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Accumulating evidence has supported that osteosarcoma is heterogeneous, and
several subtypes have been identified based on genomic profiling. Immunotherapy is
revolutionizing cancer treatment and is a promising therapeutic strategy. In contrast,
few studies have identified osteosarcoma classification based on immune biosignatures,
which offer the optimal stratification of individuals befitting immunotherapy. Here,
we classified osteosarcoma into two clusters: immunity high and immunity low
using the single-sample gene-set enrichment analysis and unsupervised hierarchical
clustering. Immunity_H subtype was associated with high immune cells infiltration, a
favorable prognosis, benefit to immunotherapy, high human leukocyte antigen gene
expression, and activated immune signal pathway indicating an immune-hot phenotype.
On the contrary, the Immunity_L subtype was correlated with low immune cell infiltration,
poor prognosis, and cancer-related pathway, indicating an immune-cold phenotype. We
also identified TYROBP as a key immunoregulatory gene associated with CD8* T cell
infiltration by multiplex immunohistochemistry. Finally, we established an immune-related
prognostic model that predicted the survival time of osteosarcoma. In conclusion,
we established a new classification system of osteosarcoma based on immune
signatures and identified TYROBP as a key immunoregulatory gene. This stratification
had significant clinical outcomes for estimating prognosis, as well as the immunotherapy
of osteosarcoma patients.

Keywords: osteosarcoma, immune subtype, immune checkpoint inhibitors, TYROBP, prognosis

INTRODUCTION

Osteosarcoma, originating from mesenchymal stem cells, is the most common primary malignancy
of bone (ElKordy et al., 2018). With the advancement of surgical resection, radiotherapy, and
neoadjuvant chemotherapy, the survival rate of osteosarcoma patients has increased up to 60-70%
(Kansara et al., 2014; Simpson and Brown, 2018). However, the prognosis of patients with
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recurrent, metastatic, or unresectable osteosarcomas is extremely
poor. The long-term survival rate for patients with primary
osteosarcoma is approximately 65%, whereas it is less than 20%
for patients with metastatic osteosarcomas (Durfee et al., 2016;
Whelan and Davis, 2018). Hence, a novel therapeutic strategy
for advanced sarcomas should be developed to improve the
outcome of osteosarcomas. Recently, cancer immunotherapy
has received tremendous attention for the treatment of
numerous refractory malignancies (Baxevanis et al., 2009;
Yang, 2015; Emens et al., 2017; O’Donnell et al., 2019; Lin
et al., 2020). Hence, it is worth considering immunotherapy
for osteosarcoma, as the treatment options for this disease
are still limited.

Accumulating evidence has suggested that osteosarcoma
tends to be susceptible to immunotherapy (Chen et al,
2021). Osteosarcoma tumors have a high proportion of CD8*
invading lymphocytes relative to other sarcoma subtypes, and
the number of infiltrating immune cells associates positively
with overall survival (OS) (Wang et al.,, 2016). Besides, some
osteosarcomas have an elevated programmed cell death protein-
1 ligand (PD-L1) expression, with a high level of genomic
instability, indicating prospective sensitivity to programmed
cell death protein-1 (PD-1)/PD-L1 cascade suppressors (Shen
et al., 2014). Although some patients benefit from different
immunotherapeutic interventions, the majority fail to experience
benefit. Thus, considering the low response rate, novel and
accurate classification methods should be developed to identify
patients befitting immunotherapy.

Here, we performed the single-sample gene-set enrichment
analysis (ssGSEA) of the transcriptome data of 29 immune gene
sets and established a novel classification of osteosarcoma. We
also tried to characterize the subtype-distinct molecular
features, including immune signaling cascades, and key
genes and to construct and validate the immune-associated
prognostic biosignature.

MATERIALS AND METHODS

Datasets
The RNA-seq transcriptome data, as well as the
clinicopathological information of osteosarcoma patients,

were obtained from TARGET as a training set. Similarly, patients
from Gene Expression Omnibus (GSE21257) were abstracted as
a validation set.

Single-Sample Gene-Set Enrichment
Analysis

For each osteosarcoma dataset, the levels of enrichment of the
29 immune biosignatures were quantified in each osteosarcoma
sample using ssGSEA (Barbie et al, 2009). The ssGSEA
enrichment score was obtained by “GSVA” and “GSEABase”
packages in R software (version 4.0.0). Gene signatures for
each immune cell type and immune pathway were obtained
from previously published data, representing the overall immune
activity of the tumor microenvironment (He et al., 2018).

Clustering of Osteosarcoma Samples

Then, we carried out a hierarchical grouping of osteosarcoma
based on the 29 immune biosignature enrichment levels (ssGSEA
scores). ESTIMATE was carried out to explore the immune score,
as well as the tumor purity for each osteosarcoma sample.

Principal Component Analysis

Principal component analysis (PCA) was performed to compare
the transcriptional profiles between the different immune
subtypes. The gene names with corresponding expression value
and sample information were loaded, and the analysis was
conducted by “limma” package using princomp function and
visualized by “ggplot2” package in R software (version 4.0.0).

Identification of Differentially Expressed

Immune-Related Genes

The differential expression of immune-related genes was
identified using the “limma” R package. Adj. p < 0.05, and |
fold change| > 2 were defined as the threshold values. The
differentially expressed immune-related genes were visualized by
the “ggplot2” package in R software (version 4.0.0).

Multiplex Immunohistochemistry
Tissue microarray of osteosarcoma specimens (L714901) was
obtained from Biotech Company (Xian, China) and used to
explore further the association of TYROBP expression with
CD8™ T cell in the osteosarcoma tumor microenvironment.
Multiplex immunohistochemistry was conducted using
the sequential staining cycles as follows. In brief, formalin-
fixed, paraffin-embedded osteosarcoma tissue sections were
deparaffinized and then underwent microwave treatment
in citrate for antigen retrieval. Then, they were blocked
with 10% normal goat serum and incubated overnight with
primary antibodies: mouse anti-CD8 antibody (1:100, ab17147,
Abcam) and rabbit anti-TYROBP antibody (1:200, ab124834,
Abcam). Next, sections were incubated with the corresponding
horseradish peroxidase-conjugated second antibodies (Abcam,
CN) for 30 min at room temperature. The antigenic binding
sites were visualized using the tyramide signal amplification
dye. Fluorescein isothiocyanate-tyramide (1:1,000, G1235,
Servicebio) and Cy3-tyramide (1:1,000, G1235, Servicebio) were
applied to each antibody.

Constitution of a Risk Model

Critical immune-related genes (IRGs) that presented protein-
protein interaction (PPI) network were utilized in Lasso Cox
regression to calculate the coefficients; the risk-score formula was
formulated as:

N
Risk score = Z (Exp; x Coe;)

i=1

where N = 2, Expi was the expression value of every five hypoxia
genes, whereas the Coei denoted the corresponding multivariable
Cox regression coefficient.
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Survival Analyses

Kaplan-Meier curves were used to visualize and compare the OS
of osteosarcoma patients in different immunogenomic subtypes
via survival and survminer R package. A receiver operating
characteristic curve was constructed to verify our risk model
accuracy via the survivalROC R package.

Visualization of Protein—-Protein

Interaction Network

We constricted the PPI network using the STRING database
Cytoscape software. Cytoscape' constitutes a publicly accessible
software web source used in visualizing complex networks, as
well as for integrating these with any kind of attribute data.
The Cytoscape web portal was used to build a protein cross talk
association network and investigated the interaction association
of the core IRGs.

RESULTS

Immunogenomic Profiling Identifies Two

Osteosarcoma Subtypes
We assessed 29 immune-linked gene sets that represented
multiple immune cell types, cascades, and functions. The
enrichment levels or the activity of immune cells and signaling
cascades were quantified in the osteosarcoma samples using
ssGSEA analysis. Totally, we hierarchically categorized
osteosarcoma in two cohorts (TARGET and GSE21257).
Noteworthy, all cohorts presented similar clustering findings,
with two clusters clearly being identified. We termed the
classes as immunity high (Immunity H) and immunity
low (Immunity_L). Overall, the Immunity H subtype was
correlated with high immune cell infiltration and activated
immune pathways indicating an immune-hot phenotype,
whereas the Immunity_L subtype was associated with low
immune cell infiltration indicating an immune-cold phenotype
(Figures 1A,B). Moreover, the immune scores were remarkably
elevated in Immunity_H than that in Immunity_L in TARGET
and GSE21257 datasets (Figure 1C). Besides, opposite trends
were reported with regards to tumor purity between the two
subtypes, with tumor purity escalating from Immunity_L to
Immunity_H (Figure 1D).

Altogether, these data indicate that Immunity H has the
greatest number of immune cells, which may benefit from
immune checkpoint blockade therapy.

Immunity_H Subtype Is Associated With
Immune-Related Signaling Pathways, a
Favorable Prognosis and a Potential

Benefit to Immunotherapy

Principal component analysis was then performed to compare
the transcriptional profiles between the Immunity H and
Immunity_L subtypes, which displayed a clear distinction. In

'https://cytoscape.org/

detail, PCA showed that the samples from the two clusters were
well separated from each other (Figure 2A). To further identify
relevant signaling cascades activated in the Immunity_H and the
Immunity_L groups, we performed a GSEA analysis. Gene sets
were differentially enriched in the Immunity H groups of the
TARGET web portal, as they were associated with processes that
trigger immunity, such as dendritic cell antigen processing and
presentation, interleukin-10 secretion, interleukin-12 secretion,
and natural killer cell chemotaxis (Figure 2B). On the contrary,
the cancer-linked signaling cascades were hyperactivated in the
Immunity_L group, including the positive modulation of G1/S
transition of the mitotic cell cycle and vascular endothelial cell
proliferation. A similar trend was observed in the GES21257
dataset (Figure 2C). This finding verified the increased immune
activity in Immunity_H.

Previous studies showed that osteosarcoma with elevated
immune activity and high immune cell infiltration was associated
with more favorable clinical outcomes. In line with these
pieces of evidence, survival analyses showed that these immune
subtypes had distinct clinical outcomes. The Immunity H
subtype had a better survival prognosis than the Immunity_L
subtypes (Figure 2D).

We then used TIDE (a computational framework developed
to evaluate the potential of tumor immune escape from the gene
expression profiles of cancer samples: ?) to evaluate the potential
clinical efficacy of immunotherapy in these immune subtypes.
In our results, the Immunity_H subtype had a higher response
rate than the Immunity_L subgroup, implying that Immunity H
patients could benefit more from immune checkpoint inhibitor
(ICI) therapy (Figure 2E). Besides, chemosensitivity of these
subtypes was assessed by the Genomics of Drug Sensitivity
in Cancer database, and the results showed that half-maximal
inhibitory concentration scores of gemcitabine and mitomycin
C in immunity_H were significantly lower than immunity_L
subtype, indicating sensitivity to chemotherapy (Figure 2F).

