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Abstract

Active cell proliferation and turnover in the growth plate is essential for embryonic and postnatal
bone growth. We performed a lineage tracing of Wnt/B-catenin signaling responsive cells (Wnt-
responsive cells) using Axin2°"®ERT2 - Rosa267sGreen mice and found a novel cell population that
resides in the outermost layer of the growth plate facing the Ranvier’s groove (RG, the
perichondrium adjacent to growth plate). These Wnt-responsive cells rapidly expanded and
contributed to formation of the outer growth plate from the neonatal to the growing stage, but
stopped expanding at the young adult stage when bone longitudinal growth ceases. In addition, a
second Wnt-responsive sporadic cell population was localized within the resting zone of the
central part of the growth plate during the postnatal growth phase. While it induced ectopic
chondrogenesis in the RG, ablation of B-catenin in the Wnt-responsive cells strongly inhibited
expansion of their descendants toward the growth plate. These findings indicate that the Wnt-
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responsive cell population in the outermost layer of the growth plate is a unique cell source of
chondroprogenitors involving lateral growth of the growth plate, and suggest that Wnt/p-catenin
signaling regulates function of skeletal progenitors in a site- and stage-specific manner.
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Introduction

The growth plate is a major tissue responsible for long bone formation, morphogenesis and
growth in embryonic and postnatal skeletogenesis. Genetic and acquired abnormality of the
growth plate causes various types of skeletal disorders. [ 2] A key role of the growth plate in
skeletal growth is to provide the longitudinal and transverse space and environment to newly
forming bone. There are several cellular events critical for this role in growth plate.
Proliferation and columnar alignment of chondrocytes support continuous longitudinal
growth. Matrix production and accumulation are also important for interstitial growth. Cell
hypertrophy greatly increases the tissue space, which is suggested to be responsible for the
longitudinal tissue volume.[3 4] In addition, recent studies have indicated that growth plate
chondrocytes serve as osteoprogenitors and directly contribute to trabecular and cortical
bone formation.[>-71

During long bone growth, chondroprogenitors for the growth plate may reside in several
locations. Cell labeling studies using tritiated thymidine or bromodeoxyuridine have
suggested that the long-term labeled cells (slow-cycling cells), one of the characteristics of
stem cells, are present in in the perichondrium adjacent to the growth plate and the border
between epiphyseal bone and the growth plate during postnatal growth in rodents and
rabbits.[8 91 The former region is called Ranvier’s groove (RG) or the groove of Ranvier and
the later is the resting (reservoir) zone of growth plate. Previous histological and functional
studies have addressed that these two regions likely provide new cells to the growth plate.
[10, 11] These studies only demonstrated the stem cell properties of these cells but did not
prove that growth plate chondrocytes are actually derived from them. Recent studies have
clearly demonstrated presence of chondroprogenitors in the resting zone. Parathyroid
hormone-related protein (PTHrP)-positive chondrocytes in the resting zone express a panel
of markers for skeletal stem and progenitor cells, and uniquely possessed the properties of
skeletal stem cells in cultured conditions.[2] Lineage tracing analysis revealed that PTHrP-
positive cell lineage originating from resting zone continued to form growth plate column in
the long term.[12]

Beta-catenin plays a main role in the canonical Wnt signaling pathway.[13-15] The Wnt/p-
catenin signaling pathway regulates development of organs and tissues in embryos and
maintains tissue renewal and homeostasis in adults.[*] Studies have shown that this
signaling supports retention of stem cells and regulates proliferation and differentiation of
progenitors in tissue renewal in a context-dependent manner.[25-171 \Wnt proteins, likely
mediated by p-catenin signaling, maintains embryonic stem cell phenotype in culture.[18]
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Embryonic and adult stem cells require the Wnt/B-catenin signaling in their survival,
proliferation or differentiation in epithelial cells in several types of organs including hair
follicles, [19: 201 intestines [21: 221 and mammary glands.[23] The importance of Wnt/B-catenin
signaling has been demonstrated for neural development and regeneration.[24-26]

During the growth plate development, Wnt/p-catenin signaling is indispensable. Inactivation
of B-catenin signaling strongly affects cartilage development and induces morphological and
functional abnormality of the growth plate,[27-31] suggesting that Wnt/B-catenin signaling
may participate in regulation of chondroprogenitors in the growth plate. We hypothesized
that chondroprogenitors may be Wnt-regulated cells and can be visualized as Wnt/B-catenin
signaling responsive cells (Wnt-responsive cells). Therefore, we performed the lineage
tracing studies using the Wnt/p-catenin signaling reporter system, which has successfully
identified stem/progenitors in various tissues.[23: 32331 Our results demonstrated a specific
population involving the appositional transverse growth of the growth plate during postnatal
skeletal growth.

Materials and Methods

Ethics statement

Animals

All animal experiment procedures were approved and conducted strictly according to the
NIH guidelines, the Institutional Animal Care and Use Committee of the Children’s Hospital
of Philadelphia and/or the University of Maryland, Baltimore.

