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SUMMARY
Heterotopic ossification (HO) is a formof pathological cell-fate change ofmesenchymal stem/precursor cells (MSCs) that occurs following

traumatic injury, limiting range of motion in extremities and causing pain. MSCs have been shown to differentiate to form bone; how-

ever, their lineage and aberrant processes after trauma are not well understood. Utilizing a well-established mouse HOmodel and induc-

ible lineage-tracing mouse (Hoxa11-CreERT2;ROSA26-LSL-TdTomato), we found that Hoxa11-lineage cells represent HO progenitors spe-

cifically in the zeugopod. Bioinformatic single-cell transcriptomic and epigenomic analyses showed Hoxa11-lineage cells are regionally

restricted mesenchymal cells that, after injury, gain the potential to undergo differentiation toward chondrocytes, osteoblasts, and ad-

ipocytes. This study identifies Hoxa11-lineage cells as zeugopod-specific ectopic bone progenitors and elucidates the fate specification

and multipotency that mesenchymal cells acquire after injury. Furthermore, this highlights homeobox patterning genes as useful tools

to trace region-specific progenitors and enable location-specific gene deletion.
INTRODUCTION

The correct programming of adult precursor cells is critical

to enable normal wound healing after injury. Burn injuries,

soft-tissue wounds, and fractures all require a highly

orchestrated response of inflammatory, vascular, neural,

fibroblast, and mesenchymal stem/progenitor/precursor

cells (MSCs) to coordinate proper healing. However, in

some cases of severe trauma, proper precursor cell program-

ming can be maladaptive, causing pathological healing.

This altered programming of precursor cells is manifested

in the process of heterotopic ossification (HO). HO is char-

acterized by aberrant differentiation of adult tissue-resident

MSCs that are ectopic from the adult skeleton. Recent

studies have begun to elucidate bone progenitor cells dur-

ing normal bone development and repair. The process by

which tissue-resident mesenchymal cells undergo aberrant

osteogenic and chondrogenic differentiation, however, has

yet to be defined (Agarwal et al., 2016a, 2017a; Chan et al.,

2018; Comazzetto et al., 2019; Genet et al., 2015; Hsieh

et al., 2019; Hwang et al., 2019;Matsushita et al., 2020; Tor-

ossian et al., 2017; Wang et al., 2018).

In recent years, Cre/LoxP-based lineage-tracing ap-

proaches have provided the technical ability to follow the

fates of stably marked native cell populations within the

injury site and assess these cells’ osteogenic capacity (Agar-

wal et al., 2016a; Kan et al., 2018). Although lineage studies
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have characterized HO as an endochondral process (Foley

et al., 2018), studies have yet to elucidate whether several

cell populations differentiate into aberrant cartilage and

bone or whether HO is derived from one progenitor popula-

tion. Mouse lines that mark local MSCs have been used to

study HO (Agarwal et al., 2016b, 2017b; Dey et al., 2016;

Kan et al., 2013, 2018).However, theseCremodels have lim-

itations. For example, Prrx1Cremarks the entire lateral plate

mesoderm, and eachCre allele is found atmany sites outside

of themusculoskeletal system (Logan et al., 2002).Given the

lack of specificity, use of these Cre systems will not precisely

identify the cells likely playing a role in bone formationor in

homeostasis (Agarwal et al., 2016a). Cre systems have also

been used to conditionally delete genes during develop-

ment; however, this can lead tonative skeletal abnormalities

such as shortened limbs or altered bone mineral density,

introducing confounding variables into the measurement

of ectopic bone. Therefore, inducible systems are preferred.

The available alleles that mark MSCs include PdgfraCreER,

Gli1CreER, and ScxCreER lines; however, these alleles also

mark MSCs in tissues outside of the extremities (Li et al.,

2018; O’Rourke et al., 2016; Qian et al., 2017; Sugimoto

et al., 2013b; Zhao et al., 2015). Importantly, these cell line-

ages are not specific to one anatomic region, making it diffi-

cult to interpret any lineage specific gene-deletion studies.

Recent studies have utilized the embryonic patterning

gene Hoxa11 to mark the progenitor cells responsible for
hor(s).
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fracture healing (Pineault et al., 2019). MSCs are mesoderm-

derived andHox genes have been shown to be expressed in a

region-specific manner in these cells (Pineault et al., 2019).

Hoxa11 is expressed specifically in the zeugopod, the

radius-ulna and tibia-fibula region of the limb. Hoxa11-

CreERT2;ROSA26-LSL-TdTomato lineage-trace reportermouse

model marks Hoxa11-lineage cells during skeletal develop-

ment and growth. At 24 h following tamoxifen induction

at postnatal day 3, Hoxa11-lineage cells are found within

perichondrium at the distal growth plate, periosteal, endos-

teal, and trabecular bone surfaces. After 8 weeks, these cells

are found in the periosteum, endosteum, and bone marrow

space (Pineault et al., 2019). However, Hoxa11-expressing

cells are not isolated to the skeleton. It was found that

Hoxa11 cells expressing endogenous GFP are located in

tendon and muscle interstitial tissue at embryonic day

14.5, yet it remains unclear whether these cells persist in

the adult tendon andmuscle (Pineault et al., 2019). Further-

more, usingHoxa11-CreERT2;ROSA26-LSL-TdTomatomice, it

was shown that TdTomato+ (Hoxa11iTom+) MSCs were

marked prior to Sox9CreER and OsxCreER lineage-marked

cells, indicating that these Hoxa11-expressing cells serve as

progenitors for osteoblastogenesis and chondrogenesis

(Pineault et al., 2019). These results suggest that Hoxa11

marks the primitive MSCs that may be responsible for the

formation of aberrant ectopic bone.

