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ARTICLE INFO ABSTRACT
Keywords: Background: Our previous study in genetic mouse models found that NFATc1 and NFATc2 sup-
Osteochondroma press osteochondroma formation from entheseal progenitors. However, it remains unclear

Hereditary multiple exostoses whether NFAT signaling is also involved in human osteochondromagenesis. As the first step in

Per%osmum . addressing this question, the current study aimed to determine the expression patterns of NFATC1
Periosteal progenitors )
NFATC1 and NFATC2 in human osteochondroma samples.

NFATC2 Methods: Immunohistochemistry (IHC) was used to examine and analyze NFATC1 and NFATC2
expression in human osteochondroma samples. The human periosteum was used to map the
expression of NFATC1 under physiological conditions by IHC. Furthermore, human periosteal
progenitors were isolated and identified from the periosteal tissues of bone fracture healing pa-
tients. The expression of NFATC1 in human periosteal progenitors was characterized by Western
blotting compared to human bone marrow stromal cells (BMSC).

Results: The THC results showed that the expression of NFATC1 was undetectable in most human
osteochondromas cells, and only a small proportion of osteochondroma cells, especially clonally
grown chondrocytes, showed positive staining of NFATC1. NFATC2 expression was also unde-
tectable in most chondrocytes in human osteochondromas. The mouse and human periosteum
showed a comparable ratio of NFATC1 positive cells (9.56 + 0.80% vs 11.04 + 2.05%, P =
0.3101). Furthermore, Western blotting analysis revealed that NFATC1 expression was highly
enriched in human periosteal progenitors compared to BMSC.

Conclusions: NFATC1 and NFATC2 are undetectable in most human osteochondroma chon-
drocytes. The expression pattern of NFATC1 in human osteochondromas and the normal peri-
osteum suggests that NFAT signaling could be suppressed during human osteochondromagenesis.

1. Introduction

The nuclear factor of activated T cell (NFAT) transcription factor family includes five members (NFATc1-NFATc4 and NFAT5) with
a common DNA binding domain of approximately 300 amino acid residues [1,2]. NFAT signaling was initially identified in T cells more
than 30 years ago and played a critical role in regulating T cell differentiation and functions [3,4]. In addition to the immune system,
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NFAT members are expressed in many other tissues and organs and play broad biological functions in various physiological and
pathological processes, including cardiac valve development, skeletal muscle fiber differentiation, degenerative neural diseases, and
osteoarthritis [3,5]. In the skeletal system, NFAT signaling has been widely characterized for its roles in osteoclast and osteoblast
differentiation and functions [6-8].

Accumulating lines of evidence indicate that NFAT signaling also plays an important role in cartilage biology. As early docu-
mentation shows, NFATc2 null mice develop spontaneous extra-articular ectopic cartilaginous growth that undergoes endochondral
ossification with age [9]. Ex vivo studies in the murine teratocarcinoma cell line ATDC5, primary epiphyseal chondrocytes and em-
bryonic stem cells showed that NFAT signaling, particularly NFATc1, inhibits chondrogenesis [10-12]. Consistently, we recently found
that in vivo ablation of NFATc1 in mouse entheseal progenitor cells leads to spontaneous osteochondroma formation at the enthesis of
ligaments [13]. Meanwhile, NFATc1 and NFATc2 demonstrate complementary roles in determining the severity and number of mouse
osteochondromas. Interestingly, cell lineage tracing data showed that NFATc1-expressing progenitors contribute to the formation of
mouse enthesis and periosteum [13]. These findings uncover a previously unappreciated function of NFAT signaling as a suppressor of
osteochondroma formation in entheseal/periosteal progenitors.

Osteochondromas are one of the most common bone tumors in humans, which can occur in both the appendicular and craniofacial
bones [14-17]. These osteochondral tumors begin with ectopic cartilaginous outgrowths from entheseal/perichondrial progenitors on
the bone surface. Mature osteochondromas are characterized by a cartilaginous cap with a marrow cavity continuous with that of the
underlying bone [18-20]. Most osteochondromas occur solitarily, but these tumors can also occur in hereditary forms called multiple
osteochondromas or hereditary multiple exostoses (HME). Osteochondromas, especially HME, can cause skeletal deformation, nerve
and vesicular impingement, and psychological problems in children and adolescents. The most severe complication of osteochon-
dromas is malignant transformation to secondary peripheral chondrosarcoma, which occurs in approximately 1% of solitary osteo-
chondromas and 1-3% of patients with HME [21]. The pathogenesis of osteochondromas has been linked to loss-of-function mutations
of the EXT1 or/and EXT2 genes, which encode Golgi-resident glycosyltransferases essential for the synthesis and assembly of extra-
cellular heparan sulfate. In particular, the molecular mechanism of EXT genes that mediates osteochondroma formation remains
poorly understood and not all osteochondromas can be detected with the mutation of EXT genes [22,23]. Our recent findings in
NFATc1 and NFATc2 knockout mice indicate that impairment of NFAT signaling can also represent a cause of osteochondromagenesis
[13]. However, whether NFAT signaling is also involved in human osteochondroma formation remains understudied.