We crossed Axin2CreERTZ. Col2CTeERT_ | AcanCTeERTZ or Ctsk“e-mice with Rosa-ZsGreen
(ZsG)- or Rosa-tdTomato (RFP)-mice to create Axin2CTeERTZ 7sG, Acan©®ERT2 REp,
CoI2CTeERT - 75G, Col2CTERTZ RFP, and CtskC'e:ZsG mice. B-catenin™; Axin2CreERTZ: 7sG
mice, which conditionally ablated B-catenin under the control of the Axin2 promoter/
enhancer, were created by mating Axin2C"ERTZ _catenin™W! mice with -catenin™:ZsG
mice. Mice received a single intraperitoneal injection of tamoxifen (Tx) in corn 0il/10%
ethanol (40 mg/ Kg). The tissues (knee joints, ribs and vertebrae) were harvested at P9, P13,
P20, P42 and P70, corresponding to 3, 7, 14, 36 and 64 days after the tamoxifen injection at
P6. For the short labeling, the tissues were collected 3 or 7 days after a tamoxifen injection
at P21, P42 and P70. Unless otherwise specified, female mice were used for experiments
due to low productivity of male Axin2<"®ERTZ mice. The detail methods and materials for
the animals are described in Supplemental information.

Tissue processing, imaging and histological assessments

Paraffin sections and frozen sections were used for analysis of ZsG-positive cells and RFP-
positive cells, respectively. Fluorescence of the ZsG- or RFP-labeled cells was observed and
captured under a confocal microscope (Leica TCS-LSI, Leica Biosystems Inc. Buffalo
Grove, IL) or the BX-700 (Keyence, Itaska, IL) after DAPI (GeneCopia, Rockville MD)
staining for nuclei. Unless otherwise indicated, we analyzed sections from at least three mice
from independent experiments and showed representative images as results.
Immunohistochemistry (IHC) was performed after antigen retrieval in TrissEDTA (pH 9.0,
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95°C 10 min or 0.2% Triton X-100 in PBS for 2 hours at R.T. Sections were stained with
primary antibodies followed by incubation with fluorophore-conjugated or biotinylated
secondary antibodies. The detail methods and materials for tissue processing, imaging,
immunohistochemistry, and /n situ hybridization are described in Supplemental information.

EdU staining for detecting slow-cycling cells.

To detect the slow-cycling cells, mice received daily intraperitoneal injections of EdU (5-
ethynyl-20-deoxyuridine, 5mg/10ml/mouse; Life Technology, Grand Island, NY) four times
from P4 to P7.134 After 1, 2 and 3 weeks from the last injection, the knee joints were
harvested and processed to prepare longitudinal sections. Sections were stained using Click-
iT® EdU Imaging Kits (Life Technology, Grand Island, NY) according to the manufacturer’s
instructions. Because the EdU staining procedure diminishes the ZsG fluorescence, we
imaged the ZsG-positive cells before the EJU staining, then merged the EdU image with the
ZsG image.

Histological quantification

Statistics

Results

Numbers of immunofluorescent- or marker-positive cells and DAPI-positive cells were
quantified using NIS-Elements Microscope Imaging Software (Nikon Instruments, Tokyo,
Japan) and the ratio of immunofluorescent- or marker-positive cells to DAPI-positive cells
was calculated. We analyzed 34 different levels per sample and 3-4 samples per group.

Statistical analysis was performed using Excel 2007 (Microsoft, Redmond, WA) and
GraphPad Prism 7 (GraphPad Software, San Diego, CA). The values are average + 1
standard deviation (SD). Kruskal-Wallis one-way analysis of variance was used to detect any
significant differences among the groups, and the Dunn’s method (post hoc test) was used to
analyze the differences among each experiment of the groups. The threshold of significance
is defined as follows for all analyses performed: *P < 0.05.

The Wnt-responsive cells in epiphyseal cartilage of the early postnatal mice

The Axin2CERTZ mice were bred with the Cre-responsive ZsGreen (ZsG) reporter mouse
strain. The resulting Axin2<"®ERTZ: 7sG mice received a single tamoxifen injection at
postnatal 6 days of age (P6) and subjected to histological inspection for ZsG-labeled cells at
P9, corresponding to 3 days after tamoxifen injection (Fig. 1A). Three days following
tamoxifen injection, ZsG-labeled cells were limitedly localized in and near Ranvier’s groove
(RG), the perichondrium adjacent to the growth plate (Fig. 1A, arrows) and in the periphery
of the articular cartilage in the proximal tibia (Fig. 1A, arrowheads). Distribution of the ZsG-
positive (ZsG+) cells was similar to that of the reporter-positive cells in the Axin2LacZ/
LacZ mouse as previously reported [3%]. Because the RG is known to contains several
different types of cell populations including osteo- and chondro-progenitor cells [20] we
decided to focus on this area in detail (Fig. 1D and Supplemental Fig. S1A).
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Magnified images showed that ZsG+ cells were not only in the fibrous perichondrium (Figs.
1B and 1C, arrows) but also in the outermost layer of the growth plate facing the
perichondrium (Fig. 1C, arrowheads). Merged images with ZsG and Hematoxylin-Eosin
staining (HE) or Toluidine Blue staining (TB) confirmed that the ZsG+ cells are distributed
in both periphery of the growth plate (Fig. 1F, arrows) and inside the growth plate near the
RG surrounded by cartilage matrix (Fig. 1F, arrowheads), 3 days after tamoxifen induction
at P6. /n situhybridization revealed that Axin2, Wnt4and Whnt10b transcripts were mainly
expressed in both RG and outermost layer of the growth plate of P9 C57BL/6 mice
(Supplemental Fig. S1B, arrowheads), which is consistent with the previous reports.[321 IHC
using anti-p-catenin antibody shows nuclear p-catenin expression in chondrocyte exist in
outermost layer of the growth plate, and the co-localization of nuclear p-catenin and ZsG
was confirmed in this specific area of P9 Axin2C"eERT2: 7sG mice, 3 days after tamoxifen
induction at P6 (Supplemental Fig. S1C, arrowheads). These results indicate that ZsG cells
are responding to Wnts produced in this region and active status in Wnt/B-catenin signaling
pathway.