In the current study, we utilize a burn/tenotomy (BT)

injury model in Hoxa11-CreERT2;ROSA-LSL-TdTomato mice

to identify, lineage trace, and analyze the cell fate of the

HO progenitor cells. This model reproducibly results in HO

formation, which allows for the evaluation of the precursor

cells responsible for aberrant bone formation. Using single-

cell RNA sequencing (scRNA-seq) and single-nucleus assay

for transposase-accessible chromatinusing sequencing (snA-

TAC-seq), we were able to specifically identify and analyze

MSCsmarked byTdTomato transcript andMSCs notmarked

by TdTomato. We found that TdTomato-expressing MSCs

were also identified by markers of chondrocytes and osteo-

blasts. Using trajectory analyses, we identify the TdTomato+

population responsible for chondrogenic andosteogenic dif-

ferentiation. Our findings also suggest that these cells can

differentiate into adipocytes following injury. Our results

demonstrate that Hoxa11-lineage cells are a unique popula-

tion of precursor cells that undergo an aberrant fate change

toward a chondrogenic and osteogenic cell type.
RESULTS

Hoxa11-lineage cells express genes associated with

mesenchymal cells at baseline and after injury

To characterize the cells at the HO site, we performed

scRNA-seq on cells harvested from the distal hindlimb of
an uninjured mouse, injured left hindlimb 1 week after

BT injury, and injured hindlimb 6 weeks after BT injury

of Hoxa11-CreERT2;ROSA-LSL-TdTomato mice to determine

dynamic molecular changes in the Hoxa11-lineage cells

(Figure 1A). Specifically, the Achilles’ tendon and surround-

ing soft tissue posterior to the tibia and fibula were har-

vested (Figure 1A). Native bone, such as the tibia, fibula, tar-

sals, metatarsals, and phalanges, were not harvested for

analysis. Twenty-five unique clusters were created by

UMAP analysis. Clusters were identified by uniquely ex-

pressed upregulated genes (Figure 1B and Table S1). Cell-cy-

cle phase, G2/M score, and S score were calculated (Tirosh

et al., 2016) (Figure S1A). Because we used Hoxa11-CreER-
T2;ROSA-LSL-TdTomato mice, expression of the TdTomato

RNA transcript was used to identify clusters of the

Hoxa11 lineage. Combined analysis of all conditions and

time points identified the following clusters as TdTomato

expressing: MSC:0, SkMusc:6, MSC:14, and Teno:16 (Fig-

ure 1C). Following individual time-point analysis, cluster

MSC:2 also showed TdTomato expression at the 6-week

time point (Figure 1C). These five clusters were the focus

of our study due to their expression of the TdTomato tran-

script marking them as Hoxa11-lineage cells. Additional

genes frequently used to study bone progenitors were

included for comparison. SkMusc:6 showed no expression

of bone progenitor lineage markers. Pdgfra and Prrx1 mark

mesenchymal progenitor cells (Miwa and Era, 2018), and

were expressed by clusters MSC:0, MSC:2, MSC:14, and

Teno:16 (Figure 1D). Clec11a, which has known roles in

osteogenic differentiation and bone fracture healing (Yue

et al., 2016), was also expressed in clusters MSC:0, MSC:2,

MSC:14, and Teno:16 (Figure 1D). Cxcl12, a marker

commonly used for hematopoietic stem cells (Ding and

Morrison, 2013) and osteoblasts (Shahnazari et al., 2013),

was expressed in clusters MSC:0, MSC:2, MSC:14, and

Teno:16 (Figure 1D).Clec3b, previously shown to be impor-

tant in mineralization (Iba et al., 2001), was expressed in

MSC:0, MSC:2, and MSC:14 (Figure 1D). Of the Hoxa11

lineage clusters, only MSC:14 displayed Lepr expression

(Figure 1D). Lepr encodes the leptin receptor and is

frequently used as amarker for bonemarrowmesenchymal

stem cells (Zhou et al., 2014), suggesting that the MSC:14

cells are of bone origin (Figure 1D). En1, which is important

in cranial morphogenesis and calvarial defect healing

(Deckelbaum et al., 2012), showed expression in MSC:0

andMSC:14 (Figure 1D). Interestingly,Gli1, amarker found

to be important in bone fracture healing (Shi et al., 2017),

showed no expression in TdTomato-expressing clusters in

the combined time-point analysis (Figure 1D). Lastly, two

markers that have been used to mark multipotent skeletal

stem cells in humans, Pdpn and Cd164, were expressed in

MSC:0, MSC:2, MSC:14, and Teno:16 (Chan et al., 2018;