In this study, as the first step in characterizing the role of NFAT signaling in human osteochondromagenesis, we examined the
expression of NFATC1 and NFATC2 proteins in human osteochondroma samples. Our results showed an overall lack of expression of
NFATC1 in most human osteochondroma cells, in contrast to enriched expression of NFATC1 in human periosteal progenitors. NFATC2
expression is also undetectable in most human osteochondroma chondrocytes. These results provide translational insights into pre-
vious findings on the role of NFATSs in osteochondromagenesis and lay the groundwork for further studies on the mechanism of NFAT
signaling that regulates human osteochondromagenesis.

2. Methods
2.1. Human and mouse samples

Human osteochondroma samples (n = 12) were obtained from biobanks of clinical pathology samples. All patients are Asians.
These samples include 11 cases of solitary osteochondroma and one case of HME. All osteochondromas grew on the bone surface
according to the medical record. Other characteristics of patients are summarized in Table 1. All experiments using human samples
were performed in accordance with the Declaration of Helsinki and approved by an Institutional Review Board of Peking University
Health Science Center (approval #: PKUSSIRB-201839127).

The human periosteum was sampled from the ankle or clavicle during hardware removal surgery in adult bone fracture patients.
The sample from each patient was split into two parts. One part was fixed and processed for histological evaluation and immuno-
histochemistry. Another part was used to cultivate periosteal progenitors.

Table 1
Characteristics of osteochondroma patients
Patient # Age Sex Tumor location Pathological diagnosis
1 12 F Distal tibia, right Osteochondroma
2 11 F Distal femur, right Osteochondroma, multiple
3 10 M Fibula, left Osteochondroma
4 13 F Femur, left Osteochondroma
5 11 M Proximal humerus, left Osteochondroma
6 20 M Ilium, right Osteochondroma
7 35 F Condyle, left mandibule Osteochondroma
8 65 F Condyle, right mandibule Osteochondroma
9 29 F Condyle, left mandibule Osteochondroma
10 50 F Condyle, left mandibule Osteochondroma
11 24 F Condyle, right mandibule Osteochondroma
12 28 F Condyle, left mandibule Osteochondroma
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Mouse samples were acquired from Nfatcl—Cre;Rosa26-meGﬂ/ +and Nfatcl—CreERTZ;Rosa26—RFPﬂ/ * reporter mice as described in
the previous study [13]. Nfatc1-CreER"%Rosa26-RFP/* mice were pulsed with tamoxifen at 1 mg/10 g body weight for 5 consecutive
days at 8 weeks of age and skeletal samples were harvested 48 h (hrs) later. The preparation of mouse bone samples for the analysis of
fluorescence-labeled periosteal cells was described previously [13]. All animal studies were approved by the Institutional Animal Care
and Use Committee of Capital Medical University (protocol #: AEEI-2022-036).

2.2. Immunohistochemistry

Serial sections were selected at 80-100 pm intervals and 6-12 sections were stained for each sample. Tissue was treated with EDTA
antigen retrieval solution pH 8.0 at 70 °C overnight and incubated with primary antibodies: mouse anti-human NFATc1 (clone 7A6,
Santa Cruz), rabbit anti-human/mouse NFATc2 (clone D43B1, Cell Signaling Technology), mouse IgG1« isotype control (Cell Signaling
Technology), or Rabbit IgG isotype control (Cell Signaling Technology) at 4 °C overnight, followed by secondary antibodies according
to a Polink-2 plus®Polymer HRP Detection System (ZSGB-Bio, Beijing, China). All sections were counterstained with hematoxylin.

For evaluation and semi-quantification of immunohistochemistry results, NFATc1 positive and total counterstained cells were
counted, respectively, for each region of interest (ROI). Three ROIs were randomly selected for each section. The scoring system is
based on the average percentage of NFATc1 positive in total cells [24]: 0, no positive cells; 1, less than 10% positive cells; 2, more than
10% but less than 50% positive cells; 3, more than 50% positive cells. All samples were scored by two independent researchers.

