Gerber et al.

Page 12
E Immune Imm|l|Jne Endothelial
i i cells elia
%_g ; ’ / cells Epl‘(:i:"r;nal | ceJlIs
% i |
ge i I S
cE
3 8 .3 g é ) ,‘
Connective 1S &

', (23

tissue cells
Hbb Krt5
F Max ‘
0 2 -
Ly Apoe
‘é £ Max g 1
© 3
3 S o “ |
] s == < ==
S 3 Max Px3 Igfbp3
o
o |
L R . ‘ 1 »“
22 < Coltat Lum
o2 Max
] % 1
3 Il \
4 ol.l..l ... I
Cluster 1 to 12

Fig. 1. Tracking and molecular profiling of axolotl limb connective tissue (CT).
(A) Longitudinal section of a limb bud at stage 47 stained with anti-PRRX1 Ab (red)

identifies Prrx1 as a pan-CT marker during limb development. Arrowheads indicate absence
of PRRX1 staining in the epidermis. (B) Longitudinal section of a blastema 11 days post
amputation (dpa) stained with anti-PRRX1 Ab (green). Red: converted cells; Blue: Hoechst
= nuclei. Scale bar: 500 pm. (C) Embryos after induction of Prrx1.Cre-ER;CAGGS:|p-
Cherry using Tamoxifen (4-OHT) show expression of mCherry only in limb mesenchyme.
(D) Fluorescence image of converted cells in uninjured and regenerated limb (conversion at
limb bud stage) indicates stable labeling of CT prior to and post regeneration. Arrowhead
indicates amputation plane. (E) Left: tSNE plot visualizing single-cell (sc) RNA-seq data of
2,379 single cells (circles) from the adult axolotl upper arm. Gray patches outline related
cell types. Right: mCherry expression is detected exclusively in CT cell types. (F) Bar plots
showing mean expression of marker genes in each cluster. X-axis represents cell clusters
identified in Fig. 1E. Error bars indicate standard deviation. UMI: unique molecular
identifier.
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Fig. 2. Blastema for mation from axolotl upper arm connective tissue cells involves molecular
funneling during regeneration.

(A) Schematic of CT scRNA-seq experiments. SCRNA-seq was performed on FACS sorted
mCherry* CT cells of the uninjured axolotl upper arm (0 days post amputation, dpa) and
during regeneration of the upper arm blastema at 3 dpa, 5 dpa, 8 dpa, 11 dpa and 18 dpa
using Prrx1.Cre-ER,Caggs.Lp-Cherry animals (conversion at 1 cm size). (B) Cellular
heterogeneity of the uninjured upper arm CT based on 2375 single cell transcriptomes. tSNE
projection reveals 8 clusters referring to 7 CT subtypes. The 8! cluster contains cycling cells
marked by expression of Ccnbl shown as an inset. fCT: fibroblastic connective tissue. (C)

Scilence. Author manuscript; available in PMC 2019 July 31.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Gerber et al.

Page 14

Violin plots showing distribution of expression for selected tSNE cluster marker genes
(panel B). The cluster of cycling cells was excluded. Colors refer to cluster colors of tSNE
map (panel B). (D) Diffusion map projection (16) describes lineage relationships between
uninjured CT cells and cells from all blastema time points as well as cells from a fully
regenerated upper arm. DC: Diffusion component. CT cells from limb regenerate cluster
with cells from uninjured upper arm tissue. (E) Diffusion component (DC) 3 captures the
cell type heterogeneity in the uninjured CT, which is lost in the blastema. (F) Cellular
heterogeneity of the mature CT is lost in the blastema. Expression of cell type marker genes
(gene groups i to vi) identified for the uninjured CT is shown for each blastema time point as
heatmap with genes in columns and cells hierarchically clustered in rows. Transcript levels
are scaled across columns, respectively. (G) Mean pairwise correlation (Pearson) between
genes of each of the 6 identified gene groups (panel F) across all cells was calculated for
each experimental time point. Mean correlation coefficients decrease over the course of
blastema formation indicating the loss of cell type heterogeneity in the blastema. Error bars
indicate standard deviation. (H) Heatmap visualization of time point-specific marker genes
(columns) with cells (rows) ordered by diffusion pseudotime (see also fig. S4l). GO
enrichments are provided below the heatmap for each gene group and exemplary genes are
shown at the top (see also fig. S5A). Colored sidebar on the left indicates time points. (1)
Pseudotemporal expression of different gene signatures across all cells from uninjured upper
arm CT to blastema 18dpa. Smoothed conditional means using LOESS are presented.
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Fig. 3. Connective tissue reprogramming progresses through a blastema-specific state prior to
recapitulating embryonic limb bud development.