Walmsley et al., 2015) (Figure 1D). These findings suggest
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Figure 1. Combined time-point analysis of scRNA sequencing shows distinct TdTomato-expressing clusters
(A) Experimental schematic showing injury model and cells harvested in the uninjured limb (n = 1), 1 week following BT injury (n = 1), and
6 weeks following BT injury (n = 2) from Hoxa11-CreERT2:ROSA-TdTomato mice that were processed and sequenced. Mouse schematic
adapted from our group’s previous work (Agarwal et al., 2016a).
(B) UMAP cluster, cluster definitions, and cell counts of combined time-point analysis.
(C) Violin plots of combined time-point and individual time-point TdTomato expression.
(D) Violin plots of gene markers for mesenchymal and bone progenitors.
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that Hoxa11-lineage cells may be responsible for forming

ectopic bone following injury; however, it remains unclear

how these cells progress fromnormal physiology toward an

aberrant cell fate.

Hoxa11-lineage cells turn on transcriptional profiles

associated with osteogenic and chondrogenic cell

states during HO progression

Following initial scRNA-seq analyses, pseudo-time analysis

was used to determine how the transcriptional profiles of

Hoxa11-lineage cells were changing across the conditions

and time points (uninjured, 1 week, and 6 weeks). Cells ex-

pressing over at least one count of the TdTomato transcript

within the four mesenchymal TdTomato-expressing clus-

ters were used for pseudo-time analyses (Figure 2A).

SkMusc:6 was excluded from the analysis as it formed a

separate trajectory (Figure S2). Three major branches were

identified by visualizing gene expression across the trajec-

tory: a precursor-like state characterized by Pdgfra and

Clec3b (Figure 2B), a combined osteogenesis/chondrogene-

sis-like state characterized by bone (Spp1, Runx2), chondro-

cyte (Sox9, Acan), and tenocyte (Scx, Tnmd) differentiation

markers (Figures 2C–2E), and lastly, a branch characterized

by tendon markers Scx, Tnmd, and Comp (Figure 2E). Inter-

estingly, Pdgfra expression is maintained in the osteo/

chondro branch of the analysis. Tendon markers Scx,

Tnmd, and Comp are expressed in the osteo/chondro

branch, suggesting the Hoxa11-lineage cells that comprise

HO have tendon origin, which is consistent with previous

work (Agarwal et al., 2017b). Importantly, cluster MSC:0

was the only cluster that occupies the terminal end of the

osteo/chondro branch (Figure 2A), suggesting that this

unique cluster of cells differentiates into heterotopic

bone. Acan and Fbn2 were uniquely and highly expressed

in MSC:0. Confocal microscopy images showed co-locali-

zation of TdTomato fluorophore with ACAN and FBN2 pro-

tein in the HO anlagen 1 week following injury (Figure S3).

When the trajectory was separated by time after injury,

there were no cells occupying the osteo/chondro branch

in the uninjured sample, while many cells occupied this

branch of the analysis 1 week post injury. A small popula-
Figure 2. Trajectory analysis of TdTomato+ cells shows osteo/cho
(A) Monocle 2 pseudo-time analysis separated by TdTomato-expressin
(B) Feature plots of Pdgfra and Clec3b gene expression levels.
(C) Feature plots of chondrocyte differentiation genes Acan and Sox9
(D) Feature plots of osteoblast differentiation genes Runx2 and Spp1
(E) Feature plots of tendon differentiation genes Scx, Tnmd, and Com
(F) Pseudo-time plots separated by time point with osteo/chondro b
(G) UMAP steam plot of RNA velocity of TdTomato+ cells in clusters MSC
and UMAP latent time plot (right).
(H) CytoTrace analysis of TdTomato-expressing cells including a UMA
cluster (center), and a box plot showing predicted score of clusters (
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tion, which occupied a small separate branch on the trajec-

tory, remained at 6 weeks (Figure 2F). Few cells are likely

found at the 6-week time point as they are entrapped in

HO bone and difficult to isolate for scRNA-seq. This dy-

namic analysis highlights thatHoxa11-lineage cells express

osteogenic and chondrogenic gene differentiation markers

only after injury (Figure 2F).

To delineate the lineage kinetics in the MSCs, we per-

formed trajectory analysis using the estimated RNA veloc-

ity of TdTomato-positive cells in clusters MSC:0, MSC:2,

MSC:14, and Teno:16 (La Manno et al., 2018; Bergen

et al., 2020) (Figure 2H). The vectors of individual esti-

mated velocity indicated the origin as cluster MSC:0 with

a dual outflow towardMSC:2 and Teno:16.Moreover, there

was a minor bifurcation in MSC:2 that pointed toward

MSC:14 (Figure 2H). We further inferred the position of

cells in the fate commitment process by computing the

latent time. The results showed a comparable origin in

MSC:0 with four distinct endpoints terminated in MSC:0,

MSC:2,MSC:14, and Teno:16 (Figure 2H). Cell-cycle scores,

feature counts, and RNA counts were also visualized on the

trajectory (Figure S1B). RNA features increased along the

right branch of the trajectory. CytoTrace is a trajectory

analysis that considers variations in RNA features as a factor

in determining differentiation state (Gulati et al., 2020).