2.3. Quantification of NFATc1-labeled cells in the human and mouse periosteum

To quantify NFATc1-labeled cells in the human and mouse periosteum, five serial slides with a 40 pm interval from each sample
were used under the 40x objective and the cell counting module of a fluorescence microscope (BZ-x710, KEYENCE). For each slide,
three random ROIs within the periosteum (only the cambium layer for the human periosteum) were selected for cell counting. Total
cell numbers were counted with counterstained or DAPI-stained nuclei, and NFATc1-labeled cells were recognized by immunostained
or RFP" cells. The percentage of NFATc1-labeled cells in total cells was calculated.

2.4. Human periosteal progenitors

Human periosteal progenitors were isolated from fresh periosteal samples by combining enzyme digestion and explant culture.
Briefly, periosteal tissues were rinsed in a-MEM supplemented with 2 mM t-glutamine, 100 U/ml penicillin-streptomycin, and 10%
FBS three times, cut into small pieces, and digested with 3 mg/ml collagenase type I and 4 mg/ml dispase at 37 °C for 60 min. The
digestion solution was cultured together with small tissue fragments for seven days and subcultured for two passages to eliminate slow-
proliferating differentiated cells. The cells were then harvested, passed through a 70 pm strainer, and stained with APC anti-human
CD31 (clone WM59, Biolegend) and APC anti-human CD45 (clone HI30, Biolegend) antibodies. CD45 CD31~ non-hematopoietic,
non-endothelial cells were sorted for further analyses (FACSAria™ II cell sorter, BD Bioscience).

2.5. Colony formation unit assay

The single cell suspension of sorted CD45 CD31™ periosteal cells was seeded in 6-well plates at a density of 100 or 500 cells/well
and cultured for two weeks. Cell colonies were stained with 1% crystal violet for 5 min after fixation in 10% neutral formalin for 15
min. Colonies (>50 cells) were counted under the microscope as previously described [13].

2.6. Ex vivo osteogenesis and adipogenesis

For osteogenesis and adipogenesis, human periosteal cells were seeded in 6-well plates at a density of 500 cells/well and cultured
for two weeks to form cell colonies. Osteogenic medium («MEM supplemented with 10% FBS, 10 nM dexamethasone, 50 pg/ml 1-
ascorbic acid and 10 mM p-glycerophosphate) or adipogenic medium («MEM supplemented with 10% FBS, 100 nM dexamethasone,
50 pM indomethacin, and 5 pg/ml insulin) was then added to induce osteogenesis or adipogenesis for 3-4 weeks. Alizarin red and oil
red O staining were used to visualize calcium nodules and fat, respectively.

2.7. Ex vivo chondrogenesis

Ex vivo chondrogenesis was analyzed using a 3D cell pellet culture system. Briefly, cells (1 x 10%) were centrifuged to form pellets in
15 ml polypropylene tubes and cultured overnight. Chondrogenic medium (DMEM high glucose supplemented with 2% FBS, 100 nM
dexamethasone, 50 pg/ml 1-ascorbic acid, 1% insulin, transferrin, selenium (ITS), 1 mM sodium pyruvate, 40 pg/ml L-proline, and 10
ng/ml TGF-p1) was added the next day to induce chondrogenesis for 3 weeks. Cell pellets were fixed in 10% formalin and subjected to
histological analysis. Alcian blue staining was used to evaluate chondrogenesis.

2.8. In vivo transplantation of human periosteal progenitors

Human periosteal progenitors (5.0 x 10°%) together with beta-tricalcium phosphate (SynthoGraft) were transplanted into the
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dorsum of mice with severe combined immunodeficiency (SCID) through a tiny skin incision (<1 cm). Cell-free beta-tricalcium
phosphate was used as the control. The transplants were harvested 5 weeks later and subjected to histological analysis after fixation in
10% formalin.

2.9. Flow cytometry

The following antibodies were used for flow cytometry: APC anti-human CD90 (clone 5E10, Biolegend), APC Mouse IgG1, k isotype
control (clone MOPC-21, Biolegend); PE anti-human CD51 (clone NKI-M9, Biolegend), PE Mouse IgG2a, k isotype control (clone
MOPC-173, Biolegend). Briefly, cells were incubated with specific antibodies or IgG isotype controls at room temperature for 30 min
and then analyzed on a flow cytometer (FACSCalibur™ or BD LSR II, BD Bioscience). Both unstained and IgG isotype stained cells were
referenced to gate positive cells. Data were analyzed using FlowJo software (Tree Star Inc.).