To characterize the ZsG+ cells in the outermost growth plate, we conducted histological and
immunohistological analysis on tibia of P9 Axin2C"ERTZ: 7sG mice, which received
tamoxifen induction at P6. The ZsG+ cells in the peri-growth plate were small in size and
hardly expressed detectable levels of Sox9 and Osterix proteins (Figs. 1H-K and Figs. 1L-O,
arrowheads), indicating their undifferentiated nature. [36-38l

Lineage tracing of Wnt-responsive cells in epiphyseal cartilage from the early postnatal to
the young adult stage

Next, to reveal the possible role of the ZsG+ Wnt-responsive cells in cartilage growth, we
conducted the lineage tracing experiment using Axin2"¢ERT2: ZsG mice. The

Axin2CTERTZ 766G mice received a single tamoxifen injection at postnatal 6 days of age (P6)
and were subjected to histological inspection for ZsG-labeled cells at P13, P20, P42 and
P70, corresponding to 7 days to 64 days after tamoxifen injection, in addition of inspection
at P9 (Supplemental Fig. S2A).

During the postnatal growth, distribution of the ZsG+ cells rapidly expanded in the
epiphyseal cartilage from the periphery of the growth plate after tamoxifen injection and
constituted the outer portion of the growth plate over time (Figs. 2A-L). The labeled cells,
previously characterized as osteoprogenitors,[32] were also sparsely found in the primary
ossification center (Figs. 2A-H, asterisk). When we injected tamoxifen in Col2¢TeERT -.RFp
and Acan®ERT2-pEP mouse lines under the same experimental time course and condition,
the epiphyseal cartilage was broadly labeled (Supplemental Fig. S2). Considering previous
findings with the same mouse lines,[7- 3%1 we conclude that sufficient amount of tamoxifen
has been reached to the entire growth plate. Tamoxifen-independent Cre-recombination was
found sporadically in a few cells in the tibiae of P42 female Axin2C"ERT2: 7sG mice
(Supplemental Fig. S2C).

Quantitative analysis of the labeled cells revealed that about 70% cells were ZsG-positive in
both RG and the growth plate within 200 pm range adjacent to the RG by P42 (Figs. 2M and
2N) and that the labeled cells occupied about 20% portion of the growth plate column (Fig.
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20). At 10 weeks of age (P70), ZsG+ cells in the growth plate were also observed at a
similar extent to that at 6 weeks of age (P42) (Fig2. 2M and 20).

A similar distribution of ZsG-labeled cells was found in other long bone elements such as
distal femur, distal ulna and radius, the growth plate of vertebrae (Supplemental Figs. S3A-
F) and ribs (Supplemental Figs. S3G-L). Scanning of the clearing distal ulna by two-photon
excitation microscopy followed by 3D reconstruction demonstrated that ZsG-labeled Wnt-
responsive cells entirely surround the ulna (Supplemental Fig. S3M) although their
distribution was variable.

Characterization of the Wnt-responsive cells in the outermost layer of the growth plate

Because the lineage tracing experiments suggested the contribution of the Wnt-responsive
cells to the growth plate growth, we next evaluated the proliferation ability of these cells
around the RG. During postnatal development, the overall size and morphology of the RG
changes, and became smaller in size by P42 and much less evident at P70 compared to that
at P6-P21 (Supplemental Fig. S4A, upper panels). IHC against Ki67, cell proliferation
marker, revealed the Ki67-positive cells in the RG (Fig. 3A-C arrowheads). A short-term
EdU injection revealed the cell proliferation in P9-P20, but decreased in P70 (Supplemental
Fig. S4A. lower panels). The reduced size and activity of the RG correlated with decreased
long bone growth over time (Supplemental Fig. S4B and C). Interestingly, there were less
Ki67-positive cells in the periphery of the growth plate compare to that in center part of the
growth plate (Fig. 3B arrows), and did not co-localize with ZsG+ cell in the periphery of the
growth plate (Fig. 3C). A short-term EdU injection confirmed this result (Supplemental Fig.
S4A. arrowheads in lower panel). The lack of Ki67 staining (Figs. 3A-C arrow) and EdU
incorporation (Supplemental Fig. S4A, arrowheads) indicated the low proliferative activity
of these cells. We also performed long-term cell labeling by multiple injection of EdU
starting at P4 (Fig. 3D) to evaluate the slow-cycling cells, which are a phenotypic trait of
stem/ progenitor cells.[33] Slow-cycling cells were found in the RG and the outermost
growth plate chondrocytes (Fig. 3E-G). Some of the ZsG+ cells in the outermost layer of the
growth plate of P28 tibiae were labeled by EdU (Fig. 3E, arrowheads), suggesting that ZsG+
cell includes slow-cycling cell population. These findings can be envisioned as a
circumstantial evidence for the contribution of ZsG+ Whnt-responsive cells in the outermost
layer of the growth plate to its appositional growth of the growth plate, which is one of the
distinct modes of growth at a surface or interface.l°]