MSC:0 was the least differentiated compared with other

MSC clusters based on CytoTrace predicted ordering (Fig-

ure 2H). When taken together, velocity, CytoTrace, and

pseudo-time analyses suggest thatMSC:0 is able to differen-

tiate into chondrogenic and osteogenic lineages compared

with more differentiated MSC:2, MSC:14, and Teno:16

clusters.

To provide a clearer picture of how Hoxa11-lineage cells

transition throughout the progression of HO, we utilized

individual time-point analyses of snATAC, scRNA, and

immunofluorescence (IF) microscopy.

Hoxa11-lineage cells do not express markers of

osteogenesis or chondrogenesis in uninjured leg

snATAC was utilized to characterize the chromatin states

of genes important in chondrogenic and osteogenic
ndro branch following traumatic injury
g cluster.

expression levels.
expression levels.
p expression levels.
ranch circled in orange.
:0, MSC:2, MSC:14, and Teno:16 (left) with arrows showing velocity

P plot with predicted ordering score (left), a UMAP plot colored by
right).



Figure 3. Hoxa11-lineage cells are found within tendon and enthesis and do not express chondro/osteo differentiation genes in
the uninjured limb
(A) SnATAC-seq of TdTomato-expressing cluster MSC:0 in the uninjured limb (n = 1). Genes shown are important in chondrogenesis and
osteogenesis. Bars represent mean value of reads.
(B) UMAP plot of cells in the uninjured limb.
(C) UMAP feature plot depicting TdTomato expression in the uninjured limb (top left), violin plot showing TdTomato expression across
clusters (top right, from Figure 1C), and cell counts across all clusters (bottom).

(legend continued on next page)
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differentiation. Euchromatin, or ‘‘open’’ chromatin, is

important for the transcription of gene loci. snATAC is spe-

cifically useful for isolating unique clusters of cells mapped

from the scRNA-seq—a technique not available to bulk

ATAC. Cluster MSC:0 was the focus of snATAC-seq as this

cluster likely contains the cells that differentiate into HO,

based on genetic expression at the 1-week post-injury

time point. MSC:0 cells showed very low levels of open

chromatin reads near promoters of genes important in

chondrogenesis and osteogenesis in the uninjured limb

(Figure 3A). Chondrogenic gene Sox9 had a low number

of open chromatin reads near promoter regions, suggesting

decreased expression (Figure 3A). Chondrogenic gene Acan

had a higher level of open chromatin reads; however, it was

not expressed in scRNA-seq data (Figures 3A and 3D).

Genes Dlx5 and Dlx6, which are critical in mammalian

skeletal development (Robledo et al., 2002), and Runx2

had low levels of open chromatin regions (Figure 3A).

Later-stage osteoblast differentiation genes Sp7 and Spp1

(Komori, 2006, 2017) also had low levels of open chro-

matin reads. Cells of MSC:0 showed open chromatin re-

gions within and surrounding bone matrix protein-encod-

ing gene Ibsp, but not Bglap (Komori, 2010) (Figure 3A). As

open chromatin is integral for the transcription of genes,

this suggests that in the uninjured limb Hoxa11-lineage

cells are not primed to differentiate toward chondrocytes

and osteoblasts. While useful, accessibility to open pro-

moter regions is not the only determinant of gene tran-

scription (Chereji et al., 2019). To account for this, we

also characterized theHoxa11-lineage cells in an uninjured

limb by analyzing the scRNA transcriptome profiles of

Hoxa11-lineage clusters and IF data.

We found that the majority of TdTomato expression was

limited to SkMusc:6, MSC:14, and Teno:16, while MSC:0

and MSC:2 showed minimal expression (Figures 3B and

3C). Scx expression was only expressed in Teno:16, while

Tnmd expression was expressed in both MSC:0 and

Teno:16. Scx regulates Tnmd expression (Shukunami

et al., 2018), which suggested that in the uninjured limb,

Teno:16 was more stem in nature. Chondrogenic and oste-

ogenic genes showed little to no expressionwithinHoxa11-

lineage clusters in the uninjured limb (Figure 3D). These

findings suggest that in the uninjured limb, Hoxa11-line-

age cells are within tendon and muscle but are not primed

for aberrant osteogenic and chondrogenic cell fate.

The location and expression of Hoxa11-lineage marking

by the TdTomato fluorophore was confirmed by confocal
(D) Violin plots of genes necessary in differentiation of tenocytes (to
(E) Confocal microscopy images of the uninjured hindlimb with tile sca
2 mice/antigen of interest, n = 3 images/mouse). Colored boxes in til
and SOX9 (bottom). Blue chevrons mark Hoxa11iTom cells co-labeled w
50 mm.
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microscopy (Figure 3E). TdTomato expression was limited

to the limb zeugopod following BT injury (Figure S4).