2.10. Western blotting

Fifty micrograms of protein from each sample were loaded for Western blotting analysis using 4-20% Mini-PROTEAN® TGX™
precast protein gels and anti-NFATc1 (1:1000, clone 7A6, Santa Cruz) or anti-GAPDH (1:2000, Cell Signaling Technology) antibody.
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Fig. 1. Expression of NFATC1 in human osteochondromas. a. Immunohistochemistry of NFATC1 in a human Cherubism sample showing the
specific staining of the NFATc1 antibody in osteoclasts. The image on the right (i) is the magnification of the rectangular region in the image on the
left. n = 3 patients. b-c. Representative images of immunohistochemistry of NFATC1 in limb osteochondromas of two patients (n = 4 patients).
Images i and ii are the magnification of rectangular regions in the upper images in each panel. Arrows indicating NFATC1-stained osteoclast-like
cells in the underlying marrow space. d-e. Representative images of immunohistochemistry of NFATC1 in mandibular osteochondromas of two
patients (n = 5 patients). Images i and ii are the magnification of rectangular regions in the upper images. Image ii in panel (e) showing NFATC1
staining in periosteum-like fibrous tissues adjacent to the osteochondroma. Arrows indicating NFATC1-stained osteoclast-like cells in the underlying
marrow space. Scale bars as indicated in each image.
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2.11. Statistics

Data were presented as mean + standard deviation (s.d.). Statistical analyses were performed using Prism 9.2.0 (GraphPad). An
unpaired, two-tailed student’s t-test or nonparametric Mann-Whitney test was performed.

3. Results
3.1. Lack of NFATC1 expression in human osteochondroma cells

To examine the expression of NFATC1 in human osteochondroma cells, we retrieved 6 osteochondroma samples from limb skel-
etons and 6 osteochondroma samples from mandible bone from biobanks of clinical pathology samples (Table 1). Except for one of

Fig. 2. Cellular heterogeneity of NFATC1 expression in human osteochondromas. a. Representative images showing the expression of NFATC1 in
the nuclei of hypertrophic chondrocytes (arrows) in a limb osteochondroma. b-c. Representative images showing NFATC1 expression in the nuclei
of clonally-grown chondrocytes (arrows) in osteochondromas from two patients (b, limb osteochondroma; ¢, mandibular osteochondroma). The
right image is the magnification of part of the left image in each panel. Scale bars as indicated in each image.
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these samples from the distal femur of a female patient with HME, all other samples were solitary osteochondromas. While the cases of
osteochondromas of the limb skeleton included 3 male and 3 female patients, all osteochondroma samples of the mandibular bone
came from women. In particular, the ages of patients undergoing surgery to remove these bone tumors were significantly younger in
limb osteochondromas (10-20 years) compared to osteochondromas of the mandibular bone (24-65 years).

Before detecting NFATC1 expression in human osteochondroma specimens by immunohistochemistry, we first identified a positive
control for NFATC1 expression by retrieving human Cherubism samples, as Cherubism is an osteoclast-enriched disease and NFATC1 is
well characterized for its roles in osteoclast differentiation and functions [6,25]. The results showed that NFATC1 was specifically
stained in multinucleated osteoclasts with a strong stain in the nuclei and a weak stain in the cytoplasm (Fig. 1a). NFATC1 was also
stained in some single nucleated cells in human Cherubism samples, which could represent immune cells, since Cherubism is an in-
flammatory bone disorder [6]. These results demonstrate that osteoclasts represent a feasible positive control to assess NFATC1
expression in human osteochondromas.

For the immunohistochemistry of NFATC1 in human osteochondroma samples, we were unable to obtain reliable staining for 3 of
the 12 osteochondroma cases because all sections fell off slides during the experimental procedure. The results of the remaining nine
cases of human osteochondroma showed a general negative expression of NFATC1 in the superficial fibrous layer and most chon-
drocytes in the cartilaginous cap, while positive staining of NFATC1 was detected in multinucleated osteoclasts in the underlying
marrow space (Fig. 1 b-e). As an alternative positive control, periosteum-like tissues were found near the tumor in one of the six
osteochondroma cases of the mandibular bone, and positive staining of NFATC1 was found in multinucleated osteoclast-like cells and
some single nucleated cells within fibrous tissues (Fig. 1e). The negative staining of NFATC1 in osteochondroma cells was not due to
technical pitfalls of our immunohistochemistry methodology, such as an inappropriate antigen retrieval method for osteochondroma
tissue, because a small proportion of NFATC1 positive chondrocytes were found in 7 of the 9 osteochondroma samples using the same
experimental procedure (Fig. 2a).