Differences in Human Leukocyte Antigen
Genes and Immune Checkpoint
Expression Related to Immune
Phenotypes

Tumor-related antigen presentation via MHC class I complexes
is a prerequisite for immune surveillance and is instrumental
for the clinical response of immunotherapies targeting immune
checkpoints. Hence, we assessed transcript levels of 24 human
leukocyte antigen (HLA) genes in TARGET and GSE21257
validation cohorts. Most immune HLA genes exhibited markedly
lower expression levels in Immunity_L, indicating impaired
antigen presentation on tumor cells as an escape mechanism
from immune surveillance (Figures 3A,B). Expression of
immune checkpoints has been exploited as predictive
biomarkers for checkpoint inhibitor-based immunotherapy;
we further compared the differences in immune checkpoints
(PD-L1, PD-1, CTLA4, TIM3, LAG3, and TIGIT) related to
immunity high and immunity low subtypes. Interestingly,

Zhttp://tide.dfciharvard.edu/
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FIGURE 1 | Hierarchical clustering of osteosarcoma identified two immune subtypes in TARGET (A) and GSE21257 datasets (B). Correlation between
immunogenomic subtypes and immune cell invasion level in immune score (C) and tumor purity (D). Violin plots particularly indicated differences in two subtypes.
***p < 0.0001.

high immune checkpoint expression was observed in the
Immunity_H subtype, indicating a potential benefit from
checkpoint inhibitor-based immunotherapy (Figures 3C,D).

Identification of Key Genes Between

Immunity_H and Immunity_L Subtypes
We further identified the differentially expressed genes (DEGs)
between Immunity_ H and Immunity L groups and revealed

the critical immune-linked genes. A total of 303 DEGs in the
TARGET cohort and 173 genes in the GES21257 cohort were
identified with an intersection of 83 genes in the two datasets,
and most of the genes were upregulated in the Immunity H
group (Figures 4A,B). PPI network was then performed to
reveal the key genes associated with the immune subtypes.
The top 10 immune-related genes with the highest degrees
of interaction were determined, including TYROBP, ITGB2,
LCP2, C1QB, C1QC, CD74, HLA-DRA, CXCL10, CCL5, and
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FIGURE 2 | (A) Principal component analysis plots. Red dots represent Immunity_H samples, and blue dots represent Immunity_L samples; (B,C) GSEA identified
differential immune-related signaling cascades enriched in Immunity_H, as well as Immunity_L subtypes in TAGRT and GSE21257 datasets. Size of dots represented
-log10 (p-value); (D) Kaplan-Meier curves of OS in Immunity_H and Immunity_L subtypes; (E) response rate to immunotherapy predicted by TIDE (a computational
framework developed to evaluate potential of tumor immune escape from gene expression profiles of cancer samples: http://tide.dfci.harvard.edu/); (F) half-maximal
inhibitory concentration scores of gemcitabine and mitomycin C in immunity_H and immunity_L subtypes. *p < 0.05, ***p < 0.001, and ***p < 0.0001.
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FIGURE 3 | Box plots presented differential expression of HLA genes (A,B) and multiple immune checkpoints (C,D) between Immune_H and Immune_L subtypes.
**p < 0.01, **p < 0.001, and ***p < 0.0001.

CXCL9, suggesting their pivotal role in modulating tumor

immunity (Figure 4C).

TYROBP Expression Is Associated With
CD8™* T Cell Infiltration

According to PPI analysis, TYROBP showed the highest degrees
of interaction with other DEGs, suggesting its important role

in driving the immunophenotype. We further investigated the

association of TYROBP expression with immune cells in the
osteosarcoma tumor microenvironment. Using the CIBERSORT
method in combination with the LM22 signature matrix, we
calculated differences in the immune infiltration of 22 immune
cell types between low- and high-TYROBP groups. Figure 5A

summarized the 22 immune cell landscapes among osteosarcoma
patients in the TARGET dataset. The results showed that

Frontiers in Cell and Developmental Biology | www.frontiersin.org

10

Jul

y 2021 | Volume 9 | Article 696878


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Wang et al.

Immune Subtypes of Osteosarcoma

A TARGET
: T‘/I.EM1SOB oo
15 - i 907 oLoALSS
@ ' pUTE L
= : ° Group
g 10 A i °? o Down-regulated
& C140ril1 32 k ° not-significant
c‘;g) RPs20P14 ef o o ®| ° Upregulated
O 5-arns/,
L® o ol S 2. . o . - o
04
-1 0 1 2
logz (Fold Change)
B
GSE21257 TARGET

GSE21257
: MYO1G :-
| TBC1D10C — C.D247
/?8 : ‘:RFQ CD2
% 10 4 : Group
> 'G o Down-regulated
\go not-significant
g, 54 o Up-regulated
0-

FIGURE 4 | (A) Volcano plot presented distribution of differentially expressed genes (DEGs) quantified among Immune_H and Immune_L subtypes with threshold of |
log2 Fold change| > 1 and P < 0.05 in TARGET and GSE21257 cohort; (B) Venn plot showed intersection of differentially expressed genes among Immune_H and
Immune_L subtypes; (C) PPI network analysis showed interactions among 83 DEGs.

patients with high TYROBP expression had significantly higher
proportions of immune cells (e.g., CD8 T cell, CD4 naive T cell,
CD4 memory activated T cell, macrophages M0, macrophages
M1, and macrophages M2) (Figure 5B). Among the immune
cells, CD8T T cells, also known as cytotoxic T cells, play
a vital role in antitumor immunity by killing cancer cells.
Our results demonstrated that TYROBP expression showed a
positive correlation with CD8" cell infiltration (Figure 5C),
and a high TYROBP expression group was infiltrated with
a high CD8" T cell level (Figure 5D). To further validate
the association between TYROBP and CD8" T cells in
osteosarcoma, we performed multiplex immunohistochemistry.
In line with results from bioinformatics analysis, multiplexed

immunohistochemistry showed that high TYROBP expression
was associated with high CD8% T cell levels in the tumor
microenvironment (Figure 5E).

Construction and Confirmation of the
Immune-Related Prognostic

Biosignature

To improve the accuracy and reliability of the predictive model,
we treated TARGET as the training set and the GES21257 as
validation sets. Lasso Cox regression analysis was subsequently
carried out to construct an immune-associated predictive
model using 34 critical IRGs presented in the PPI network
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FIGURE 5 | (A) Relative proportion of immune infiltration in Immune_H and Immune_L groups; (B) box plots visualizing significantly different immune cells between
Immune_H and Immune_L groups; (C) correlation of TYROBP and CD8™ T cell infiltration; (D) box plot showed CD8* T cell infiltration level in TYROBP high and low
groups; (E) multiplex immunohistochemistry validated differentially infiltrated CD8* T cell in TYROBP high and low groups. **p < 0.01, ***p < 0.001, and
***p < 0.0001.

(Figures 6A,B). A risk-score formula was established as follows:
risk score = —0.267 x FPR1-0.001 x FCERIG. As shown in
Figures 6A,B, the heatmap showed that the expression level of
FPR1 and FCERIG was decreased, accompanied by the higher

risk scores. Additionally, we examined the correlation between
risk score and survival status (Figure 6C). Our data showed that
the number of alive statuses in the low-risk group was markedly
higher relative to the high-risk group (Figure 6D).
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FIGURE 6 | (A,B) Lasso Cox analysis uncovered two genes most associated with OS in TARGET dataset. (C,D) Kaplan-Meier curves of OS for LGG patients based
on IPS in TARGET cohort and GSE21257 cohort. (E,F) Risk scores distribution, survival status of each patient, and heatmaps of prognostic four-gene biosignature in
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To explore the prognostic significance of the risk model
in osteosarcoma, we performed a Kaplan-Meier analysis. As
indicated in Figure 6, the high-risk score was correlated with
dismal OS in the TARGET dataset (cutoff values = —0.44),
which was further confirmed by the GSE21257 dataset (cutoff
values = —2.4) (Figure 6E).

DISCUSSION

In this study, we focused on uncovering immune-associated
osteosarcoma subtypes through immunogenomic profiling. Our
study demonstrates that osteosarcoma could be categorized into
immunity low and immunity high subtypes. We established that
this categorization was reproducible, as well as predictable. The
immunity high osteosarcoma subtype was enriched with high
immune cell infiltration and immunoactive signaling pathway
indicating an immune hot phenotype, whereas immunity
low was associated with low immune cell infiltration and
immunosuppressive signaling pathway indicating an immune
cold phenotype. Moreover, we developed and validated an
immune-related prognostic signature.

Immunity_H had a higher level of immune cell invasion,
as well as antitumor immune activities, such as high levels
of immunoactivated cell infiltration, and activated immune
signaling pathway. This analysis validated the increased
antitumor immune activity in the Immunity_H subtype. Indeed,
accumulating evidence has documented that the density and
level of tumor-infiltrating lymphocytes are positively correlated
with survival prognosis in multiple cancers (Hendry et al., 2017;
Jiang et al., 2017; Wang et al., 2020; Yao et al., 2017).

The HLA genes code for MHC I, as well as MHC II molecules,
which deliver pathogen-originated short peptides to T cells and
trigger an adaptive immune response (Apanius et al, 2017;
Danchin et al., 2004). Previous researches have reported that
the expression of HLA may regulate ICI response in metastatic
melanoma (Chowell et al., 2018; Garrido et al., 2016; O’Donnell
etal., 2019). The study demonstrated that elevated tumor-distinct
expression of MHC-I was pivotal for the response to therapy
with anti-CTLA-4. In the meantime, tumor-specific MHC-II
expression was critical for the response to the therapy with
anti-PD-1 (Johnson et al., 2016). Additionally, recent studies
have identified predictive biomarkers (e.g., PD-L1, PD-1, and
CTLA-4) that can be exploited to predict response to ICI
therapy (Gibney et al, 2016; Lin et al, 2021). In our study,
in the Immunity H subtype, the HLA genes and immune
checkpoint expression levels were also the highest compared
with the Immunity_L subtype. In contrast, we revealed that
Immunity_High exhibited strong immune activity given the high
immune invasion level, percentage of distinct tumor-infiltrating
lymphocytes, HLA richness, and level of expression and exhibited
relatively improved clinical outcomes.