To evaluate the character of the ZsG+ cells around the RG as chondro- and osteo-progenitor,
we used the ribs because of its simple shape. The costochondral junctions of the ribs
including the RG were micro-dissected, and the perichondrium and the peri-growth plate
were removed through a combination of collagenase digestion and microdissection
(Supplemental Figs. S5A-C). Cells were dissociated by additional collagenase digestion and
subjected to the flow cytometry analysis. We used skeletal progenitor markers to fraction the
cells into subpopulations: multipotent progenitor cells, osteo- and chondro-progenitor cells
and stromal progenitor cells according to previous reports (Supplemental Fig. S5D).[40. 41]
ZsG-positive cells were sorted into all three populations (Supplemental Figs. S5D and E).
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These data suggest that the ZsG+ cell population in the RG and periphery of the growth
plate of long bone contains osteo- and chondro-progenitor cells.

Contribution of cells in the outermost layer of the growth plate to transverse growth of the
growth plate.

Although the stem cell characteristic in ZsG+ Whnt-responsive cells were suggested, it is still
unclear which cell population contributes to growth of the growth plate, the ZsG+ cells in
the RG or the ZsG+ cells in outermost layer of the growth plate. To reveal this we compare
the Ctsk“€;ZsG mouse system and Col2C"eERT -RFP mouse system. The Ctsk“;.ZsG
reporter mouse system enabled to label most cells in the RG at P7 (Fig. 4A) except the
endothelial cells of the micro vessels (inset in Fig. 4A).[42] In this system, ZsG+ cells were
also detected in the epiphyseal cartilage around P14.[42] When we chased the fate of labeled
cells for longer time periods, they did not expand toward the growth plate at P28 or even at
P70 (Figs. 4B and 4C) while most cells in the RG remained positive for ZsG (Fig. 4B and
4C). This is highly contrast to the results from the Axin“®ER72: ZsG mice (Figs. 2G and H).
These results indicate that the cells within the RG do not supply new cells to the growth
plate, while the Wnt-responsive cells in outermost layer of the growth plate labeled in the
Axin2CreERTZ system are largely responsible for this role. Data obtained from

Col2°"ERT -RFP mice provided additional support to this conclusion. When Col2€ERT -pFpP
mice received a tamoxifen injection at P6 (Fig. 4D), the resultant RFP+ cells were detected
in the entire epiphyseal cartilage including the growth plate, but very few were found in the
RG 3 or 7 days after the injection (Figs. 4E and 4F). The entire growth plate was largely
occupied with labeled cells even 6 weeks after tamoxifen injection (P42) (Fig. 4G). If non-
labeled cells in the RG at P9 were a significant source of cells to the growth plate and
contributed to the formation of the outer portion of the growth plate, the RFP- cells should
be more evident there.

Deceleration of Wnt-responsive cells toward young adult stages

To investigate changes in the number, distribution, and/or expansion of Wnt-responsive cells
with age, we performed short-term labeling by injecting tamoxifen at P21 (growing stage),
P42 (adolescence stage) or P70 (young adult stage) [43] and examined the distribution of
ZsG+ cells 3, 7 and 14 days post-injection. Three days after the tamoxifen injection, ZsG+
cells were found in the RG, the perichondrium and growth plate near the RG in all stages.
However, the area containing the ZsG+ cells became smaller with age (Figs. 5A-C, arrows).
One and two week after the tamoxifen injection at P21, the number of labeled cells
increased and expanded toward the articular cartilage and the growth plate (Fig. 5A, P28).
This was not the case following tamoxifen injection at P42 and P70 (Fig. 5B, P49 and Fig.
5C, P77, respectively). Quantitative analysis of the labeled cells confirmed these
observations (Figs. 5D-F). The findings suggest that Wnt-responsive cells reduce the
contribution to growth plate formation by 6 weeks of age (P42). This timing matched the
deceleration of transverse and longitudinal growth of the tibial growth plate (Supplemental
Figs. S4B and C).
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Wnt-responsive cells in the center of the growth plate

In contrast to the localization of Wnt-responsive cells in the outer part of the growth plate,
we did not detect labeled cells in the center of the growth plate 3 and 7 days after Cre-
induction at P6 (Supplemental Fig. S6A). Only a small number of ZsG+ cells became
evident in the resting zone 2 weeks following tamoxifen injection and remained for 3 weeks
(P42) (Supplemental Fig. S6A, arrowheads). A small cluster of the labeled cells was also
found in a column (Supplemental Fig. S6A, arrows). However, when we injected the
tamoxifen at 3 weeks of age (P21), the growth plate structure matures and the resting zone is
distinguished, a significant number of Wnt-responsive cells were immediately found in the
resting zone and in the proliferating zone 3 days post tamoxifen injection (Supplemental Fig.
S6B, P24). These cells were increased forming small clusters in columns 7 days post
injection (Supplemental Fig. S6B, P28). Moreover, the ZsG+ cells constitute an entire
column between unlabeled columns 14 days post injection of tamoxifen (Supplemental Fig.
S6B, P35). Although a similar distribution was also observed at 6 weeks of age (P45), 3
days post injection of tamoxifen (Supplemental Fig. S6C), expansion of Wnt-responsive
cells was not detectable from 6 weeks of age (Supplemental Fig. S6D and H). These data
suggest that the Wnt-responsive cells in the resting and proliferating zones may contribute to
new column formation. We could trace these labeled cells to study the dynamics of the
growth plate column formation in the center of growth plate at the growing stage.