In particular, relatively more NFATC1 positive chondrocytes could be found in clonally grown chondrocytes within the cartilag-
inous cap of osteochondromas (Fig. 2 b,c), reflecting the cellular heterogeneity regarding NFATC1 expression in human osteochon-
dromas. Lastly, the results of the immunohistochemistry of NFATC1 were further evaluated using a semiquantified method based on
the percentage of cells positive for NFATC1 and summarized in Table 2. Overall, these results demonstrate a lack of NFATC1 expression
in the cartilaginous cap of human osteochondromas. The small proportion of NFATC1 positive chondrocytes suggests a mosaic dis-
tribution of NFATC1 negative and -positive chondrocytes in human osteochondromas, which is similar to the distribution of NFATc1-
expressing cells in mouse osteochondromas and EXT1-expressing cells in human osteochondromas [13,26,27].

3.2. NFATC2 expression pattern in human osteochondromas

NFATc2 plays a complementary role to NFATcl in determining the severity and number of mouse osteochondromas [13].
Therefore, we also examined the expression of NFATC2 in human osteochondroma samples by immunohistochemistry. The expression
of NFATC2 was absent in most osteochondroma chondrocytes, while it could be detected in cells of the superficial fibrous layer or
within the underlying marrow space (Fig. 3 a-c). In particular, NFATC2 expression in cells of the superficial fibrous layer of osteo-
chondromas was contrasted to the absence of NFATC1 expression in these cells (Fig. 3a), but this disparity is consistent with the
complementary roles of these two transcriptional factors in the formation of mouse osteochondroma: NFATC1 preferentially regulates
skeletal progenitor cell proliferation and chondrogenesis, which occurs in the early stage of osteochondromagenesis, while NFATC2 is
mainly responsible for chondrocyte hypertrophy and ossification at the late stage of osteochondromagenesis [13]. Therefore, the
expression patterns of NFATC1 and NFATC2 in human osteochondroma samples agree with the complementary roles of these two
transcriptional factors in osteochondromagenesis.

3.3. Localization of NFATC1 in the mouse and human periosteum
Our previous study in mouse models showed that NFATc1 identifies entheseal progenitors in the periosteum. Notably, in Nfatc1-

Cre;Rosa26-mTmGY* mice, most periosteal cells are GFP* at 8 weeks of age (Fig. 4a), suggesting that periosteal cells also express
NFATc] or are derived from progenitors that expressed NFATc1. Using tamoxifen-induced Nfatc]-CreERTZ;Rosa26-RFPﬂ/ * reporter

Table 2

Summary of NFATC1 immunohistochemistry in human osteochondromas
Regions of interest Frequency Score
Superficial fibrous layer 0/9 0
Chondrocytes, non-clonal 4/6 1
Chondrocytes, clonal 3/3 2
Osteoclasts in the underlying marrow space 9/9 3
Nearby fibrous tissue 1/1 2

1. The word “non-clonal” or “clonal” represents whether chondrocytes grow in the clonal fashion.

2. Frequency X/Y means that there are X number of samples among the total Y number of samples that show
positive NFATc1 staining.

3. Scoring standards: 0, no positive staining; 1, less than 10% of cells showing positive staining; 2, more than
10% but less than 50% of cells showing positive staining; 3, more than 50% of cells showing positive staining.
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Fig. 3. Expression of NFATC2 in human osteochondromas. a. Representative images of NFATC2 immunohistochemistry showing positive staining in
the superficial fibrous layer and negative staining in chondrocytes of human osteochondromas. The staining of NFATC1 was also shown for the same
sample. b-c. Representative images of immunohistochemistry showing the absence of NFATC2 expression in chondrocytes of human osteochon-
dromas, but positive staining in cells in the underlying marrow space. The staining of NFATC1 was also demonstrated for the same sample. Arrows
indicated osteoclast-like cells stained for NFATC1. The right image is the magnification of part of the left image in each panel. Scale bars: left panel,
100 pm; right panel, 50 pm.

mice, we found that NFATc1 expression was only localized in a portion of periosteal cells at 8 weeks of age shortly after the tamoxifen
pulse (Fig. 4a). Combining lineage tracing data in NfatcI-Cre;Rosa26-mTmG"* and Nfatcl -CreER";Rosa26-RFPV* mice, cells
expressing NFATc1 (RFP") in the periosteum of Nfatcl -CreER™;Rosa26-RFP/* mice should be periosteal progenitors and cells not
expressing NFATc1 should be differentiated periosteal cells such as fibroblasts and osteoblasts. Therefore, many GFP " cells in the
periosteum of Nfatcl -Cre;Rosa26-mTmGY* mice could arise from periosteal progenitors that expressed NFATcl and had been
depredated of the expression of NFATc1 with development.