We also identified several key genes with the highest
interaction degrees between Immune H and Immunity L
subtypes, including TYROBP, ITGB2, LCP2, C1QB, C1QC,
CD74, HLA-DRA, CXCL10, CCL5, and CXCL9. Previous studies
have demonstrated that TYROBP, also known as DAP12,

is overexpressed in various cancers. Functionally, TYROBP
encodes a transmembrane signaling polypeptide on the surface
of a variety of immune cells that contains an immunoreceptor
tyrosine-based activation motif in its cytoplasmic domain and
mediates signaling transductions (Dietrich et al., 2000; Shabo
et al, 2013; Topfer et al, 2015). It has been reported that
TYROBP expression is associated with CD8 T cell infiltration
in gastric cancer and clear cell renal cell carcinoma (Jiang
et al, 2020; Wu et al, 2020). In line with these pieces of
evidence, our result showed that TYROBP expression is positively
correlated with CD8 T cell infiltration in the osteosarcoma tumor
microenvironment. CD74 plays an important function in the
processing of MHC class II antigens through the stabilization
of peptide-free class II alpha/beta heterodimers in a complex
shortly following their synthesis and directs the transportation
of the complex to the endosomal/lysosomal system from the
endoplasmic reticulum (Badve et al., 2002; Denzin et al., 1996).
High CD74 expression in Immune_H indicated a high antigen
presentation and is important for the clinical response of
immunotherapies. Pro-inflammatory cytokine participates in a
wide variety of processes such as differentiation, chemotaxis,
activation of peripheral immune cells, and regulation of immune
cell growth (Morrell et al., 2014). CXCL10 is an important pro-
inflammatory cytokine and has been reported to mediate the
mobilization of tumor-inhibitory CXCR3™ T cells, as well as
natural killer cells, into solid cancers (Tokunaga et al., 2018).
Respectively, a high CXCL10 concentration is correlated with
a higher immune cell infiltration and better survival in several
malignancies (Bronger et al., 2016).

In our research, we established a novel classification of
osteosarcoma based on immunogenomic profiling. We also
construct and validate the immune-associated prognostic
signature. This classification of osteosarcoma based on
immunogenomic profiling may provide valuable information
for immunotherapy strategies in osteosarcoma patients. Besides,
we also identified TYROBP as a key immunoregulatory gene.
Nevertheless, it should be noted that our findings require further
validation in vitro or in vivo and a larger sample cohort. Our
findings should be interpreted with this limitation in mind.

In conclusion, we established a novel osteosarcoma
classification based on the differences in the transcriptome
of 29 immune biosignatures in tumor samples. This classification
had significant clinical outcomes for estimating the prognosis, as
well as the responsiveness of immunotherapy.
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Bone homeostasis is a metabolic balance between the new bone formation by
osteoblasts and old bone resorption by osteoclasts. Excessive osteoclastic bone
resorption results in low bone mass, which is the major cause of bone diseases such as
rheumatoid arthritis. Small GTPases Rac1 is a key regulator of osteoclast differentiation,
but its exact mechanism is not fully understood. ELMO and DOCK proteins form
complexes that function as guanine nucleotide exchange factors for Rac activation.
Here, we report that ELMO1 plays an important role in differentiation and bone resorption
of osteoclasts. Osteoclast precursors derived from bone marrow monocytes (BMMs)
of ElImo1~/~ mice display defective adhesion and migration during differentiation. The
cells also have a reduced activation of Rac1, p38, JNK, and AKT in response to RANKL
stimulation. Importantly, we show that bone erosion is alleviated in Elmo1~/~ mice in a
rheumatoid arthritis mouse model. Taken together, our results suggest that ELMO1, as
a regulator of Rac1, regulates osteoclast differentiation and bone resorption both in vitro
and in vivo.

Keywords: ELMO1, osteoclast differentiation, bone resorption, adhesion, migration

INTRODUCTION

Bone homeostasis is a metabolic balance between the formation and resorption of the bone in
which osteoblasts and osteoclasts play crucial roles, respectively. When bone resorption goes
beyond formation, the homeostasis is disrupted with the consequence of low bone mass and
causing bone diseases such as rheumatoid arthritis (RA), which is characterized by the presence
of inflammatory synovitis accompanied by bone destruction mainly caused by osteoclasts. Derived
from BMM lineage cells, osteoclast precursors differentiate into osteoclasts under the regulation
of two cytokines, namely, macrophage colony-stimulating factor (M-CSF) and Receptor activator
of NF-kB ligand (RANKL). Binding of M-CSF to its receptor c-Fms leads to the activation
of downstream signal pathways such as AKT and mitogen-activated protein kinases (MAPKs)
including extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 and
resulting in the proliferation and survival of osteoclast precursors. Association of RANKL with its
receptor RANK triggers the signal transduction pathways to induce the differentiation of osteoclast
precursors to giant multinucleated osteoclasts, which play a major role in the degradation and
resorption of the bone matrix (Lee and States, 2000; Lee et al., 2018).
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As an essential osteoclastogenic factor, RANKL governs
the signal pathways to induce the differentiation of osteoclast
precursors into osteoclasts (Park et al., 2017; Supplementary
Figure 1). Activation of RANK by binding to RANKL prompts
the cytoplasmic recruitment of the TNF receptor-associated
factor (TRAF) proteins, in which TRAF6 is found to play
a major role in regulating osteoclast differentiation (Lomaga
et al, 1999; Naito et al., 1999; Lamothe et al, 2007). By
forming a complex with Src, TRAF6 activates downstream
signal transduction pathway PI3K (Wong et al., 1999), resulting
in the generation of phosphatidylinositol-(3,4,5)-trisphosphate
(PIP3). This phospholipid leads to the membrane translocation
of proteins containing pleckstrin homology domains, such as
Cytosolic Regulator of Adenylyl Cyclase and Protein Kinase B
(Akt/PKB) (Parent and Devreotes, 1999; Sasaki et al., 2004). Akt
is reported to be involved in osteoclast differentiation (Lee et al.,
2002). The phosphatase PTEN functions as an antagonist of
PI3K by dephosphorylating PIP3 to generate PIP2 and suppresses
RANKL-mediated osteoclast differentiation (Funamoto et al.,
2002; Iijima and Devreotes, 2002; Sugatani et al., 2003). By
forming a complex with transforming growth factor-p (TGF-f)-
activated kinase 1 (TAK1) and TAK1-binding protein2 (TAB2),
TRAF6 transduce the RANK signaling to activate downstream
MAPKSs such as p38, JNK and ERK to play vital roles in the
differentiation of osteoclast precursors (David et al., 2002; Li
et al.,, 2002; Mizukami et al., 2002; He et al., 2011). RANKL-
TRAF6 signaling also activates IkB kinase (IKK), which, in turn,
phosphorylates IkB for degradation that ultimately releases NF-
kB from its inactive state. IKKP is found to play a critical
role for RANKL-stimulated degradation of IkB and is required
for osteoclastogenesis in vitro and in vivo (Ruocco et al,
2005). Released NF-kB and activation of MAPKs eventually
induce the master osteoclast transcription factor, the nuclear
factor of activated T cells cytoplasmic 1 (NFATcl) (Asagiri
et al., 2005), and promote the expression of related genes
such as cathepsin K, osteoclast-associated receptor (OSCAR),
and tartrate-resistant acid phosphatase (TRAP) during terminal
differentiation of osteoclasts (Reddy et al., 1995; Matsumoto et al.,
2004; Kim et al., 2005).

Rho GTPases have been found to play important roles
in osteoclast differentiation and function (Gao et al., 2020).
By regulating the cytoskeleton rearrangement, Rho GTPases
control migration of mononuclear osteoclast precursors to form
multinucleated osteoclasts, and to form the actin ring, the specific
organization for bone resorption (Touaitahuata et al., 2014).
Much work have demonstrated that Rac GTPase plays a pivotal
role in activation of MAPKs signaling pathways (Lopez-Bergami
et al., 2005; Guo et al, 2013). It has been reported that Racl
is involved in the RANKL-dependent activation of p38 MAPK
in osteoclast precursors (Lin et al., 2015), and that Dock5,
p130Cas, and CrkII play essential roles in function of osteoclasts
through activation of Racl (Vives et al., 2011; Nagai et al., 2013;
Kim et al, 2016). Importantly, a recent study demonstrated
that Racl and Cdc42 exchange factor Triple functional domain
(Trio) is critical for bone resorption, and mice bearing the
conditional knockout of Trio showed increased bone mass due
to the impaired bone resorption (Gu et al., 2020). Amongst other

pathways, Dock180 family members function in conjunction with
the ELMO (Engulfment and cell motility) family proteins as a
guanine nucleotide exchange factor (GEF) to activate Rac GTPase
(Reddien and Horvitz, 2004). In previous studies, we have
demonstrated that chemoattractant-stimulation of G-protein-
coupled receptors (GPCRs) trigger downstream heterotrimeric
G-proteins, such as Ga and GPy subunits, to form complexes
with ELMO family proteins, which in turn activate Rac GTPase
to regulate F-actin dynamics during migration of D. discoideum
and cancer cells (Yan et al.,, 2012; Li et al.,, 2013; Wang et al.,
2016). Recently it was reported that ELMOI, as a cytoplasmic
regulator in neutrophils, is involved in inflammatory arthritis
(Arandjelovic et al., 2019).

Despite much progress, our understanding on the role
and regulation of signaling networks controlling osteoclast
differentiation and function remains incomplete. In this study,
we report the roles of ELMO1 in RANKL-induced osteoclast
differentiation. Our data indicate that ELMOI1 regulates the
adhesion and migration of osteoclast precursors, and participates
in osteoclast differentiation through Racl, AKT, p38, and JNK
signal pathways. In addition, we show that activity of bone
resorption is compromised in osteoclasts lacking ELMOI, and
Elmol knockout mice exhibit alleviated bone erosion in a serum
transfer induced rheumatoid arthritis model, suggesting that
ELMO/DOCK/RAC axis regulates RANKL-stimulated osteoclast
differentiation and bone resorption activity, both in vitro
and in vivo.