Expression was found throughout the Achilles’ tendon as

well as at the tendon enthesis. IF labeling of mesenchymal

progenitor cell marker PDGFRa showed co-localization of

TdTomato within the Achilles’ tendon. Histological sec-

tions were also immunolabeled by SOX9, which only

showed expression at the tendon enthesis, not the mid-

belly tendon (Figure 3E), which is consistent with previous

studies (Sugimoto et al., 2013a). SOX9 immunolabeling

also co-localized with TdTomato+ cells at the tendon

enthesis.
Hoxa11-lineage cells within tendon enter an

osteogenic and chondrogenic state following injury

To delineate the gene expression changes after injury, we

analyzed snATAC data and scRNA data of the 1-week

post-injury cells in the TdTomato-expressing cluster

MSC:0 (Figures 4A and 4B). SnATAC showed increased

levels of open chromatin at chondrogenic genes Sox9,

Acan, and Col10a1 (Figure 4A). Osteogenic differentiation

genes Runx2, Sp7, Bglap, Ibsp, Spp1, Dlx5, and Dlx6 all

showed increased levels of open chromatin reads (Fig-

ure 4A). In the scRNA data, TdTomato expression was

altered following injury, expressed mainly in clusters

MSC:0, MSC:14, and at very low levels in Teno:16 (Fig-

ure 4C). MSC:0 was characterized by Scx, Tnmd, Sox9,

Acan, Runx2, and Spp1 (Figure 4D). There was no difference

in Sox9 expression in MSC:2 between the uninjured and

injured hindlimb. Interestingly, osteogenic differentiation

markers showed increased expression in MSC:14 and

Teno:16 following injury (Figure 4D).

Cells were also scored by their expression of Sox9, Runx2,

both Sox9 and Runx2, or neither, to determine whether

cells in MSC:0 are undergoing an endochondral ossifica-

tion process whereby chondrocytes are formed first, which

are replaced by osteoblasts, or whether the cells are differ-

entiating directly toward osteoblasts, a process more

commonly found in intramembranous bone formation.

Of all TdTomato+ MSC:0 cells at the 1-week time point

(N = 479), 7% expressed only Runx2 (n = 32), 47% expressed

both Sox9 and Runx2 (n = 226), 39% expressed only Sox9

(n = 185), and 8% had no expression of either (n = 36) (Fig-

ure 4E). This suggests that a small percentage of the cells

within this cluster differentiate directly toward osteoblasts

by the 1-week time point and contribute to HO through
p), chondrocytes (middle), and osteoblasts (bottom).
n (left) and 633 total zoom inset images of regions of interest (n =
e show region of inset. Sections were immunolabeled with PDGFRa
ith specified antibodies. Yellow scale bar, 500 mm; white scale bars,
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intramembranous ossification, while the remaining cells

progress through endochondral ossification.

IF labeling of PDGFRa, SOX9, and pSMAD3, signal trans-

ducer of the canonical transforming growth factor-b

pathway that is critical for HO formation (Sorkin et al.,

2020; Wang et al., 2018), was performed within the HO

anlagen at the injury site at the 1-week time point. All an-

tigens showed co-localization with TdTomato fluorophore

marking the Hoxa11-lineage cells (Figure 4F). PDGFRa+

TDTOMATO+ cells showed elongated morphology, sug-

gesting a predifferentiated state, while SOX9+ TdTomato+

cells had rounded, condensed morphology consistent

with chondrocytes. Over half of the PDGFRa- and SOX9-

expressing cells were marked by the TDTOMATO fluoro-

phore (Figure 4G). These results suggest that at the 1-

week time point,Hoxa11-lineage cells begin to differentiate

toward heterotopic bone.
Hoxa11-lineage cells differentiate into mature ectopic

bone

Finally, to determine whether Hoxa11-lineage cells differen-

tiate and contribute to the ectopic bone formation seen after

injury, we analyzed IF labeling at weeks 3 and 9 aswell as the

snATACand scRNA transcriptomedata fromMSCs thatwere

derived from cells 6 weeks post injury (Figure 5).

IF labeling and imaging performed at the 3-week time

point demonstrated that Hoxa11-lineage cells differenti-

ated into an osteogenic/chondrogenic state. PDGFRa co-

localized with TDTOMATO-expressing cells near the pe-

riphery of condensing HO anlagen (Figure 5A). SOX9

expression was paired with chondrocyte morphology of

TDTOMATO-expressing cells within the HO anlagen (Fig-

ure 5A). Osteoblast markers RUNX2 and OPN co-localized

with TDTOMATO expression within the HO anlagen as

well at the 3-week time point (Figure 5A). Over 50% of

the antigen-expressing cells were marked by the Hoxa11-

lineage tracer at 3 weeks (Figure 5A).