To explore the expression of NFATC1 in the human periosteum, we obtained human periosteal tissues from the region near the bone
fracture healing site during hardware removal surgery. Histology (H&E staining) was performed first to evaluate the morphology of the
human periosteum. Consistent with previous reports [28-30], the human periosteum was composed of two tissue layers: fibrous and
cambium (Fig. 4b). While the fibrous layer was thicker, the cambium layer was highly cellular. The cambium layer of the human
periosteum has been considered the primary location where periosteal progenitors reside and also contains other cell types such as
pre-osteoblasts, differentiated osteoblasts, fibroblasts, and pericytes [28,30]. It should be noted that the periosteum near the bone
fracture healing site is likely thicker than the normal human periosteum at the time of hardware removal surgery and also contains
certain inflammatory cells due to tissue growth and remodeling. The immunohistochemistry of NFATC1 showed that a portion of cells
in the cambium layer was positively stained with the NFATc1 antibody. In particular, the ratio of NFATC1 positive cells in human
periosteal tissue was comparable to that of RFP * cells in the periosteum of adult Nfatc1 -CreER"%;Rosa26-RFP/*+ mice after pulse of
tamoxifen (11.04 + 2.05% vs. 9.56 + 0.80%, P = 0.3101, Fig. 4c). These results demonstrate the localization of NFATC1 in both the
mouse and the human periosteum.
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Fig. 4. NFATCI is localized in both the mouse and the human periosteum. a. Fate-mapping of NFATc1-expressing cells in the periosteum of Nfatc1-
Cre;Rosa26-mTmGY " mice (GFP™ cells in the left panel) and localization of real-time expression of NFATc1 in the adult periosteum in NfatcI-
CreER™%;Rosa26-RFPV* mice 48 hrs after tamoxifen pulse for 5 consecutive days (RFP" cells in the right panel). Arrows indicate periosteum on the
surface of cortical bone. n = 5 Nfatcl-Cre;RosaZ6—meGﬂ/ * mice and 3 Nfatc]—CreERTz;Ros026—RFPﬂ/ * mice. Scale bars: 200 pm. b. Representative
hematoxylin and eosin (H&E) images of adult human periosteal tissues obtained from the ankle during hardware removal surgery of bone fracture
healing patients showing the two-layer structure of the periosteum: fibrous and cambium. The right image is a magnification of part of the left
image. Scale bars: left, 50 pm; right, 25 pm. c. Inmunohistochemistry of NFATC1 in the human periosteum and quantifying the percentage of cells
labeled with NFATCI in the cambium layer. The percentage of cells labeled with NFATc1 in the mouse periosteum (RFP* cells in the right panel in
(a) was used as a control. Data are mean + SD, two-tailed student’s t-test. n = 3 human or mouse donors, five serial sections per sample, and three
random regions of interest (ROIs) in each section. Scale bar, 25 pm.

3.4. NFATCI is enriched in human periosteal progenitors
To explore the expression of NFATC1 in human periosteal progenitors, we isolated progenitor cells from the human periosteum to