RESULTS

ELMO1 Plays a Role in Bone Resorption
by Affecting Osteoclast Differentiation

To investigate the impact of Elmol in osteoclasts, we isolated
BMMs from Elmol*/* (wild-type) and Elmol~/~ (knockout)
mice that came from heterozygote mating (Supplementary
Figure 2), and treated them with RANKL in the presence of
M-CSF on inorganic crystalline calcium phosphate plates.
Elmol~/~ osteoclasts displayed a significant decreased
bone resorption activity compared to Elmol1*/* osteoclasts
(Figures 1A,B). To examine whether ELMOL1 is involved in
osteoclast differentiation, osteoclast precursors were cultured
with M-CSF and RANKL and then stained for TRAP, a marker
of mature osteoclasts. We found that the formation of TRAP-
positive multinucleated cells containing more than three nuclei
was remarkably higher in wild-type cells compared to that
in Elmol~/~ cells (Figures 1C,D). One representative image
of multinucleated cells with a higher magnification is shown
in Supplementary Figure 3. Moreover, the mRNA level of
TRAP, NFATc1, and DC-STAMP, which are essential factors for
osteoclast differentiation, were much higher in wild-type cells
relative to those in Elmo1~/~ cells (Figures 1E-G). Considering
the fact that RANKL may induce cell apoptosis (Bharti et al.,
2004), we next examined whether the defect of osteoclast
differentiation in Elmo1~/~ cells was a consequence of reduced
cell number caused by the treatment of RANKL. To rule out this
possibility, we detected the cell apoptosis by Annexin V assay. It
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FIGURE 1 | EImo1-deficient osteoclasts show impaired bone resorption activity and differentiation. (A) Pit formation assay. BMMs were cultured with M-CSF alone
or M-CSF and RANKL on inorganic crystalline calcium phosphate plates. Attached cells were removed and resorption lacunae were visualized by bright-field
microscopy. One representative photograph is shown. Scale bar, 500 wm. (B) Pit areas were quantified using Imaged and graphed. Data are indicated as

means + SEM (n = 3). (C) RANKL-induced osteoclast differentiation of BMMs. Mouse BMMs were cultured in the presence of M-CSF and RANKL for 4 days. The
cells were fixed and stained for TRAP staining. One representative picture is shown. Scale bar, 100 wm. (D) The numbers of TRAP-positive cells were counted and
graphed. Data are indicated as means + SEM (n = 13). (E-G) Relative mRNA level of TRAP, NFATc1, and DC-STAMP. Osteoclast precursors were treated with
M-CSF and RANKL for 4 days, then relative mRNA level of TRAP (n = 6), NFATc1 (n = 4), and DC-STAMP (n = 3) were determined by gRT-PCR. Data are indicated
as means + SEM. Statistical significance was assessed by t-test, *P < 0.05 and ***P < 0.001.
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turned out that although RANKL treatment indeed triggered cell
apoptosis, there was no significant difference between Elmo1*/+
and Elmol~/~ cells (Figures 2A,B). Taken together, our data
suggest that ELMO1 plays a role in bone resorption by affecting
osteoclast differentiation.

Elmo1 Deficiency Suppresses the
Adhesion and Migration of Osteoclast

Precursors

Adherence and migration to the bone surface play essential
roles during early stage of osteoclast differentiation (Kim et al.,
2015). Thus, we assessed the effect of ELMO1 on adhesion and
migration in osteoclast precursors. We found that osteoclast
precursors derived from Elmol~/~ mice showed significant
reduced adhesion capacity compared to the cells from wild-
type mice (Figure 2C). Consistently, the expression of integrin
B3, which is required for cell adhesion (Jung et al, 2012),
was remarkably downregulated in the Elmol~/~ osteoclast
precursors (Figure 2D). In addition, we assessed the expression
of other adhesion molecules such as cadherin-2 and cadherin-11.
Surprisingly, the mRNA levels of them in KO cells were much
higher than that in WT cells (Supplementary Figure 4). We also
detect integrin B3 and cadherins by immunofluorescence assay.
However, there was no significant difference in the distribution
and fluorescence intensity of these molecules between the WT
and KO cells (Supplementary Figures 5-7). These results
suggested that ELMO1 may play diverse roles in regulating the
expression of adhesion molecules. Future work is needed to reveal
the detailed mechanism of this phenomenon. We then examined
the migration of osteoclast precursors stimulated by M-CSF.
Elmol~/~ osteoclast precursors exhibited significant decreased
chemotactic migration rate in a transwell assay (Figure 2E)
compared to wild-type cells. These findings indicate that Elmol
deficiency suppresses the capacities of adhesion and migration
of osteoclast precursors, which are critical processes for mature
osteoclasts formation.

ELMO1 Upregulates RANKL-Induced
Activation of Rac1, MAPKs, and AKT

Because Racl was found to play an important role in the
differentiation of BMMs into osteoclasts through p38 activation
(Lin et al, 2015), we tested whether ELMO1 regulates this
process through activation of Racl and MAPKSs. As expected,
Racl activation was considerably impaired in Elmol~/~ cells
(Figures 3A,B) upon RANKL stimulation. Since ELMOL1 is
involved in Racl signaling that modulates actin reorganization,
we visualized the cytoskeleton by staining F-actin with Alexa
Fluor 633-phalloidin. As expected, we found that phalloidin was
enriched at the actin-ring of giant multinucleated osteoclasts,
particularly in WT cells, suggesting that ELMO1 may be
involved in the actin-ring formation through activation of
Racl (Supplementary Figure 8). We next examined whether
ELMOIL regulates the activation of MAPKs with stimulation of
RANKL. Relative to wild-type cells, Elmo1~/~ cells exhibited
a significant reduction in the level of phosphorylation of
p38 and JNK (Figures 3C-E). Phosphorylation of ERK in

Elmol~/~ cells was decreased to a certain degree as well
although it was not significant (Figure 3F). In addition, we
found that phosphorylation of AKT got reduced in Elmol~/~
cells (Figure 3G). Our data suggest that ELMOL1 plays a role in
activation of Racl, MAPKs, and AKT under the stimulation of
RANKL in the differentiation of osteoclasts.

Bone Erosion in EImo1~/~ Mice Is
Alleviated in a Rheumatoid Arthritis
Model

To further investigate the importance of ELMO1 on osteoclast
bone resorption function in vivo, we compared the focal bone
erosion in mice by generating RA model which displays many
of the characteristic features including bone destruction (Pettit
et al, 2001). To accomplish this, Elmol~/~ mice and their
littermates of Elmo1*/* were injected with serum from K/BxN
arthritic mice, and the progression of arthritis was monitored
by recording clinical index and ankle thickness over time.
As expected, both Elmol*/* and Elmol~/~ mice injected
with K/BxN serum developed severe arthritis compared to the
PBS-injected controls, manifesting the onset of clinical signs
(Figure 4A) and increase of ankle thickness (Figure 4B) within
6 days. However, the ankle thickness in Elmol~/~ mice was
significantly lower than it in Elmo1*/* mice after 12 days of
serum transfer (Figure 4B), suggesting that Elmol deficiency
ameliorates the progression of arthritis.

Moreover, micro-CT of ankle joints and histological analyses
of corresponding sections were used to assess the degree of
bone erosion in the mice. As shown in Figure 4C, Elmol~/~
mice exhibited a marked reduction of bone erosion compared
to Elmol*/* mice. We further found that the ratio of bone
volume to total volume (BV/TV) and the bone mineral density
(BMD) of cortical bone of the ankle joints in Elmol™/+ mice
was significantly lower than in Elmol~/~ mice, while the ratio
of bone surface to bone volume (BS/BV) in Elmol™/* mice was
significantly higher than it in Elmol~/~ mice (Figure 4D and
Supplementary Figures 9A,B). Consistent with this data, lower
degree of bone destruction was found in Elmol~/~ mice in
the matched H&E-stained sections (Figure 4E). The substantial
reduction in bone erosion could be a consequence of decreased
number of mature TRAP-stained osteoclasts in Elmol~/~ mice,
as shown in and Supplementary Figure 10. Taken together, our
data indicated that Elmol deficiency reduces bone resorption in
Elmol~/~ mice.

DISCUSSION

The evidence presented here reveals the biological functions of
ELMOL in osteoclast for differentiation and bone resorption.
We showed that ELMOI modulates the differentiation of
osteoclast via regulating the adhesion and migration of osteoclast
precursors. We found that ELMO1 participates in RANKL-
induced osteoclast differentiation through Racl, p38, JNK, and
AKT signal pathways. Furthermore, we discovered that bone
erosion is alleviated in Elmol knockout mice in rheumatoid
arthritis model. Taken together, our data suggest that ELMO1
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FIGURE 2 | Effect of Elmo1 deficiency on apoptosis, adhesion and migration of osteoclast precursors. (A) Apoptosis of osteoclast precursors. RANKL-induced
osteoclasts were stained with Annexin V-FITC and PI to detect the apoptosis by flow cytometry. One representative result is shown. (B) The percentage of Annexin
V-FITC positive cells were quantified with FlowJo software and the data was indicated as means + SEM (n = 4). (C) Osteoclast precursors adhesion assay. Cells
were incubated at 37°C for O or 60 min, and stained with crystal violet followed by DMSO dissolving for measuring absorbance at 570 nm. The data was indicated
as means + SEM (n = 4). (D) Relative mRNA level of integrin B3 in osteoclast precursors. Cells were treated with RANKL for 4 days in the presence of M-CSF, then
relative mMRNA level of integrin B3 was determined by gRT-PCR. The data was indicated as means + SEM (n = 3). (E) Osteoclast precursors migration assay. Cells
were allowed to migrate under stimulation of M-CSF for 24 h. Migrated cell numbers in the bottom chamber were counted. The data was indicated as

means + SEM (n = 3). Statistical significance was assessed by t-test, *P < 0.05, **P < 0.01, **P < 0.001, and ™P > 0.05.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 21 July 2021 | Volume 9 | Article 702916


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Liang et al. ELMO1 Regulates Osteoclastogenesis and Function

A B 2.5 -
- OElImol+/+ *
g 2 @Elmol-/-
=4
Elmo1** Elmo1”- g 15 1
RANKL(min) 0 15 30 0 15 30 B 4
]
Racl-GTP " S s e - 5 0.5 - "]“%
Total Racl s " S S - 9 PO
Time (min)
c Elmo1** Elmol”- D
2.0
Time(min) 0 5 15 30 45 60 0 5 15 30 45 60 Sk - Elmol+/+
11 5.7 (03 ) I —— - L SR
0
p-P38 e &
S
TP3Q | - —— &~
p-JNK —
Time(min)
T-JNK | SN0 SHD G O s o o o o &
E
p-ERK - s 15 z - Elmol+/+
A+ Elmol-/-
JRp—— o
T-ERK | S & 1.0
p-AKT - .- . ® — %0'5
-9
TAKT | ’
e ¥ Pl
0.0+ . v v )
GAPDH|.—-..,_....~o-o-..q_~._| 0 15 30 45 60
Time(min)
F G
ns B
Lo o -& Elmol+/+
-& Elmol+/+ ac Blmalus
v A+ Elmol-/- e
S E
= :
= -9
a
0.0 : T T ]
0 15 30 45 60

Time(min) Time(min)

FIGURE 3 | Eimo1 upregulates RANKL-induced activation of Rac1, MAPKs, and AKT. (A) RANKL-induced Rac1 activation assay. Osteoclast precursors were lysed
after RANKL stimulation for 15 and 30 min. The lysates were incubated with PAK-PBD beads, and proteins complexed to the beads were subjected to SDS-PAGE
and analyzed by immunoblotting using anti-Rac1. (B) The ratio of Rac1-GTP to total Rac1 was quantified and graphed. Data are indicated as means + SEM (n = 3).
(C) Osteoclast precursors were stimulated by RANKL for the indicated time. Cell lysates were subjected to SDS-PAGE and analyzed by immunoblotting for detecting
phosphorylation form and total p38, JNK, ERK, and AKT. (D-G) The intensity of phosphorylated p38 (n = 3), JNK (n = 4), ERK (n = 3), and AKT (n = 3) was quantified
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FIGURE 4 | Bone erosion of Eimo1~/~ mice is alleviated in rheumatoid arthritis. Generation of serum transfer mouse model of arthritis was performed as mentioned
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serves as a regulator for the RANKL-induced osteoclast
differentiation and bone resorption.