Requirement of B-catenin in Wnt-responsive cells

To examine the role of Wnt/p-catenin signaling in the Wnt-responsive cell population, we
generated a triple-transgenic mouse strain, B-catenin™?; Axin2CreERT2: 7sG and injected
tamoxifen at P13 (Fig. 6A). Efficiency of the g-catenin (ctnnbI) ablation was confirmed
with quantitative real-time PCR using RNA extracted from ZsG+ cells in the RG of the
transgenic and control mouse (Supplemental Fig. S7A). Although the alteration of
macroscopic phenotype including length of tibia was not obvious (Supplemental Fig. S7B-
D), the proximal tibiae harvested 2 weeks after tamoxifen injection showed histological
abnormalities. In the g-catenin™"; Axin2C"eERT2, ZsG mice, ectopic cartilaginous masses
appeared in the RG (Figs. 6E-G, arrowheads) and labeled with ZsG (Fig. 6H, arrowhead).
The expansion of ZsG+ cells toward the growth plate column was reduced in -catenin-
deficient mutants compared to control mice (Figs. 61 and J vs Figs. 6K and L, asterisks). The
ectopic cartilaginous mass in the RG showed metachromasia with Toluidine blue (TB)
staining and co-stained with Sox9 (Figs. 6H) while the Sox9 positive cells were not detected
in the perichondrium in AxinceERT2- ZsG mice (Fig. 1H-J). The immunostaining results
using anti-p-catenin showed reduced expression of f-catenin protein in ectopic cartilage
mass (Figs. 6P-R, circle). Moreover, nuclear B-catenin expression was not detectable in ZsG
+ cells in the growth plate of the target mice (Figs. 6P-R), but detectable in that of control
mice (Figs. 6M-0O, arrows). These findings indicate that 8-catenin (ctnnbl) ablation in the
Whnt-responsive cells in the growth plate inhibited their expansion toward the column
formation and ectopically induced a chondrogenic phenotype in the RG.
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Discussion

This study demonstrates that a small number of specific cells in the outermost layer of the
growth plate near the Ranvier’s groove (RG) contribute to the appositional growth of the
growth plate from the early postnatal to the growing stage in mice. These specific cells are
labeled in the Axin2C"eERT2 Rosa-ZsGreen mouse system after tamoxifen induction.
Expression of Wnts and B-catenin nuclear localization in the RG and outermost layer of
growth plate support the idea that the ZsG+ cells are in active status for Wnt/p-catenin
signaling although we should recognize the limitation that the Axin2 reporter system is not
an absolute tool that mirrors Wnt/p-catenin signaling activity. Furthermore, we found the
Whnt-responsive cells in the resting zone and the proliferating zone constituted a new column
in the center of growth plate at the growing stage. Our findings implicate that Wnt-
responsive cells inside the growth plate facing the groove of Ranvier contribute to the
transverse growth of growth plate in mice (Fig. 7).

The RG has obtained attention as a chondro- and osteoprogenitor niche in 1900s. Shapiro et
al 1101 have performed careful morphological studies and radiolabel-based functional studies
and advocated that the RG contains two types of skeletal progenitors. The first are
osteoprogenitors, densely packed in the deepest part of the groove that differentiate into
osteoblasts surrounding the epiphyseal growth-plate and the adjacent metaphysis. This
population has also been demonstrated as Wnt-responsive in this Axin“"eER7Z system in
other studies.[32] The second type is relatively undifferentiated mesenchymal cells,
presumably chondroprogenitors and fibroblasts. More recent studies have reported that the
RG contains the slow-cycling cells that could be labeled with tritium thymidine or
bromodeoxy uridine for long term and that some cells in this region are positive to
mesenchymal stem cell markers. [8 91 Further, lineage tracing studies have indicated that the
cells in the RG expand to articular cartilage, periosteum and bone. [32. 42]

Here, we reported a novel population of Wnt-responsive cells in outermost layer of the
growth plate facing the RG. Interestingly, a majority of these ZsG-labeled cells showed a
low proliferation activity and no or undetectable Sox9 and Osterix expression compared to
other non-labeled growth plate chondrocytes and perichondrium cells.[36-38] Moreover, this
population contains slow-cycling cells. These observations indicate that the ZsG+ cells in
the outermost layer of the growth plate are chondroprogenitors contributing to formation of
the growth plate. Because Sox9 is an essential transcription factor in cartilage, and required
to secure chondrocyte lineage commitment, promotes chondrocytes survival, and
transcriptionally activates the genes for many cartilage-specific structural components
including Col2A1. 36-38]1 Thus, it is unclear, why and how the cells in outermost layer of the
growth plate can exist within cartilage matrix, and how the cells can induce Col2A1
promoter activity in Col2CTERT . ZsG, Col2CTERTZ - REP mice and Acan“®ER72:RFP. One
possibility is that a low and undetectable level of Sox9 proteins are expressed in outermost
layer of the growth plate chondrocytes to support a low level of type 11 collagen matrix
production.