examine the expression of NFATC1 compared to human bone marrow stromal cells (BMSC). Human periosteal progenitors were
isolated by combining enzyme digestion and explant culture, which could significantly enhance the abundance of progenitor cells
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according to our pilot studies (Fig. 5a). After subculture for two passages to eliminate slow-dividing differentiated cells [31],
CD457CD31™ non-hematopoietic, non-endothelial, and plastic-adherent cells were sorted for further analysis (Fig. 5b). First, the
colony-forming unit assay showed that the sorted periosteal mesenchymal cells contained abundant cells with clonogenic capacity and
the grown cell colonies were heterogeneous in size and cell density, reflecting the heterogeneity in cell proliferation (Fig. 5¢). Second,
under appropriate lineage-specific differentiation conditions, these periosteal cells could be induced toward osteogenesis and adi-
pogenesis in vitro, but showed a weak potential for chondrogenesis, as shown by alizarin red, oil red O, or alcian blue staining,
respectively (Fig. 5d). Consistently, when transplanted together with p-tricalcium phosphate underneath the dorsal skin of SCID mice,
these periosteal cells formed ossicles through intramembranous ossification, and chondrocytes were not found in these tissues, as
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Fig. 5. NFATC1 is enriched in human periosteal progenitors. a. Representative phase-contrast images of human periosteal progenitor cell culture. b.
Representative dot-plot image of fluorescence-activated cell sorting (FACS) of CD45°CD31" non-hematopoietic, non-endothelial periosteal cells
(97.5%). c. Colony formation unit assay of human periosteal cells. Cells were plated at indicated numbers and cultured for 2 weeks. Colonies were
stained with 1% crystal violet. Data are mean + SD, Mann-Whitney test. n = 2 human donors, 3 replicates for each at each cell density. d. Trilineage
differentiation potentials of human periosteal progenitors. The capacity of osteogenesis, adipogenesis, and chondrogenesis was displayed by alizarin
red, oil red O, and alcian blue staining, respectively. NFATc1-expressing progenitors sorted from the knee of neonatal Nfatc1-Cre;Rosa26-mTmGY/*+
mice were used as a positive control for chondrogenesis. Scale bars, 100 pm. e. In vivo transplantation of human periosteal progenitors. Left panel,
schematic showing transplantation of human periosteal cells with -tricalcium phosphate to the dorsum of mice with severe combined immuno-
deficiency (SCID). Middle 2 panels, representative H&E staining showing ossicle formation 5 weeks after in vivo transplantation (the right image is
the magnification of part of the left image). Most right panel, H&E staining of tissues 5 weeks after only transplanting -tricalcium phosphate. n = 2
human donors, 5 animals for each. Scale bars, 50 pm. f. Representative flow cytometry results of the examination of cell surface markers CD90 and
CD51 in human periosteal progenitor cells. g. Western blotting determining the expression of NFATC1 in human periosteal progenitors relative to
Eone marrow stromal cells (BMSC), uncropped images referencing Supplementary Fig. 1.

evaluated by two independent experienced pathologists (Fig. 5e). The ossicle was not observed when only f-tricalcium phosphate was
transplanted.

CD90 has been shown as a surface molecular marker of periosteal progenitors, and periosteum-derived cells sorted by CD90 showed
higher proliferative capacity and osteogenic potential compared to unsorted cells [32,33]. Throughout, the vast majority of cells
derived from the periosteum we cultured were positive for CD90 (Fig. 5f). Furthermore, a major proportion of these periosteal cells
also expressed another periosteal progenitor cell surface marker, CD51 (Fig. 5f) [33]. Therefore, the periosteal cells we isolated
represent a progenitor-enriched population. Next, the results of Western blotting showed that these human periosteal progenitors
expressed a much higher level of NFATC1 compared to human BMSC matched in age and sex (Fig. 5g and Supplementary Fig. 1),
suggesting that NFATC1 is enriched in human periosteal progenitors. Taken together, these results demonstrate an enriched expression
of NFATC1 in human periosteal progenitors and highlight the role of NFATCI in identifying skeletal progenitors.

4. Discussion

In this study, in contrast to the enriched expression of NFATC1 in human periosteal progenitors, the lack of NFATC1 expression was
observed in most cells in the cartilaginous cap of human osteochondromas, suggesting that NFATC1 expression might be suppressed
during human osteochondromagenesis. The NFATC2 protein is also undetectable in most human osteochondroma chondrocytes. These
results are consistent with our previous findings in mouse models that NFATc1 and NFATc2 restrict osteochondromagenesis from
entheseal progenitors [13] and provide critical translational insights in the human setting. Notably, the enthesis is essentially a portion
of the periosteum, and the periosteum/perichondrium has been considered the main origin of cells for osteochondroma formation
[18]. Therefore, it is rational to consider periosteal progenitors as the control for osteochondroma cells.