Previous studies in C. elegans, D. discoideum, cancer cells,
and neutrophils have established that ELMO family proteins
play a crucial role in cell migration (Reddien and Horvitz, 2004;
Coté and Vuori, 2007; Yan et al., 2012; Li et al,, 2013; Wang
et al., 2016; Arandjelovic et al., 2019). In this study, we showed
that deletion of Elmol caused defective migration in osteoclast
precursors as well (Figure 2E). Our data supports the notion that
ELMO/DOCK complex functions as an evolutionarily conserved
GEF to regulate Rac activation in cell migration. We found that
osteoclasts lacking ELMO1 had a lower bone-resorbing activity
in vitro (Figures 1A,B), which was associated with abnormal
phenotypes characterized by the less multinucleated cells formed
when BMMs were developed with the treatment of RANKL
(Figures 1C,D). In line with our findings, Lin and colleagues
reported that RANKL-stimulated osteoclast formation in Racl-
overexpressing cells is significantly enhanced (Lin et al., 2015).
In addition, it was found that osteoclasts lacking Dock5, the
Racl exchange factor, have impaired adhesion (Vives et al,
2011). We therefore propose that ELMOI1 and Racl function
in regulating RANKL-induced osteoclast differentiation during
bone resorption.

It has been well established that RANK recruits TRAF6 to
form a TRAF6-TAB2-TAK1 complex, which in turn activates
downstream MAPKs to regulate the development and function
of osteoclasts (Mizukami et al., 2002; Lee et al., 2016). Racl is
known to activate numerous signal pathways such as JNK and
p38 (Van Aelst and D’Souza-Schorey, 1997; Etienne-Manneville
and Hall, 2002). We therefore, examined whether ELMO1, as
the upstream regulator for Racl, was involved in these RANKL-
stimulated signal pathways. Our results showed that RANKL-
triggered phosphorylation of p38 and JNK occurred but with
a significantly lower level in Elmol~/~ osteoclast precursors
compared to Elmol™/* cells, indicating that ELMO1 functions
in RANKL-mediated activation of p38 and JNK (Figures 3C-E).
A recent study revealed a novel role for ELMO1 which functions
as a cytoplasmic regulator downstream of neutrophil receptors
for C5a and LTB4 and thereby promotes inflammatory arthritis
(Arandjelovic et al.,, 2019). Interestingly, we also demonstrated
in this study that bone erosion in Elmol~/~ mice is alleviated
in a K/BxN serum transfer induced rheumatoid arthritis
model, indicating that ELMO1 also affects bone resorption by
osteoclasts. Moreover, our data is consistent with in vivo studies
on Rac GTPases in osteoclasts (Croke et al., 2011; Vives et al.,
2011; Zhu et al.,, 2016), suggesting that ELMO1/DOCK/Racl
signaling nexus may play a crucial role in bone resorption by
regulating the differentiation and function of osteoclasts.

The findings reported herein show that ELMO1 functions
in the differentiation of osteoclasts and regulates their bone
resorption activity in vitro and in vivo. It should be noted,
however, that our results do not exclude the possible involvement
of additional mechanisms of ELMO1 involving, for examples,
osteoblasts and fibroblast-like synoviocytes that play vital
roles in balance of bone metabolism. Further studies would
shed light on the functions and mechanisms of ELMOI1
in regulating bone resorption, which may lead to new

therapeutic strategies for the treatment of diseases related to
metabolic bone disorders.

METHODS

Mice

ELMO1 deficient mice (Elmol~/~) were purchased from
European Mouse Mutant Archive. Mice were housed and bred
under specific pathogen-free conditions in individual ventilated
cages. Age- matched pairs of mice with normal physical
characteristics were used in experiments (Supplementary
Figure 2). All animal experiments were performed in
accordance with the guidelines and regulations of School of
Life Sciences, Shanghai University. Experimental protocols or
methods were reviewed and approved by Ethics Committee of
Shanghai University.

Preparation of Bone Marrow-Derived

Osteoclast Precursors

Bone marrow monocytes were prepared as osteoclast precursors
for osteoclastogenesis assay in vitro. Under sterile conditions, the
bone marrow cells from the tibias and femurs of 6- 8-week-old
mice were flushed from the bone marrow cavity with Dulbecco’s
modified Eagle’s medium (DMEM) (Hyclone) containing 10%
fetal bovine serum (FBS) (Biological Industries), 100 U/ml
penicillin and 100 pg/ml streptomycin. The cells were harvested
by centrifugation at 500 g at room temperature for 5 min, then
resuspended in 1 ml red blood cell lysis buffer and incubated
for 1 min to remove the red blood cells. The clarified cells
were cultured in DMEM containing 10% FBS, 1% penicillin and
streptomycin in the presence of 50 ng/ml M-CSF (PeproTech).

In vitro Osteoclast Differentiation and
TRAP Staining

Osteoclast precursors obtained from BMMs were loaded into
a 24-well plate at a density of 5 x 10* cells/well and treated
with 30 ng/ml RANKL (R&D Systems) in DMEM supplemented
with 10% FBS, 1% penicillin and streptomycin and 50 ng/ml
M-CSF for 4 days. The culture medium was replaced every 2
days. After osteoclast differentiation, the cells were fixed with
4% paraformaldehyde for 10 min and then stained for TRAP
according to the manufacturer’s instructions of Acid Phosphatase
Kit (Sigma-Aldrich). The TRAP- positive cells containing three
or more nuclei were recorded.

Immunofluorescence and Phalloidin
Staining Assay

Osteoclast precursors were cultured in fibrinogen-coated glass-
bottom dishes (NEST) at a density of 2 x 10° cells per dish
in the presence of RANKL (30 ng/ml). After 4 days, the cells
were fixed with 4% PFA for 10 min and permeabilized with 0.1%
TritonX-100, washed with phosphate buffer, and incubated with
antibodies Rabbit anti-integrin B3 (Proteintech), anti-cadherins
(ABclonal) for 2 h at 37°C with 100-fold dilution. Cells were then
washed and incubated with secondary antibody Alexa Fluor 488
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donkey anti-Rabbit H&G (Abcam) with 500-fold dilution. For
phalloidin staining, the cells were incubated with Alexa Fluor
633-phalloidin (Life technologies) for 30 min followed by 4, 6-
diamidino-2-phenylindole (DAPI) (Life technologies) staining
for 2 min. The cells were imaged using a Zeiss 710 LSM confocal
microscope (Zeiss, Germany).

Quantitative Real-Time PCR (qQRT-PCR)

Total RNA from osteoclasts that differentiated from BMMs
was isolated with TRIzol reagent (Life technologies) according
to the manufacturer’s instructions. Reverse transcription was
performed with 2 pg of total RNA using FastQuant RT
Kit (TTANGEN) and the resulting cDNAs were analyzed by
real-time PCR for TRAP, NFATc1l, DC-STAMP, integrin B3,
cadherin-2, cadherin-11, and 18s RNA with the Power SYBR
Green PCR Master Mix (Life technologies). 18s RNA was used
as the invariant control. The relative mRNA level of target
gene was expressed as 272 ¢ in which ACt are defined as
the mean threshold cycle differences after normalization to
endogenous control of 18s RNA. The primers used for qRT-PCR
were as follows.

TRAP sense: 5-CGACCATTGTTAGCCACATACG-3';
TRAP antisense: 5-TCGTCCTGAAGATACTGCAGG
TT-3;

NFATc1 sense: 5'- CCTGGAGATCCCGTTGC-3';

NFATc1 antisense: 5'-GGTGTTCTTCCTCCCGATGT-3;
DC-STAMP sense: 5'-AAAACCCTTGGGCTGTTCTT-3';
DC-STAMP antisense: 5-CTTCGCATGCAGGTA
TTCAA-3;

Integrin B3 sense: 5'-GCCTTCGTGGACAAGCCTGT-3;
Integrin B3 antisense: 5'-GGACAATGCCTGCCAGTCTT-
3/;

Cadherin-2 sense: 5-AAGAGCGCCAAGCCAAGCAG-3';

Cadherin-2  antisense: 5 -GGTACTGTGGCTCAGCA
TG-3/;

Cadherin-11 sense: 5-CTGGGTCTGGAACCAAT
TCTTT-3;

Cadherin-11 antisense: 5-GCCTGAGCCATCAG
TGTGTA-3;

18s RNA sense: 5-AGGCCCTGTAATTGGAATGA
GTC-3;

18 RNA  antisense: 5-GCTCCCAAGATCCAAC
TACGAG-3';

Transwell Migration Assay

Osteoclast precursors migration assay was performed in a 24-
well cell culture insert companion plate with 8-pm pore-sized
Transwell filter (BD Falcon). 5 x 10% cells suspended in 200 pl
DMEM were added in triplicate to the upper chamber of the
inserts, of which the membranes were pre-coated with 25 pg/ml
fibronectin (Sigma-Aldrich). Then, 600 L1 DMEM containing 50
ng/ml M-CSF, was added to the lower chamber for cell migration.
After 24 h incubation, 200 pl 0.25% trypsin was added to the
lower chamber to digest the cells for 5 min. Then the cells in
lower chamber were collected and counted by flow cytometry.

The migration rate was defined as the ratio of (experimental
group-control group)/control group.

Adhesion Assay

Osteoclast precursors adhesion assay was conducted in a 96-well
plate. Cells suspended in 100 ! cell culture medium were seeded
triplicate at a density of 1 x 10° cells per well and incubated at
37°C for 60 min. Cells were washed with PBS and fixed with 4%
PFA for 10 min after the non-adherent cells were aspirated out.
The fixed cells were stained with crystal violet for 10 min and
dissolved by DMSO for measuring absorbance at 570 nm using
a microplate spectrophotometer.

Analysis of RANKL-Induced Apoptosis
Osteoclast precursors were plated in 6-well plates and cultured
in the presence of M-CSF and RANKL for 4 days. At the end,
cells were collected and washed twice with PBS for analysis of
RANKL-induced apoptosis using Annexin V/PI double staining
kit (BD Pharmingen) following the manufacturer’s instructions.
The apoptosis rate was determined by flow cytometry with
Beckman CytoFLEX.

Rac Activity Assay

Activation of Racl in response to RANKL was examined using
Racl activation assay kit (Cytoskeleton). In brief, osteoclast
precursors seeded on 6-well plates were stimulated with 30 ng/ml
RANKL for the indicated time after starvation of serum for 2 h,
then lysed in 200 pl ice-cold lysis buffer containing protease
inhibitor cocktail. Cell lysates were clarified by centrifugation at
12,000 g for 1 min and 15 pl of these lysates was saved to detect
the total level of Racl, while the residual lysates were incubated
with 10 pg of PAK-PBD beads at 4°C for 1 h. The beads were
pelleted by centrifugation at 5,000 g at 4°C for 3 min, washed with
wash buffer, and suspended with Laemmli sample buffer. The
samples were subjected to SDS-PAGE and western blot analysis
with an anti-Racl antibody.