(A) Overview of scRNA-seq experiments on three axolotl limb bud stages. 279 limb bud CT
cells were in silicoidentified based on PrrxZ expression and their transcriptomes were
compared to sScCRNA-seq data of the blastema cells. (B) Left: Heatmap showing expression
of genes (columns) that distinguish mature limb CT cells from limb bud CT cells (rows).
Right: Heatmap showing expression of marker genes for uninjured CT cell types (columns)
across mature limb and limb bud CT cells (rows). Cells are hierarchically clustered
(Pearson) based on expression of all shown genes. (C) Bar graphs show fraction of cells per
embryonic stage that express genes involved in proximal-distal patterning (Meis2, Hoxall,
Hoxal3) or in anterior-posterior patterning (Fgf8, Shh). (D) Spatial patterning genes
describe most of the heterogeneity found in the limb bud CT (See also fig. S6C).
Intercellular correlation network constructed for stage 44 limb bud cells (circles) based on
expression of 5 known patterning genes places cells on a hypothetical position within an
imaginary limb bud. Note, that Hand2 instead of Sh/1was used as anterior marker due to the
low number of Shhexpressing cells (Fig. 3C). (E) Limb bud patterning genes are reactivated
during blastema formation. Bar graphs show fraction of cells per blastema time point that
express genes involved in proximal-distal patterning (Meis2, Hoxall, Hoxal3) or in
anterior-posterior patterning (Fgf8, Shh). (F) Intercellular correlation network constructed
for all blastema 11 dpa cells (circles) based on expression of 5 patterning genes places cells
on a hypothetical position within an imaginary limb blastema. (See also fig. S6D). (G)
Correlation analysis reveals the highest similarity of limb bud progenitors with blastema 11
dpa cells. Boxplot shows distributions of scaled correlation between single cell
transcriptomes at any given time point and the mock bulk transcriptome of stage 44 limb bud
CT cells. (H) Correlation analysis reveals the highest similarity of stage 28 limb field cells
with blastema 11 dpa cells. Boxplots show distributions of scaled correlation values between
single-cell transcriptomes at the different sampled time points and the mock bulk
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transcriptome of limb field CT cells. (I) Scatterplot showing differential correlation of single
cell transcriptomes (dots, color-coded based on time point) with limb bud versus uninjured
mature CT transcriptomes (y-axis) and with blastema 5 dpa versus blastema 11 dpa
transcriptomes (x-axis). (J) Dotplot visualizing expression of genes shared between
blastema 11 dpa and limb bud progenitor cells. Circle size represents the fraction of cells of
each time point expressing the gene and color represents the average expression level.
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Fig. 4. Tracking different connective tissue subpopulationsin the blastema reveals distinct cell
sources for proximal versusdistal limb regenerate tissue.

(A) Top: Fluorescence overlaid with bright-field image of CollaZz:ER-Cre-ER,;Caggs.ip-
Cherry (conversion at 3 cm size) limbs at 0 dpa overlaid with DIC. Bottom: Upper arm limb
cross-section reveals labeling of periskeletal and tendon cells. Hoechst (blue), Colla2:ER-
Cre-ER,Caggs.lp-Cherry (red). (B) Heatmap showing distinct expression profiles for 36
mature limb periskeletal and tendon cells (Colla2:ER-Cre-ER,Caggs.lp-Cherry labeled)
with cells (columns) being hierarchically clustered (Pearson). GO enrichments are shown.
(C) Cellular heterogeneity of labeled Colila2:ER-Cre-ER,Caggs.|p-Cherry descendants in
the 11 dpa blastema (349 cells). Heatmap visualizing expression of genes (columns)
identified by PCA in 11 dpa blastema cells (rows, hierarchically clustered based on
Pearson’s correlation). Transcript levels are scaled across columns. (D) Pseudotemporal
trajectory obtained by Diffusion Map projection (26) on genes identified by PCA (Table
S10) for 11 dpa blastema cells deriving from labeled Colla2:ER-Cre-ER,Caggs.lp-Cherry
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descendants. Blastema progenitors are linked to 2 emerging cell lineages: non-skeletal
(likely precursors to periskeletal cells and tenocytes) and skeletal. (23) Scores for
developmental, non-skeletal and skeletal signatures projected onto the Diffusion Map are
shown. (E) Top left: Fluorescence overlaid with bright-field image of Col1a2:ER-Cre-
ER;Caggs-lp-Cherry limbs at 25 dpa. Scale bar: 2 mm. From top right to bottom left to
bottom right: Limb cross-sections along the proximo-distal axis (UA: upper arm, LA: lower
arm). Hoechst (blue), Col1A2:ER-Cre-ER,Caggs:Ip-Cherry (red) overlaid with DIC. Scale
bar: 200 um. (F) Fraction of converted cells in five CT subtypes at different proximo-distal
positions after regeneration, (cell number n > 8000, 3 independent limb samples). iF:
Interstitial fibroblasts (fCT I-111). (G) CollaZ:ER-Cre-ER,;Caggs.lp-Cherry labeled humerus
transplantation into unlabeled host. Top: Stereoscopic images of live animals at 0 dpa and 15
dpa. Scale bar: 1 mm. Center: Longitudinal sections of 15 dpa blastema. Converted cells
(red), HoxA11 (green), Hoechst (blue). Scale bar: 500 um. Bottom: Magnified view showing
co-localization of mCherry+ cells with HoxA11 antibodies. (H) Prrx1:Cre-ER,Caggs:ip-
Cherry labeled humerus transplantation into unlabeled host. Left: Stereoscopic images of
live animals at 0 dpa and 25 dpa. Scale bar: 1 mm. From left to right: Cross sections of limbs
from UA-callus, UA-regenerate and LA-regenerate. Converted cells (red), Hoechst (blue).
Scale bar: 200 um. (1) Quantification of converted cells in periskeletal, skeletal and
aggregate of periskeletal and skeletal subtypes (All) plotted on proximo-distal axis. (J)
Unlabeled humerus transplantation into Prrx1.Cre-ER,Caggs:lp-Cherry converted host. Left:
Stereoscopic images of live animals at 0 dpa and 25 dpa. Scale bar: 1 mm. From left to right:
Cross sections of limbs from UA-callus, UA-regenerate and LA-regenerate. Converted cells
(red), Non-converted cells (green), Hoechst (blue). Scale bar: 200 um. Right: Magnified
view showing mCherry+ periskeletal (Ps) and skeletal (Sk) and iF: Interstitial fibroblasts
(FCT I-111). (K) Quantification of converted cells in periskeletal, skeletal and aggregate of
periskeletal and skeletal subtypes plotted (All) on proximo-distal axis. (L) Pseudotemporal
trajectory obtained by Diffusion Map projection (26) on genes identified by PCA (Table
S10) for 18 dpa blastema cells of labeled Prrx1.:Cre-ER;Caggs./o-Cherry descendants links
limb bud-like blastema progenitors to 2 emerging cell lineages: non-skeletal (precursors to
all non-skeletal CT subtypes) and skeletal. (23) Scores for developmental, non-skeletal and
skeletal signatures are projected onto the Diffusion Map.
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(A) Schematic of high-throughput sScRNA-seq experiments on late blastema stages using
Prrx1.:Cre-ER,Caggs.Lp-Cherry converted animals. SCRNA-seq was performed on FACS
sorted mCherry* CT cells of the uninjured axolotl upper arm (0 days post amputation, dpa)
and during regeneration of the upper arm blastema at 18 dpa, 25 dpa and 35 dpa using the
10x Genomics Chromium controller. (B) Three-dimensional representation of a Diffusion