In recent decades, studies on the pathogenesis of osteochondromas have made great progress [19]. Except for the mutations of the
EXT1 and/or EXT2 genes, there should be other events that cause or contribute to the formation of osteochondromas, as heterogeneous
mutations of EXT1 or EXT2 are not enough to initiate osteochondromagenesis. The loss of heterozygosity in EXT mutations has been
proposed as one of these events that initiates the osteochondromagenesis process [27,34]. Furthermore, our recent findings in mice
knocked out of NFATc1 and NFATc2 reveal that impaired NFAT signaling could also represent a causative event for osteochondroma
formation [13]. In the present study, the expression patterns of NFATC1 and NFATC2 in human osteochondroma samples are
consistent with the inhibitory role of NFAT signaling in osteochondromagenesis. However, the relationship between NFAT and EXT
genes in osteochondromagenesis remains unclear. Our previous study did not find changes in Ext1 and Ext2 gene expression in mouse
skeletal progenitors deficient in NFATc1 and/or NFATc2 [13], indicating that NFATc1 and NFATc2 do not function as direct tran-
scriptional activators of the EXT genes. Rather, it is possible that EXT gene mutations affect heparan sulfate formation and then activate
molecular signaling that inhibits the expression or activity of NFATSs to cause osteochondroma formation. Inactivation of NFATc1
and/or NFATc2 could also occur independently of EXT signaling during osteochondromagenesis, responsible for osteochondroma
cases without mutations in the EXT1 or EXT2 gene. Future studies will further characterize the potential crosstalk between the NFAT
and EXT genes during osteochondroma formation.

Another limitation of the present study is that we did not examine the functions of the EXT1 and EXT2 genes in these human
osteochondroma samples due to the lack of a specific antibody for heparan sulfate, nor do we have information on the mutations of the
EXT genes in these human osteochondroma samples. Future studies need to identify an available antibody for heparan sulfate to
examine the function of the EXT genes and define the crosstalk between the NFAT and EXT genes during osteochondroma formation.

Previous results in mouse models show that NFATc1 is necessary to inhibit overproliferation or maintain quiescence of skeletal
progenitors by suppressing c-Myc expression and promoting the expression of the cyclin-dependent kinase inhibitor p21 [13].
Furthermore, NFATc1 negatively regulates chondrogenesis of skeletal progenitors by affecting Col2al and Col10al expression, while
NFATc2 primarily controls the ossification process and osteogenesis by regulating Mmp13 and Ibsp expression [13]. As our results in
the current manuscript demonstrate that NFATC1 and NFATC2 could have a similar function in regulating human osteochon-
dromagenesis, it will be necessary to further explore the mechanism of NFATC1 and NFATC2 in regulating osteochondroma formation,
including their upstream and downstream signaling, and whether the expression or activity of NFATC1 and NFATC2 are simulta-
neously or sequentially inactivated. It should be noted that a previous study showed that neither Nfatc.’)’c"B nor Nfatc3C°Iszatc2’/ -
mice exhibit any cartilage phenotypic abnormalities at the histological and clinical levels [5], suggesting that NFATc3, unlike NFATc1,
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may be dispensable and does not have a complementary role with NFATc2 in cartilage biology and osteochondromagenesis.

The heterogeneity of osteochondroma cells has been widely appreciated in previous studies [18,26,35]. Most osteochondroma
patients carry mutations on one allele of the EXT1 or/and EXT2 genes and the occurrence of osteochondromas needs a second hit, such
as ‘loss of heterozygosity’ or other genetic events, to further lower the level of heparan sulfate (not necessary for total loss of its
expression). In mouse models deficient in NFATs, the cartilaginous cap of osteochondromas contains mixed cells of NFATc1-deficient
and -sufficient cells [13]. Similarly, a small proportion of NFATC1-positive hypertrophic chondrocytes was detected in 7 of 9 osteo-
chondroma cases (Fig. 2 and Table 2), indicating that human osteochondromas may contain a similar mosaic distribution of NFATC1
negative and positive cells. Notably, although we did not quantitatively compare the ratio of NFATC1-positive to that of EXT1 positive
cells in human osteochondromas, the number of NFATC1 positive cells is significantly lower than that of EXT1 positive cells from
previous reports [21].

The periosteum is critical for bone development, homeostasis, and repair [36]. Many skeletal diseases, including benign and
malignant bone tumors, can be the periosteum of origin [37]. The periosteal progenitors and BMSC have different molecular markers
and demonstrate different regenerative capacities during bone fracture healing [38,39]. The periosteum/perichondrium has been
considered one of the primary sources of cells for osteochondroma formation [18,40]. Our results in the present study show an
enriched expression of NFATC1 in human periosteal progenitors, suggesting that NFATC1 plays a role in the biology of periosteum and
related diseases. As mentioned above, the upstream and downstream mechanisms of NFATC1 in regulating periosteal progenitor cell
differentiation and related diseases remain unclear and warrant further studies.

In summary, the expression patterns of the NFATC1 and NFATC2 proteins in human osteochondroma cells endorse an inhibitory
role of NFAT signaling in osteochondromagenesis, providing a basis for further exploration of the mechanism of NFAT signaling
regulating human osteochondromagenesis.
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