Activation of MAPKs and AKT

Osteoclast precursors were seeded into 6-well plates, stimulated
with RANKL (30 ng/ml) for the indicated time and terminated
directly by adding Laemmli sample buffer. Protein samples were
separated by 10% SDS-polyacrylamide gel electrophoresis after
being boiled for 10 min and then transferred to a polyvinylidene
difluoride (PVDF) membrane. The PVDF membrane was
blocked with 5% skim milk and probed with antibodies against
p-JNK, p-p38, p-ERK, p-AKT, JNK, p38, ERK, and AKT (Cell
Signaling Technology), Elmol (Abcam), and GAPDH (Tianjin
Sungene Biotech) for indicated proteins.

Generation of Rheumatoid Arthritis

Mouse Model

RA mouse model was generated by serum transfer obtained
from K/BxN mice according to the protocol as described (Pettit
et al., 2001). In brief, arthritis of recipient mice was induced
by caudal vein injection (10 pl serum/g weight of mouse) with
K/BxN serum at days 0, 2, 7, and 12, and monitored throughout
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the next 21 days, whereas PBS was administered to control
animals. Clinical index and ankle thickness were determined and
measured at the indicated days.

Microcomputed Tomography (Micro-CT)
and Histology

Inflamed ankle joints were assessed by micro-CT and histology.
For micro-CT imaging, ankle joints were analyzed using
SkyScan1176 (Bruker). For each sample, about 200 slices with
thickness of 18 pm were acquired to cover the entire width of the
ankle. Images were reconstructed with the software of NRecon
(Version: 1.6.9.8, Bruker) in 1,612 x 1,070 pixel matrices to
provide a nominal resolution of 18 pm. 2-D slices from the 3-
D stack of micro-CT images were evaluated for bone erosion.
For histological analysis, ankle joints were wiped off skin and
outer muscle, decalcified with 14% EDTA for 3 weeks, and then
followed by paraffin embedding. Sections with thickness of 4
pm were cut for H&E and TRAP staining. The stained sections
were observed under a Zeiss Axio Vert A1 microscope and the
TRAP-positive cells were counted. Histopathological scoring was
executed as described (Pettit et al., 2001).

Pit Formation Assay

Osteoclast precursors from BMMs were cultured on Osteo assay
plates (Corning) in the presence of M-CSF (50 ng/ml) and
RANKL (30 ng/ml) for 4 days. Attached cells were removed
and resorption lacunae were visualized by a Zeiss Axio Vert Al
microscope and quantified using Image].

Statistical Analysis

Statistical significance was evaluated with GraphPad Prism 6
using unpaired Student’s two-tailed ¢-test analysis of variance. P
< 0.05 was considered significant.
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Inflammatory diseases have a negative impact on bone homeostasis via exacerbated
local and systemic inflammation. Bone resorbing osteoclasts are mainly derived from
hematopoietic precursors and bone marrow monocytes. Induced osteoclastogenesis
during inflammation, autoimmunity, metabolic diseases, and cancers is associated
with bone loss and osteoporosis. Proinflammatory cytokines, pathogen-associated
molecular patterns, or endogenous pathogenic factors induce osteoclastogenic
differentiation by binding to the Toll-like receptor (TLR) family expressed on surface
of osteoclast precursors. As a non-canonical member of the TLRs, radioprotective
105 kDa (RP105 or CD180) and its ligand, myeloid differentiation protein 1 (MD1), are
involved in several bone metabolic disorders. Reports from literature had demonstrated
RP105 as an important activator of B cells, bone marrow monocytes, and macrophages,
which regulates inflammatory cytokines release from immune cells. Reports from
literature had shown the association between RP105 and other TLRs, and the
downstream signaling mechanisms of RP105 with different “signaling-competent”
partners in immune cells during different disease conditions. This review is focused to
summarize: (1) the role of RP105 on immune cells’ function and inflammation regulation
(2) the potential regulatory roles of RP105 in different disease-mediated osteoclast
activation and the underlying mechanisms, and (3) the different “signaling-competent”
partners of RP105 that regulates osteoclastogenesis.

Keywords: osteoclasts, Toll-like receptors, liposaccharides, radioprotective 105kDa protein, osteoporosis

Abbreviations: AP1, activator protein-1; BLNK, B cell linker protein; BMMs, Bone marrow macrophages; CEACAMI,
carcinoembryonic antigen-related cell adhesion molecule-1; DC, dendritic cell; ERK, extracellular-signal-regulated
kinase; g-MDSCs, granulocytic MDSCs; IFN, interferon; Ikaros, identified IKZF1; ITAM, immunoglobulin-like
receptor/immunoreceptor tyrosine-based activation motif; LPS, lipopolysaccharides; LRR, leucine-rich repeat; M-CSF,
macrophage colony-stimulating factor; MD1, myeloid differentiation protein 1; MDSC, myeloid-derived suppressor cell;
NFATc1, nuclear factor of activated T-cells cytoplasmic 1; OPG, osteoprotegerin; OS, osteosarcoma; PAMP, pathogen-
associated molecular pattern; PI3K, phosphatidylinositol-3-kinase; Pim-1, proviral integration site for Moloney murine
leukemia virus 1; Pim-1L, long isoform of Pim-1; Pim-1S, short isoform of Pim-1; PRR, pattern recognition receptor; RANKL,
receptor activator of NF-kB ligand; RP105/CD180, radioprotective 105 kDa; SLE, systemic lupus erythematosus; STAT, signal
transducer and activator of transcription; TIR, intracellular interleukin-1 receptor; TLR, Toll-like receptor; TNE tumor
necrosis factor; TNFR, TNF-a receptor.
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BACKGROUND

Osteoclasts, multinucleated bone-resorbing cells, are required
for bone remodeling. Osteoclasts originate from embryonic
erythromyeloid progenitors, bone marrow hematopoietic stem
cells, and mononuclear precursors, which are usually present
in peripheral circulation and bone marrow (Takayanagi, 2007;
McGrath et al, 2015). Studies suggest that osteoclasts are
generated via the fusion of hematopoietic stem-cell-derived
monocytic precursors in the presence of conducive growth
factors macrophage colony-stimulating factor (MCSF/CSE-1)
and receptor activator of nuclear factor- kappa B ligand (RANKL)
(Udagawa et al., 1990). Excessive osteoclast activity contributes
to bone loss, whereas reduced osteoclast function is associated
with the development of osteopetrosis (Jacome-Galarza et al.,
2019). Bacterial inflammatory diseases such as periodontitis
(Blasco-Baque et al., 2017; Gu and Han, 2020) and osteomyelitis
(Taubman et al., 2005), multiple myeloma (Westhrin et al., 2020),
and metabolic diseases like diabetes mellitus (Watanabe et al.,
2013) result in hyperactive osteoclastogenesis and progress into
severe osteolytic bone diseases. Some autoimmune diseases such
as systemic lupus erythematosus (SLE) (Qiao et al., 2020) and
osteosarcoma (Endo-Munoz et al., 2010) induce the development
of hyperostosis or arthritis as bone destruction is hampered
in such cases. Recently, numerous studies have demonstrated
that radioprotective 105 kDa (RP105 or CD180) and its
ligand, myeloid differentiation protein 1 (MD1) are involved in
inflammatory disease-induced osteoclastogenesis and bone loss.
Toll-like receptors (TLRs) play an important role in
the pathophysiology of infectious diseases and inflammatory
disorders (Akira et al., 2001). A total of 10 TLRs, i.e., TLR1-
10 have been reported in humans. Although RP105 is a non-
canonical member of the TLR family, RP105 is the most
frequently encountered TLR on cells, including different kinds of
bone marrow cells like bone marrow monocytes (Kikuchi et al.,
2018) and immune cells including B cells (Miura et al., 1998;
Ogata et al., 2000; Nagai et al., 2002; Yazawa et al., 2003), dendritic
cells (DCs) (Divanovic et al., 2005) and macrophages (Liu B.
et al., 2013). Multiple myeloma cells express RP105 suggesting
its role in the pathophysiology of MM (Bohnhorst et al.,
2006). Lipopolysaccharides (LPS) or other TLR ligands stimulate
the release of proinflammatory cytokines and chemokines in
immune cells such as B cells and T cells (Liu et al., 2010).
Proinflammatory cytokines such as tumor necrosis factor (TNF)-
a, interleukin (IL)-1, and IL-6 promote osteoclastogenesis (Ru
and Wang, 2020). Osteoclast differentiation in pathological
conditions is different than in physiological conditions. RP105
and MD1 are considered to be the negative regulators of
TLRs, particularly TLR4 and TLR2 (Schultz and Blumenthal,
2017), and TLR-related proinflammatory cytokine production
(Miura et al., 1998; Chaplin et al, 2011; Liu B. et al.,, 2013;
Bastiaansen et al., 2014). This negative regulation might act as a
compensatory mechanism to mitigate exacerbated inflammation.
The binding of RP105 to MD-1 results in the activation of B
cells, DCs, monocytes, and macrophages, and these RP105/MD-
1-mediated phenomena enhance upon LPS stimulation (Schultz
and Blumenthal, 2017). This phenomenon could be responsible

for excessive osteoclastogenesis and bone loss in inflammatory
diseases. Further research on the RP105/MD-1-associated
signaling during osteoclastogenic differentiation of precursor
cells are needed to provide insights on the development of
novel strategies to mitigate inflammation and bone loss during
inflammatory diseases.