Analysis of snATAC data showed that while the mean

reads of open chromatin had decreased since the 1-week
Figure 4. Hoxa11 marks a unique osteo/chondro/teno cell type f
(A) snATAC-seq of TdTomato-expressing cluster MSC:0 1 week post inju
Bars represent mean value of reads.
(B) UMAP plot of cells 1 week following BT injury.
(C) UMAP feature plot depicting TdTomato expression (top left), violin
reference (top right, from Figure 1C), and cell counts of all clusters (
(D) Violin plots of genes necessary in differentiation of tenocytes (le
(E) Bar chart visualizing the number of TdTomato+ cells in MSC cluste
(F) Confocal microscopy images of the hindlimb 1 week following BT
mouse) (left). Dotted line shows the HO site while dashed line shows la
633 total zoom inset images (right). Sections were immunolabeled
Hoxa11iTom cells co-labeled with specified antibodies. Yellow scale b
(G) Bar chart showing mean with SEM of cell-count quantification of
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time point, chondrogenic and osteogenic gene loci re-

mained partially open (Figure 5B).

Analysis of the scRNA transcriptome of the TdTomato-ex-

pressing clusters post injury demonstrated TdTomato

expression in all five clusters at 6 weeks (Figures 5C and

5D). Scx and Tnmd were expressed in Hoxa11-lineage

MSC:0 and Teno:16 at 6 weeks; however, chondrogenic

and osteogenic differentiation gene expression was limited

toMSC:0 (Figure 5E).While Sox9was expressed inMSC:2 at

6weeks post injury, the expression level remained constant

throughout the uninjured, 1-week post-injury, and 6-week

post-injury samples (Figures 5E, 3D, and 4D). The osteo-

genic and chondrogenic genes that were upregulated in

MSC:14 and Teno:16 at the 1-week post-injury time point

resolved back to the uninjured baseline at 6 weeks post

injury, while MSC:0 maintained osteogenic and chondro-

genic expression (Figure 5E). These results suggest that

MSC:0 has formed the heterotopic bone and remains chon-

drogenic and osteogenic.

IF labeling at the 9-week time point, when mature bone is

present, showed Hoxa11-lineage TdTomato-expressing cells

within fully formed ectopic bone. Near the periphery of the

ectopic bone, TdTomato+ cells were marked by RUNX2 (Fig-

ure 5F). OPN and SP7 marked TdTomato+ cells and were en-

trappedwithin themature HO (Figure 5F). Lastly, TdTomato+

cells were co-localized with PLIN1, a lipid support protein

within adipocytes, suggesting that Hoxa11-lineage cells can

differentiate into adipocytes. This is also evidenced by snA-

TAC results of adipogenic genes in MSC:0 cells (Figure S5).

At the 9-week time point, over 60% of antigen-expressing

cells were marked by the Hoxa11 TDTOMATO lineage tracer

(Figure 5G). These results confirmed that Hoxa11-lineage

cells differentiated into ectopic bone following injury

through a paired chondrogenic and osteogenic phenotype.
DISCUSSION

HO is a tightly orchestrated process regulated by various

transcription factors. The expression of Hox genes and
ollowing injury
ry. Genes shown are important in chondrogenesis and osteogenesis.

plot showing TdTomato expression at 1 week following BT injury for
bottom).
ft), chondrocytes (middle), and osteoblasts (right).
r 0 expressing Sox9, Runx2, Sox9 and Runx2, or neither.
injury with tile scan (n = 2 mice/antigen of interest, n = 3 images/
beled calcaneus and tibia bones. The yellow box highlights region of
with PDGFRa, SOX9, and pSMAD3 (bottom). Blue chevrons mark
ar, 500 mm; white scale bars, 50 mm.
antigen-expressing cells co-labeled with TDTOMATO fluorophore.
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proteins help define regional formation of structures

throughout development. However, recent studies have

found that Hox genes may play a role that extends beyond

embryonic patterning and formation of the musculoskel-

etal system in murine limbs, specifically within the limb

zeugopod (Pineault et al., 2019; Rux et al., 2016; Swinehart

et al., 2013). Hoxa11-lineage cells were found to be self-re-

newing and persistent throughout embryonic develop-

ment and adulthood, serving a critical role in fracture

repair (Pineault et al., 2019).

In the current study, we investigated whether cells that

were previously described as self-renewing Hoxa11-lineage

adult skeletal progenitor-enriched MSCs (Pineault et al.,

2019) were involved in the aberrant cell fate and ectopic

bone formation after traumatic injury. To analyze this, we

used a Hoxa11 lineage-tracing mouse line in conjunction

with a mouse model of traumatic injury in the zeugopod.