analysis (16) of blastema time points (18, 25, 38 dpa) identifies 4 branches. Merlot (23) was

used to identify end points and branching points (color coded) within the trajectory and to
obtain branch-specific gene expression patterns. Pie charts next to the branches show the
time point distribution per respective branch. (C) Pseudotemporal expression of marker
genes along the branches identified in panel B. Shown markers were used to assign cell
types to each branch (blastema progenitors, two skeletal lineages (cartilage and bone) and

one non-skeletal lineage). (D) SPRING (27) visualization of late non-skeletal blastema cells
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(cells with highest pseudotime encircled and highlighted in blue in inset) together with
mature CT cells (total 3151 cells) reveals emergence of CT subpopulations identified in the
mature tissue. (E) Genes identified as markers for distinct CT subtypes ( 7nmd, Col4aZ,
Twist2) in the mature uninjured tissue highlight the emergence of cell types during the last
phases of regeneration while the expression of developmental blastema markers (Arep) and
cell cycle markers (Ccnbl) decrease during final differentiation.
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Fig. 6. Brainbow clonal analysis confirms multi-lineage potential of connective tissue cellsupon
limb regeneration.

(A) Representative image of a regenerated limb in a Brainbow axolotl. A presumptive clone
of blue cells is observed throughout the limb, from the digit tip (A”), the elbow (A”), and
amputation plane (solid line) at the injection site (arrowhead) (A’). Scale bars: (A) 300 pm;
(A’-A""): 100 um. (B) Example of HS color distribution of cells from a representative image
containing a presumptive clone of blue cells (white circle). Multiple cells of each connective
tissue sub-type (Skeletal cells, periskeletal cells, tenocytes and fibroblastic CT cells) are all
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represented. Similar distributions were observed in 3/10 analyzed samples (for examples see
fig. S11H). (C) Frequency distribution in HS color space calculated using the formula (fig.
S11E), for known clonally related cells (fig. S11, F and G), presumptive clonally related
cells (“blue cells” in white circle, panel B) in a regenerated limb, and non-clonally related
cells in a regenerate. Frequency distribution of suspected clonally related cells is
indistinguishable from known clones (Kruskal-Wallis analysis and Dunn’s multiple
comparison). (D) Example of HS color distribution of cells from a representative image
lacking a discreet cluster of blue cells (white circle). Similar distribution was observed for
7/10 analyzed samples (for examples see fig. S111). (E) Frequency distribution as in C for
sample shown in D. Note that due to the lack in identifying a clonally related subset, no
presumptive clone could be mapped.
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