Expansion of the ZsG+ cells in the outermost layer of the growth plate was rapid at the
neonatal stage. This capacity was gradually depleted, accompanying decreases in widening
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of growth plate and longitudinal bone growth. Our results indicate that supply of new cells to
the growth plate from this ZsG+ population is an important mechanism regulating skeletal
growth. One may argue that these cells might be descendants of the undifferentiated
mesenchymal cells recruiting from the RG as previously suggested.[®: 101 However, the
results from the lineage tracing with the Ctsk¢"e system and the Co/2¢"€ERT system do not
support this argument. The Ctsk“" system enables most cells to be labeled in the RG at P10,
but failed to label growth plate chondrocytes at 4 weeks of age, suggesting that cells in the
RG do not significantly supply cells to the growth plate in postnatal growth. The Co/2¢TeERT
system did not label the RG after tamoxifen injection at P6, but labeled the entire epiphyseal
and growth plate cartilage for over 5 weeks. The findings suggest that majority of the
chondrocytes in the growth plate unlikely originate from the RG.

Previous studies have demonstrated that decreases in number and proliferation activity of the
resting chondrocytes are closely linked to reduction in bone growth with age and
pathological growth arrest, indicating that the resting zone contain chondroprogenitors.

(11, 44] More recently lineage tracing analysis directly demonstrated a subset of cells labeled
with the PTHrP reporter system form growth plate.[12] The ZsG+ Wnt-responsive cells were
also found in resting zone and proliferating zone of P20 mice. It is interesting to study
relation of these ZsG+ population in the center part of the growth plate with the PTHrP-
lineage cells. Curiously, these ZsG+ cells were not observed in early stage (P9, P13).
Although the process and origin of the ZsG+ cell in the resting zone and proliferating zone
of P20 growth plate need to be further studied, we could raise two possibilities, migration of
a small number of cells from the RG or outer growth plate although they are hardly detected
at an early stage and migration of mesenchymal stem/progenitor cells from the secondary
ossification center.

Growth plate injuries may cause closure or growth plate arrest and lead to cessation of the
longitudinal elongation of the bone.[4 46 This condition would result in imbalance in bone
growth, progressive skeletal deformity and physical problems. However, the growth plate
does not always induce arrest after injuries, and typically shows good healing ability,
especially when the injuries are not associated with dislocation of epiphysis, articular
cartilage injury, or growth plate compression. Healing is better at younger ages. The high
healing capacity of the young growth plate is likely due to high proliferative capacity and
potential to supply new cells.[4”] The Wnt-responsive cell population that we identified in
this study could be responsible for growth plate repair.

Ablation of B-catenin in Wnt-responsive cells induced ectopic chondrogenic changes in the
cells in the RG. Our previous study showed that p-catenin deletion under the control of
Col2CTeER system showed growth plate deformity (outgrowth of the growth plate), but did
not show obvious changes in the RG. [39] Taken together with our previous study, the ectopic
cartilage mass or ectopic chondrocytes in the RG may be originated from undifferentiated
mesenchymal cells in the RG. The findings indicate that Wnt/B-catenin signaling is an
essential regulator of cell lineage of mesenchymal progenitors in the RG, a role which has
been previously demonstrated in the developing limb cartilage at embryos.[28: 301
Interestingly, we found that p-catenin deletion in Wnt-responsive cells strongly inhibits
expansion of the marked cells toward the epiphysis and growth plate although the current
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model was not able to determine the impact of inhibition of the cell expansion on the
skeleton phenotype due to the additional defects in other organs. A strong up-regulation of
Sox-9 staining in targeted cells after removal of B-catenin revealed that they quickly
expressed a chondrogenic phenotype. The data collected indicate that the Wnt-responsive
cells in the growth plate likely behave as chondroprogenitors and supply new cells to the
growth plate, which would be tightly controlled by Wnt/B-catenin signaling.

In conclusion, we demonstrated that Wnt-responsive cells contribute to postnatal formation
of the growth plate in site and age specific manners. There are at least two types of Wnt-
responsive cells in peripheral region of the growth plate (Fig. 7): A, the cells in outermost
layer of the growth plate near the RG contribute to transverse appositional growth of growth
plate; B, the cells in the RG do not significantly supply new cells to the growth plate in
postnatal growth, but may provide new osteoblasts, and may give rise to chondrogenic cells
under the pathological condition. In addition, the cells in the resting and proliferating zones
can be used to trace the growth plate column formation.
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Fig. 1. The Wnt-responsive cells in epiphyseal cartilage of the early postnatal
Axin2C €ERTZ: 74Green mice.