We found that in the uninjured limb, Hoxa11-lineage cells

were located within tendon and muscle and were not

primed to differentiate into cartilage or bone. TdTomato

expression in muscle fibers is a novel finding; however, it

is outside the scope of this work. Previous research has

identified Hoxa11eGFP expression within tendon but not

muscle fibers (Rux et al., 2016; Swinehart et al., 2013); how-

ever, they did not use the lineage-tracingmodel used in this

study. Previous research has found that local MSCs differ-

entiate into HO and contribute to wound healing (Agarwal

et al., 2017b; Dey et al., 2016; Eming et al., 2014). These

cells are already present and awaiting signals from the sur-

rounding tissue to undergo proliferation and differentia-

tion to repair the injured tissue, rather than stemming

from circulation (Loder et al., 2018). After injury, we found

upregulation of osteogenic and chondrogenic genes in the

Hoxa11-lineage cells as well as increased levels of open

chromatin in genes responsible for osteochondral MSC dif-
Figure 5. Hoxa11-lineage cells differentiate into ectopic chondro
(A) Confocal microscopy images of the hindlimb 3 weeks following BT
bone and dotted line marking HO (left) and 633 insets of region of inte
were immunolabeled with indicated antibodies (bottom). Blue chev
Yellow scale bar, 500 mm; white scale bars, 50 mm. Right: bar chart s
pressing cells co-labeled with TDTOMATO fluorophore.
(B) snATAC-seq of TdTomato-expressing cluster MSC:0 6 weeks post
genesis. Bars represent mean value of reads.
(C) UMAP plot of cells 6 weeks following BT injury.
(D) UMAP feature plot depicting TdTomato expression with clusters
TdTomato expression 6 weeks following BT injury for reference (top r
(E) Violin plots of genes necessary in differentiation of tenocytes (le
(F) Confocal microscopy images of the hindlimb 9 weeks (bottom) fol
interest, n = 3 images/mouse) (left). Dotted line shows the HO site wh
week time point as it is surrounded by heterotopic bone. The colored
Sections were immunolabeled with indicated antibodies. Blue chev
Yellow scale bar, 500 mm; white scale bars, 50 mm.
(G) Bar chart showing mean with SEM of cell-count quantification of
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ferentiation. After 9 weeks, osteoblasts were positive for the

TDTOMATO reporter, demonstrating that Hoxa11-lineage

cells were responsible for the ectopic bone formation after

injury.

The use of scRNA transcriptome analysis of cells from

Hoxa11-lineage reporter in the uninjured limb and

1 week and 6 weeks after injury allowed us to identify

five clusters that expressed the TdTomato reporter gene.

Furthermore, this system allowed us to track the differenti-

ation of these cells after trauma. Hoxa11-lineage clusters

were very heterogeneous, containing markers that have

previously been reported to mark cells contributing to the

formation of healed bone and ectopic bone. Four clus-

ters—MSC:0, MSC:2, MSC:14, and Teno:16—expressed

the mesenchymal markers Pdgfra and Prrx1 (Agarwal

et al., 2016a; Farahani and Xaymardan, 2015). Addition-

ally, we found genes related to osteoblasts and osteocyte

differentiation including Cxcl12 (Ding and Morrison,

2013; clusters MSC:0, MSC:2, MSC:14, and Teno:16),

Clec11a (Yue et al., 2016; clusters MSC:0, MSC:2, MSC:14,

and MSC:16), Clec3b (Iba et al., 2001; clusters MSC:0,

MSC:2, and MSC:14), and En1 (Deckelbaum et al., 2012;

clusters MSC:0 and MSC:14). Furthermore, we noted

expression of Pdpn and Cd164 in clusters MSC:0, MSC:2,

MSC:14, and Teno:16 that have been described to mark

multipotent human skeletal stem cells (Chan et al., 2018;

Walmsley et al., 2015). Although characterization of bone

progenitor cells has posed a challenge due to overlapping

and conflicting findings (Ono et al., 2019), our results iden-

tified previously described marker gene expression found

within theHoxa11-lineage cells within our single-cell data-

set. Leptin receptor, which is expressed by the gene Lepr,

has been previously used to mark bone marrow mesen-

chymal stromal cells that regenerate bone following injury

(Zhou et al., 2014) and was expressed in MSC:14. This is
cyte, osteoblasts, and adipocytes
injury, including tile scan image with dashed lines marking native
rest (n = 2 mice/antigen of interest, n = 3 images/mouse). Sections
rons mark Hoxa11iTom cells co-labeled with specified antibodies.
howing mean with SEM of cell-count quantification of antigen-ex-

injury. Genes shown are important in chondrogenesis and osteo-

expressing TdTomato circled in red (top left), violin plot showing
ight, from Figure 1C), and cell counts across all clusters (bottom).
ft), chondrocytes (middle), and osteoblasts (right).
lowing BT injury with tile scan for reference (n = 2 mice/antigen of
ile dashed line shows labeled tibia bone. Calcaneus not labeled at 9-
boxes highlight regions of 633 total zoom inset images (right).

rons mark Hoxa11iTom cells co-labeled with specified antibodies.

antigen-expressing cells co-labeled with TDTOMATO fluorophore.



particularly interesting, as these cells were previously

known to reside within the bone marrow. As the cells

that were sequenced by scRNA were harvested from the

Achilles’ tendon and surrounding soft tissue, purposefully

excluding cells of the bone marrow, this would suggest

that a population of Lepr+ cells exists outside of the bone

marrow prior to injury.