PHYSIOLOGICAL
OSTEOCLASTOGENESIS

In normal physiological conditions, osteoclastogenesis depends
on RANKL and MCSE, which are produced by osteoblast lineage
cells (Ueki et al., 2007). MCSF regulates mononuclear precursor
survival and proliferation, whereas RANKL regulates precursor
cell fusion and maturation (Park et al., 2017). RANKL binds to the
RANK receptor expressed on the surface of mononuclear cells,
forms a tripolymer, and recruits TNF receptor-associated factor
6 (TRAF6) via its cytoplasmic C-terminal domain to trigger
downstream signaling cascades (Takayanagi et al., 2000). TRAF6
are two important adapter proteins involved in the NF-kB and
MAPK pathways (Moresco et al., 2011) (Figure 1). Expression of
TRAF6 results in the production of the receptor for activated C
kinase 1 (Racl) (Kim et al., 2009) and NADPH oxidase 1 (Nox1)
(Lee etal., 2005). Racl and Nox1 produce reactive oxygen species
(ROS) and induce the phosphorylation of p38, extracellular
signal-regulated kinase (ERK), and c-Jun N-terminal kinase
(JNK), ultimately resulting in MAPK pathway activation and
activator protein-1 (AP1) expression (Mao et al., 2006). TRAF6
activates NF-kB by inducing the nuclear localization of NF-kB
via the phosphorylation of IkB kinases (IKKs) (Okamoto K. et al.,
2017). As important downstream targets of the RANKL signaling
pathway in the early stage of osteoclastogenesis, AP1 and NF-
kB activate nuclear phosphoprotein AP-1 transcription factor
comprising Fos (c-Fos) (Grigoriadis et al., 1994; Takayanagi et al.,
2002). In the late stage of RANKL signaling, c-Fos cooperates
with nuclear factor of activated T-cells cytoplasmic 1 (NFATc1),
as well as other transcription factors, like interferon regulatory
factor 4 (PU.1) and microphthalmia-associated transcription
factor (MITF) to induce dendritic-cell-specific transmembrane
protein (DC-STAMP), vacuolar proton pump subunit Atp6v0d2,
and c-Src substrate Tks5, and regulate osteoclast fusion
(Park et al., 2017).

Immunoglobulin-like = receptor/immunoreceptor tyrosine-
based activation motif (ITAM) signalings such as TREM-
2/DAP12 and OSCAR/FcRy activate Ca’" signaling, recruit
tyrosine-protein kinase SYK (Syk), and lead to the rapid
activation of NFATc1 (Shinohara et al., 2008; Negishi-Koga and
Takayanagi, 2009) (Figure 1). The RANKL/RANK complex also
induces NFATc1 expression and nuclear localization by reducing
the phosphorylation of glycogen synthase kinase-3p via the
production of protein kinase C f type (PKCB) (Shin et al., 2014)
and activation of the phosphatidylinositol-3-kinase (PI3K)-Akt
pathway (Moon et al., 2012) (Figure 1). As a key initiation
factor of osteoclastogenesis, NFATc1 regulates the expression of
integrin B3 (Crotti et al., 2006), DC-STAMP (Yagi et al., 2005),
osteoclast stimulatory transmembrane protein (OC-STAMP)
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FIGURE 1 | Pathways involve in physiological osteoclastogenesis. RANKL/RANK complex recruits TRAF6 to express AP1 through MAPKs and NF-kB through
NF-kB signaling pathway (Gyori and Mocsai, 2020). At the same time, Ca2* signaling pathway mediated by ITAM signaling promotes transcription of NFATc1 as well
as the production osteoclastogenic factors CTSK, TRAP, and CLC-7. RANKL/RANK and ITAM signaling together complete the differentiation progress though the
Ca?* signaling pathway (Park et al., 2017). RANKL/RANK also enhance NFATc1 via inhibiting GSK-3p (Shin et al., 2014). ITAM, immunoreceptor tyrosine-based

activation motif.
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(Miyamoto et al., 2012), and V-type proton ATPase (v-ATPase)
subunit d2 (Lee et al., 2006) via the Ca?* signaling pathway.
Furthermore, NFATc1 cooperates with c-Fos and Jun to induce
the transactivation of tartrate-resistant acid phosphatase (TRAP)
(Matsumoto et al., 2004; Matsuo et al., 2004), and promotes the
transactivation of the osteoclast-associated immunoglobulin-like
receptor (OSCAR) upon interacting with PU.1 and MITF (Kim
K.etal.,2005; Kim Y. et al., 2005) (Figure 1). NFATc1 exhibits the
phenomenon of autoregulation (Negishi-Koga and Takayanagi,
2009). At the same time, NFATcl induces the expression of
early estrogen-induced gene 1 (EEIG1), which triggers crosstalk
between RANKL/RANK and the Ca?™ signaling pathway by
regulating Btk/Tec (Choi et al., 2013). Btk/Tec interacts with
B cell linker protein (BLNK)/SLP-76 and PLCy2 to induce
Ca’t oscillation and calmodulin and calcineurin activation.
Moreover, ITAM signaling activates Racl and Cdc42 production
to modulate cytoskeleton organization through the Syk/SLP-
76/Vav3 signaling axis (Kim et al., 2009) (Figure 1). These
transcription factors are specific to osteoclasts and directly
activate cell fusion and osteoclastic bone resorption.

In physiological osteoclastogenesis, osteoprotegerin (OPG)
negatively regulates the RANKL-RANK signaling pathway and
works as a decoy receptor for RANKL (Leite et al, 2015)
(Figure 2). Several factors, such as IRF-8 (Zhao et al., 2009), Bcl6
(Miyauchi et al., 2010), Stat5 (Hirose et al., 2014), and RBP-J
(Zhao etal., 2012; Li et al., 2014) are known to negatively regulate

osteoclastogenesis by preventing the expression of NFTAcl. In
addition, the adaptor protein SH3BP2 and microRNA such as
miR-34a are reported to inhibit osteoclastogenesis (Ueki et al.,
2007; Levaot et al., 2011). SH3BP3 regulates the phosphorylation
of Syk and Vav whereas miR-34a influences the transforming
growth factor-induced factors (Tgif2) to regulate the JNK protein
phosphorylation (Krzeszinski et al., 2014). Interferon (IFN)-y
and IL-4 expressed by activated T cells, Th1 and Th2 cells, CTLA-
4, TGF-p and IL-10 expressed by Treg cells inhibit osteoclast
differentiation, whereas IL-17 expressed by Th17 cells upregulates
RANKL expression in mesenchymal cells (Sato et al., 2006).

OSTEOCLASTOGENESIS UNDER
PATHOLOGICAL CONDITIONS

Systemic diseases such as diabetes mellitus (Blasco-Baque et al.,
2017), hyperthyroidism (Baliram et al., 2012), SLE (Lim et al,,
2011, 2012), rheumatoid arthritis (Murata et al., 2017; Rauber
et al.,, 2017), and neoplastic diseases like multiple myeloma are
associated with excessive osteoclastogenesis and osteoporosis
(Westhrin et al., 2020). Similarly, inflammatory diseases caused
by bacterial infections such as periodontitis (AlQranei and
Chellaiah, 2020; Gu and Han, 2020), peri-implantitis (Yu et al.,
2018), and osteomyelitis (Kavanagh et al., 2018) are associated
with enhanced osteoclastogenesis leading to bone resorption.
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FIGURE 2 | Proinflammatory cytokines regulate osteoclastogenesis via direct interaction with their receptors. Proinflammatory cytokines such as IL-18, IL-6, IL-17,
and TNF-a secreted by different immune cells induce RANKL production in endothelial cells (Batool et al., 2020), fibroblasts (Nagasawa et al., 2007; Hienz et al.,
2015), and osteoblast lineage cells (Algate et al., 2016). OPG, secreted by osteoblast, works as a decoy receptor of RANKL to negatively regulate
osteoclastogenesis (Lam et al., 2000). Intracellular IRF-8, Bcl6, Stat5, and RBP-J also negatively regulate osteoclastogenesis by inhibiting the expression of NFTAc1
(Ru and Wang, 2020). SH3BP2 (Ueki et al., 2007; Levaot et al., 2011) and miR-34a (Krzeszinski et al., 2014) negatively regulates Syk, Vav, and JNK protein
phosphorylation. TGF-8, IFN-a, IFN-B, IFN-y, IL-4, and IL-10 secreted by immune cells inhibit c-Fos thereby restrain osteoclastogenesis (Gao et al., 2007; Fuiji et al.,
2012; Xiong et al., 2016; Amarasekara et al., 2018), whereas IL-17 expressed by Th17 cells up-regulates RANKL expression in mesenchymal cells (Sato et al.,

<n}

Although the pathogeneses of these conditions are different, there
is consensus that the inflammatory cytokines produced in these
diseases play an important role in osteoclastogenesis and bone
destruction (Takayanagi, 2007).

As typical pathogen-associated molecular patterns (PAMPs),
LPS and other lipoproteins stimulate TLR4 and TLR2
(Taubman et al., 2005) to enhance complete RANKL-dependent
osteoclastogenesis (AlQranei and Chellaiah, 2020). In RANKL-
dependent osteoclastogenesis, LPS binds to TLR4/MD-2
complex. LPS/TLR4/MD-2 directs the recruitment of myeloid
differentiation primary response protein (MyD88) via the
C-terminal Toll/IL-1 receptor domain (TIR domain). TIR
domain is homologous to the intracellular domain of interleukin-
1 receptor of TLR4. TRAF6, recruited by MyD88, activates the
NF-kB and MAPK pathways, resulting in the nuclear localization
of NFkB and AP1 (Kobayashi et al., 2001; Sun et al, 2019)
(Figure 3). Further, in the presence of RANKL, proinflammatory
cytokines such as TNF-a and IL-1 enhance the osteoclastic
phenotype of monocytes and macrophages (Liu et al., 2009) in
an autocrine/paracrine manner, independent of RANKL (Nason
et al., 2009) (Figure 2). TNF-a induces osteoclast formation

via both the RANKL and TNF-a/TNFR axis dependent. In the
presence of TNF-a, RANKL primes macrophages to differentiate
into osteoclasts, and this phenomenon is completely abrogated
by OPG, a decoy receptor of RANKL (Lam et al., 2000). RANKL
commits the cells to the osteoclastic lineage and TNF-a ensures
the induction of differentiation through TNF-« receptor (TNFR)
signaling, suggesting a synergistic relationship between RANKL
and TNF-a (Fuller et al., 2002). In contrast, LPS/TLR4 signaling
initiates RANKL-dependent osteoclastogenesis partially by
promoting RANKL production in osteoblasts (Algate et al.,
2016), gingival fibroblasts (Nagasawa et al., 2007; Hienz et al.,
2015), oral epithelial cells (Batool et al., 2020), and DCs (Alnaeeli
et al., 2007). Inhibition of TLR4 and TLR2 in osteoblasts results
in decreased RANKL expression even after exposure to LPS
(Tang et al., 2011). Proinflammatory cytokines such as IL-6 and
TNF-a also enhance osteoclastogenesis by promoting RANKL
production in osteoblasts (Taubman et al., 2005).

Notably, LPS structure varies among microbial species
(Wang et al, 2015) that may induce different signaling
pathways downstream of TLRs. For example, Porphyromonas
endodontalis LPS had been reported to enhance RANKL
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expression in osteoblasts via the JNK pathway (Tang et al., 2011).
Porphyromonas gingivalis LPS enhances RANKL expression in
osteoblasts via activating JNK and AP1 transcription (Burns
et al., 2006). Whereas Escherichia coli LPS stimulates RANKL
expression via ERK or PI3K signaling, without the involvement
of NF-kB (Tang et al, 2011). In contrast to E. coli LPS,
Porphyromonas gingivalis LPS activates TLR2 (Burns et al., 2006)
and stimulates RANKL-dependent periodontal bone resorption
via TLR2 signaling (Lin et al., 2014).