Female mice carrying AxinZ2<"ERTZ:RosazsGreen (Axin2C¢ERT2, 7sG) received a
tamoxifen injection at postnatal day 6 (P6). The Ranvier’s groove (RG) and growth plate
(GP) of the tibial proximal epiphysis were histologically examined 3 days post injection
(P9). The images represent the posterior side of the proximal tibia. (A) A small aggregation
of ZsGreen-positive (ZsG+, green) cells were detected in the periphery of articular cartilage
(arrows) and Ranvier’s groove (RG, arrowheads). AC, articular cartilage; GP, growth plate;
POC, primary ossification center. (Band C) Magnified image of square white box in A. B,
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ZsG (green) and DAPI (blue) images in the posterior region of the tibial growth plate. GP,
growth plate; RG, Ranvier’s groove. C, ZsG (green) and bright field. ZsG+ cells were found
in both perichondrium (RG, Ranvier’s groove, arrows) and periphery of the growth plate
(arrowheads). (D) Schematic representation of the RG and neighboring GP chondrocytes.
(E-G) Histological analysis. £, ZsG and DAPI. F, ZsG and HE. G, ZsG and Toluidine blue
staining. Note that ZsG+ cells are found in both the RG (arrows) and outermost layer of GP
(arrowheads). Some of osteoblasts contain ZsG+ cells (asterisk). Representative images of at
least five animals per time points are shown. (H-K) Immunohistological analyses for Sox9
expression. H, Sox9 immunostaining (red) and DAPI (blue). /, ZsG (green) and DAPI (blue).
J, Sox9 immunostaining (red), ZsG (green) and DAPI (blue). K, ZsG (green) and safranin O
staining (Saf O, cartilage is stained in red)). (L-O) Immunohistological analysis for Osterix
expression. L, Osterix immunostaining (red) and DAPI (blue). M, ZsG (green) and DAPI
(blue). N, Osterix immunostaining (red), ZsG (green), and DAPI (blue). O, Osterix
immunostaining (red), ZsG (green), DAPI (blue) and DIC. The sections were stained with
Saf O after the fluorescence image was captured, and the fluorescent image and Saf O image
were superimposed. Note the ZsG+ cells in outermost layer of the growth plate (arrowhead)
were embedded in cartilage matrix, but little or no staining for Sox 9 and Osterix. Bars =
100 pm.
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Fig. 2. Fate mapping of Wnt-responsive cells in Ranvier’s groove and growth plate of the tibia
during postnatal growth.

Female mice carrying AxinZ<eERTZ:RosazsGreen (Axin2CeERT2, 7sG) received a
tamoxifen injection at postnatal day 6 (P6). The Ranvier’s groove (RG) and growth plate
(GP) of the tibial proximal epiphysis were histologically examined 7 to 64 days post
injection (P13 to P70). The images represent the RG and GP of the posterior side of the
proximal tibia. (A, £and /) At P13, the number of ZsG+ cells were increased in the
epiphyseal cartilage, compare to P9 (Fig. 1A-C). (B, Fand J) At P20, the ZsG+ cells were
further expanded toward the epiphysis and also evident in GP columns (inset in J). (C, Gand
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K) At P42, the ZsG+ cells constituted the outer columns in the GP (inset in K). (D, Hand L)
At P70, the ZsG+ cells occupied the epiphysis and outer GP. (A-H) ZsG (green) and DAPI
(blue). (/-L) ZsG (green) and DIC. RG, Ranvier’s groove; GP, growth plate; AC, articular
cartilage; POC, primary ossification center; Asterisk, ZsG+ cell in POC; RZ, resting zone;
PZ, proliferative zone; PHZ/HZ, prehypertrophic and hypertrophic zone. Bar = 100 um.
Representative images of at least five animals per time points are shown. (M) ZsG+ cells
were counted in RG (perichondrium adjacent to the growth plate) and GP within 200 pm
range adjacent to the RG. Broken lines illustrate the RG and GP examined. () The
percentage of number of ZsG+ cells to number of DAPI-positive cells in the RG and GP.
The values and error bars represent average and standard deviations. *, p< 0.05. (O) The
percentage of number of ZsG+ GP columns to number of DAPI-positive GP columns. ZsG+
GP column occupied about 20% outer portion of the GP columns at P20. The values and
error bars represent average and standard deviations. *, p < 0.05.
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Fig. 3. Cell proliferation and slow-cycling cells of Wnt-responsive cells around the Ranvier’s
groove.

(A-O) Immunohistochemical analysis for cell proliferation marker Ki67 protein on the
proximal tibia GP sections of P13 female Axin2°"®ER72, 7sG mouse that had received Tx
injection at P6. A, ZsG (green) and DIC, B, Ki67 immunostaining (red) and DIC, C, Ki67
immunostaining (red), ZsG (green) and DAPI (blue). A small number of Ki67 positive cells
were found in the Ranvier’s groove (arrow heads). The ZsG+ cells facing to the
perichondrium showed no immunoreactivity for Ki67 antibody (arrows). Bar = 100 ym. (D-
G) Long-term labeled cells with EdU in ZsG+ cells. D, Female Axin2C"ERT2: 7sG mice
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received 4 daily intraperitoneal injections of EdU (5 ug/10 pl/mouse) from P4. Tx was
injected at P6. Tibia were harvested at P28 and sections were subjected to EdU staining. £,
ZsG (green), EdU (red) and DAPI (blue). £~ EdU (red) and DAPI (blue). G, EdU (red). EdU-
labeled cells were detected in Ranvier’s groove (arrows) and in the ZsG+ cells in the
outermost layer of the GP (arrowheads). Bar = 100 pm.
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Fig. 4. Fate mapping of Cathepsin K€€ and Col2a1C"ERT2 |ineage cells in the Ranvier’s groove
and growth plate.
(A, Band C) Cathepsin KC'€ (CtskC"€) mice were crossed with ZsGreen mice. Tibiae were