Previous studies have utilized various genetic models to

study the cells that contribute to HO, yet these models

have had significant limitations, including a lack of region

specificity complicating interpretations regarding cell

origin. Additionally, the many cell-specific reporters tend

to mark terminally differentiated cell types but do not

allow the characterization of the more primitive cells of in-

terest. Cre mouse lines Prrx1Cre,Nfatc1Cre, Glast1Cre, Gli1-

Cre, and ScxCre, while useful in marking specific HO pro-

genitor cells that eventually form HO, do not mark the

most primitive MSCs (Agarwal et al., 2016b, 2017b; Dey

et al., 2016; Kan et al., 2013, 2018). Thus, there remains a

need to develop a model that reliably marks and traces

site-specific, multipotent lineage stem cells that form het-

erotopic bone. In this study, we characterized a novel

inducible Hoxa11 mouse line that marks zeugopod MSCs

and traced these cells through ectopic bone formation.

The Hoxa11 cells expressed chrondrogenic marker SOX9

and early osteogenicmarkers RUNX2 andOPN shortly after

BT injury. A later osteogenic marker, SP7, was observed af-

ter bony growth was observed. These findings suggest that

the Hoxa11-CreERT2 mouse is an effective and reliable

method to mark progenitor cells to evaluate the pathogen-

esis of HO restricted to MSCs in the zeugopod.

There are several benefits to the Hoxa11-CreERT2 model

for studying HO formation. Performing experiments with

the BT mouse model within the Hoxa11-CreERT2;ROSA26-

LSL-TdTomato mice allows for consistent and reliable visu-

alization of cells that differentiate into HO by an endoge-

nous fluorophore, which avoids the complications of IF

staining. Furthermore, this mouse line also ensures that

cells visualized, or modificationsmade with the Cre recom-

binase, are restricted to the zeugopod due to the isolated

expression of the Hoxa11 patterning gene.

This system is useful for evaluating other tissue-resident

stem cells that give rise to mature tendon or adipose tissue.

Lineage-traced Hoxa11 cells were found in abundance in

uninjured and injured Achilles’ tendon. Current methods

to evaluate the stem cells that differentiate into tendon

are limited to ScxCre; however, these cells are classified as

differentiated progenitors rather than the more primitive

Hoxa11-expressing cells (Yoshimoto et al., 2017), which is

consistent with trajectory analyses. We found an Scx+ clus-

ter that expressed TdTomato in the uninjured limb

(Teno:16). Following injury, TdTomato and Scx expression

were found in MSC:0 as well. Additionally, our study
demonstrated the co-localization of TDTOMATO and peril-

ipin, suggesting that Hoxa11 cells likely can give rise to

mature adipocytes, which was supported by snATAC find-

ings. This model may also be useful in studying the differ-

entiation of mesenchymal precursors to adipocytes, as Adi-

ponectinCre and PdgfraCre models have both been utilized

to study adipogenesis (Lee et al., 2012; Wang et al., 2010)

and share similar disadvantages in systemic deletion of

genes.

Lastly, the combined chondrogenic and osteogenic cell

state provides additional insight into the process by which

MSCs differentiate into ectopic bone following injury.

These findings suggest that one Hoxa11-lineage cell type,

described in this paper as MSC:0, begins in a stem state

that, following injury, progresses toward a combined oste-

ogenic and chondrogenic cell, highlighted by the expres-

sion of Sox9, Acan, Runx2, and Spp1. Expression of Runx2

at the 1-week time point suggests for the first time that

HO is formed by intramembranous ossification (Takarada

et al., 2016), which is the ossification directly from preos-

teogenic conditions, as well as endochondral ossification,

which requires a chondrogenic state before ossification.

In conclusion, we utilize the Hoxa11-CreERT2;ROSA-LSL-

TdTomato mouse to study the contribution of site-specific

MSCs to HO. This validated and reliable model can be

used to further study the MSCs responsible for HO, as

well as studying stem/precursor cells that contribute to

various extremity pathologies within fat, muscle, tendon,

and bone. These techniques can be utilized to evaluate

the efficacy of pharmacological and therapeutic interven-

tions to limit HO formation.
EXPERIMENTAL PROCEDURES

Mouse model
All animal procedures were carried out in accordance with the

guidelines provided in the Guide for the Use and Care of Labora-

tory Animals from the Institute for Laboratory Animal Research

(ILAR, 2011), and conducted in compliance with State and Federal

law and standards of theUSDepartment of Health andHuman Ser-

vices, and were approved by the Institutional Animal Care and Use

Committee of the University of Michigan (PRO0007930). All ani-

mals were housed in the University of Michigan’s Unit for Labora-

tory Animal Medicine-supervised, Assessment and Accreditation

of Laboratory Animal Care-accredited facilities at 18�C–22�C, on
a 12:12-h light/dark cycle with ad libitum access to food and water.

Hoxa11-CreERT2;ROSA-TdTomato mice were provided generously

by the Wellik Laboratory (University of Wisconsin, Madison, WI)

and bred in-house (Pineault et al., 2019).

Additional experimental procedures
Methodology for the tamoxifen induction, BT surgery, scRNA-seq,

snATAC-seq, bioinformatics, IF histology, confocal microscopy,

and image analysis can be found in Supplemental information.
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