harvested from the resulting Ctsk“"¢:ZsGreen (Ctsk“¢,ZsG) mice at P7, P28 and P70.
Representative images at P7 (A), P28 (B)and P70 (C). A majority of ZsG+ cells remain in
the RG at P7, P28 and P70 and did not expand to the growth plate. A, All cells in the RG of
P7 mice were ZsG+ except the blood vessels (arrowheads and inset of A). B, Yellow box is
magnified. Arrowheads indicates the ZsG-negative vessels. (D-G) Col2a1creERT
(Col2CTeERTY mice were crossed with Rosa-tdTomato (RFP) mice. The resulting
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Col2CTERT -RFP received Tx injection at P6. Tibiae were harvested at P9, P13 and P42.
Representative images at P9 (£), P13 (F) and P42 (G). E, Yellow box is magnified. Note that
few RFP-negative cells were found in the growth plate cartilage. Fand G, a few cells were
found in the RG while most of GP cells remained labeled. RG: Ranvier’s groove, GP:
growth plate, Broken line: border between RG and GP. Bar = 100 um.
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Fig. 5. Fate of Wnt-responsive cells around the Ranvier’s groove at different growth stages.
(A-C) Female mice carrying Axin2CTeERT2: 756 received Tx injection at P21 (growing stage,

A), P42 (adolescence stage, B) or at P70 (young adult stage, C). The distribution of ZsG+
cells were histologically examined in the vicinity of RG after 3 days (P24, P45 or P73), 7
days (P28, P49 or P77), and 14 days (P35 or P56) post injection. Arrows represent the RG,
and dotted lines indicate the border between perichondrium and growth plate. (D-F)
Changes in the percentage of number of ZsG+ cells to number of DAPI positive cells in the
growth plate within 200 um range adjacent to the RG of each stage were examined. The
values and error bars represent average and standard deviations. Note the significant increase
of ZsG+ cells in the RG was only seen in growing stage (D). *, p< 0.05. Bar = 100 pm.
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Fig. 6. Inactivation of B-catenin in Wnt-responsive cells leads to ectopic cartilage formation.
(A) B-catenin™ mice possessing loxP sites in introns 1 and 6 in the S-catenin gene.

Axin2CERTZ 3_catenin™W! were crossed with S-catenin™",; ZsGreen. The resulting triple
compound g-catenin™"; Axin2<"¢ERT2; 7sG mice received Tx injection at P13. Tibiae were
harvested at P20. (B-G) Representative HE images of proximal tibias harvested from female
mice. B-D, B-catenin™™: Axin2CreERT2;ZsG (Control). £-G, B-catenin™; Axin2CTeERT -
ZsG. The images from two independent control (C and D) and target (F and G) mice were
shown. In the B-catenin™?: Axin2CreERTZ 7sG mice, the ectopic cartilaginous masses were
found (arrowheads) in the groove of Ranvier (C and D). C and F are magnified images
shown in squares of B and E, respectively. (A) Immunohistochemical and histochemical
analysis of ectopic cartilaginous mass. HE, HE staining. TB/ZsG, Toluidin blue staining and
ZsG (green). TB, Toluidin blue staining. Sox9/ZsG, Sox9 immunostaining (red), ZsG
(green) abd DAPI (blue). Sox9, Sox9 immunostaining (red) and DAPI (blue). TB and
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TB/ZsG images were captured from the same section, and Sox9 and Sox9/ZsG images were
captured from the serial section of the TB and TB/ZsG section. Note the ectopic cartilage
shows cartilage matrix (stained purple) with TB and nuclear Sox9 protein expression. (/-L)
Representative fluorescent images of the growth plate of proximal tibiae. /and J, s-
catenin™i: Axin2CeERTZ ZsG (Control). K and L, g-catenin™; Axin2<"ERT2, ZsG. Note
that the B-catenin-deficient mutants showed less expansion of ZsG+ cells toward the growth
plate compared to the control mice (asterisks). Periphery of the growth plate (broken line) is
shown in higher magnification in the right panels. Dotted line: the margin between RG and
growth plate. (M-R) Efficiency of the B-catenin ablation was confirmed with
immunohistochemistry using anti-B-catenin antibody. M-O, B-

catenin™W: Axin2CeERTZ ZsG (Control). P-R, B-catenin™?; Axin2CreERT  ZsG. Note that the
[B-catenin-deficient mutants showed lower B-catenin protein expressions (arrowheads)
compare to control mice. In the control mice, nuclear f-catenin expression was observed in
the outermost cell layer of the growth plate (arrows). Bar = 100 um.
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Fig. 7. Schematic diagram of the proposed Wnt-responsive cell contribution to postnatal growth
plate formation.
(A) Chondroprogenitors in the outermost layer of the growth plate contribute to growth plate

appositional growth. (B) Wnt-responsive cell in Ranvier’s groove. These cells in the RG do
not significantly supply new cells to the growth plate in postnatal growth. B-catenin may
inhibit the chondrogenic differentiation in Wnt-responsive cells in the RG while it supports
expansion of Wnt-responsive chondroprogenitor cells toward the growth plate.
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