TLRs DURING INFLAMMATORY BONE
RESORPTION

In general, TLRs positively regulate osteoclastogenesis as they
interact with pathogenic factors or endogenous therapeutic
factors and activate the inflammatory NF-kB and MAPK
pathways with or without MyD88 to induce cytokine production
(Moresco et al., 2011). TLR2 could form a complex with
TLR1 or TLR6 to recruit Racl to promote production of ROS

and activate PI3K-Akt signaling pathway (Shen et al., 2010;
Kanzaki et al., 2016). Moreover, TLR4 activate the non-canonical
MyD88-independent TRIF pathway (Souza and Lerner, 2019).
Activation of the MyD88-dependent pathway mainly leads to
the production of proinflammatory cytokines, whereas the TRIF
pathway triggers interferon production (Souza and Lerner,
2019). Most proinflammatory cytokines like TNF-a, IL-1f, and
IL-17 function as promoters of osteoclastogenesis, whereas
interferons, including IFN-a, IFN-B, and IFN-y stimulated
with TLRs, like TLR4, act as inhibitors of osteoclastogenesis
(Figure 2) (Amarasekara et al., 2018). Upon ligand stimulation,
TLRs, especially TLR4, TLR2, TLR1, and TLR6 suppress the
osteoclastogenic ability of the precursor cells via a MyD88-
denpendent manner (Takami et al, 2002) (Figure 3). Several
studies have reported that the addition of TLR agonist along
with RANKL at the early stages of osteoclast differentiation
inhibits osteoclast formation (Zhang et al., 2011; Chen et al.,
2015; Kassem et al.,, 2015, 2016). Bone marrow macrophages
(BMMs) isolated from long bones of mice and pre-treated with
LPS fail to differentiate into osteoclasts with or without RANKL
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(Liu et al, 2009). This is possibly due to the activation of
TLR4 with E. coli LPS, which downregulates RANKL-induced
activation of NFATc1 (Liu et al., 2009). Activation of TLR2 with
Porphyromonas gingivalis LPS also inhibits the expression of
NFATc1 (Zhang et al., 2011) and c-Fos (Okamoto K. et al., 2017).
This suggests the presence of various downstream signaling
pathways between RANK and TLR2. Similar results had been
reported in human peripheral blood monocyte cells (Takami
et al,, 2002) and human CD14" monocyte cultures (Ji et al.,
2009). Recently, LPS was also found to promote TLR4 mRNA and
protein expression in MC3T3-E1 cells and to inhibit osteoblast
differentiation by downregulating matrix mineralization and
alkaline phosphatase activity, which play key roles in skeletal
mineralization (Liu et al, 2016). Amcheslavsky et al. found
that CpG-ODN, a ligand of TLRY, stimulates sustained and
transient phosphorylation of ERK with or without RANKL
(Amcheslavsky and Bar-Shavit, 2007). Although the duration of
ERK phosphorylation directly influences the induction of c-Fos,
CpG-ODN degrades c-Fos mRNA and protein to inhibit its’
induction by RANKL (Amcheslavsky and Bar-Shavit, 2007).
IFN-p induced by TLR4 signaling is an important negative
regulator of RANKL-related osteoclastogenesis. IFN-B combines
with the IFNAR receptor to recruit JAK1/TYK2, activate the
JAK-STAT signaling pathway, and inhibit c-Fos production
(Takayanagi et al., 2002). It has been reported that haptoglobin
decreases osteoclast formation via activation of TLR4 and
induction of IFN-f (Kwon et al., 2019). In mouse BMMs,
haptoglobin also decreases osteoclast formation via TLR4 and
increases mRNA and protein expression of IFN-B. Treatment of
mice with haptoglobin results in a decrease in osteoclasts, even
after co-stimulation by RANKL injections (Kwon et al., 2019).

RP105: AN UNCONVENTIONAL
MEMBERS OF THE TLR FAMILY

Unique Structure of RP105 and Its’

Ligand MD-1

TLRs harbor “horseshoe”-like N-terminal leucine-rich repeat
(LRR) domains as the ligand binding sites (Moresco et al,
2011). This LRR domain contains 20-30 amino acids and a
high proportion of hydrophobic leucine residues (Yoon et al.,
2011). The TIR domain of TLRs facilitates the recruitment
of adaptor molecules and activation of conserved signaling
cascades (Moresco et al., 2011). TLRs recruit MyD88 via their
TIR domains, thereby leading to the activation of NF-kB,
IFN regulatory factors, and transcription factors downstream
of MAPKs (Moresco et al., 2011). At the protein level, the
transmembrane domain and the N-terminal LRR domain of
RP105 share 30% sequence homology with the TLR4 (Yoon
etal., 2011; Schultz and Blumenthal, 2017). LPS, a typical PAMP
widely present on the membranes of gram-negative bacteria,
functions as an agonist of RP105. LPS has three functional groups,
i.e., O-antigen, core oligosaccharide, and lipid A (Maldonado
et al, 2016). O-antigen, also known as O polysaccharide,
comprises repeating oligosaccharide units and is in direct

contact with the external milieu. The O-antigen is structurally
diverse and is therefore responsible for the immunological-
specificity (Raetz and Whitfield, 2002). Core oligosaccharide,
a structurally conservative region, links O-antigen to lipid A
and maintains the integrity of the bacterial outer membrane
(Maldonado et al., 2016). Lipid A is a hydrophobic moiety that
anchors LPS to the outer leaflet of the outer membrane and
also serves as the functional group for binding to the TLRs
(especially TLR4) and activating the downstream NF-kB and
MAPKs signaling pathways (Maldonado et al., 2016). In LPS-
induced bone loss, lipid A regulates the expression of osteoclast
differentiation factor (ODF) in primary osteoblasts and enhances
the differentiation of osteoclast precursors (Kikuchi et al., 2001).
In murine osteoblasts, lipid A also enhances RANKL expression
and ERK activation (Kikuchi et al., 2003). The most common
lipid A is the Kdo2-lipid A type which contains 4-6 acyl
chains (Raetz et al., 2007). Previous studies suggest that the
acylate structure directly influences LPS-induced inflammation
(Herath et al., 2013). Expression of TLR4 and TLR2 differs in
human gingival fibroblasts upon their stimulation with Tetra-
and Penta-acylated LPS (LPS;690 and LPS435/1449) isolated from
a major periodontal pathogen Porphyromonas gingivalis (Herath
et al,, 2013). LPS1435/1449 fails to activate the NF-kB and p38
MAPK pathways. LPS1435 /1449 has weaker stimulatory potential
in the production of inflammatory cytokines GM-CSE, CXCL10,
G-CSF, IL-6, IL-8, and CCL2 than that of LPS;¢99 (Herath et al.,
2013). The binding of Hexa-acylated lipid A to MD-2 (the ligand
of TLR4) induces a conformational change in the F126 loop of
MD-2. Consequently, structural deformation is induced in TLR4,
and the contact area of C-terminal TIR domains, and signal
acquisition efficiency is enhanced (Scott et al., 2017). Moreover,
the Penta-acylated LPS of E. coli is recognized as being a clinically
applicable vaccine in inflammatory reactions (Ledov et al., 2019)
and cancer immunotherapy (Jeong et al., 2020). Nemoto et al.
compared the regulation of cementoblast function by LPS;699 and
LPS1435/1449 in 6 h and found that RANKL production in the
murine cementoblast cell line treated with LPS;g9 is three times
higher than LPS1435/1449 (Nemoto et al., 2006).

MD-1 is the ligand of RP105 and a member of the group
I lipid-recognition family. MD1 shares approximately 20%
sequence identity with MD-2 at the protein level (Yoon et al.,
2010). MD-1 harbors a hydrophobic cavity to accommodate
the lipid A moiety of LPS, which then binds to RP105 and
activates downstream signaling (Nagai et al., 2002). This cavity
is highly flexible and can be precisely adjusted to match its
volume based on the lipid ligand acylation structure (Yoon
et al., 2010). Yoon et al. suggested that large endotoxin
molecules like Hexa-acylated lipids act as a “plug” to stabilize
the flexible folding of MD-1 (Yoon et al, 2011). Three-
dimensional simulation analysis of the molecular structure of
MD-1 revealed that this cavity could expand up to seven times
its original volume when bound to Hexa-acylated lipid A (Ortiz-
Suarez and Bond, 2016). A recent in vitro study revealed that
Porphyromonas gingivalis LPS;690 significantly upregulates the
expression of RP105 transcripts compared to LPS1435/1449 (Ding
et al., 2017). As a receptor expressed on macrophages, RP105
also mediates mycobacterial-lipoprotein-induced macrophage
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activation (Blumenthal et al., 2009). Mycobacterium tuberculosis
is the key causative agent of human tuberculosis. Mycobacterial
LPS lacks the teichoic acid residue present in the LPS of
gram-positive and gram-negative bacteria. A recent report
suggested that in lipoproteins such as the 19-kDa lipoprotein
of Mycobacterium tuberculosis, the position of non-polar alanine
residues but not the lipid moiety determines RP105 dependency
(Schultz et al., 2018). This expands our understanding of the
ligands of RP105 and also indicates that this receptor recognizes
lipid PAMPs via numerous mechanisms. Greater attention should
be paid to the relationship between RP105 and bacteria that
cannot be defined by gram staining.

Mediators in RP105-Dependent Signaling
After binding to ligands, two TLRs usually form a face-to-face
“M” shaped dipolymer that brings the extracellular C-domains
close to each other (Moresco et al., 2011). This conformational
change allows two TIRs to form a dimer and ensures cytokine
recruitment (Yoon et al., 2011). The activation of MyD88 and
TRIF is TIR dimer dependent (Moresco et al., 2011). Instead
of the TIR region, RP105 has a short C-domain cytoplasmic
chain with 11 tyrosine residues, which does not allow RP105
to directly recruit MyD88 nor to activate MyD88-dependent
downstream signaling (Kimoto et al., 2003; Ohto et al.,, 2011).
Hence, researchers have speculated that RP105 cannot directly
activate conventional TIR domain-mediated TLR signaling, and
therefore, it requires “signaling-competent” partners to activate
cellular responses (Kimoto et al., 2003; Schultz and Blumenthal,
2017). Based on this hypothesis, several “signaling-competent”
partners of RP105 have been recognized, including CD19, Gp96,
CD150, and Pim-1L.

CD19 regulates innate immunity via RP105 signaling in B
lymphocytes (Miura et al., 1998; Zarember and Godowski, 2002;
Yazawa et al., 2003; Nagai et al., 2013) (Table 1). Although CD19
deficiency does not affect RP105 expression, the anti-RP105
antibody induces CD19 phosphorylation in B cells. The splenic B
cells from CD197/~ mice express less RP105 antibody compared
to B cells from wildtype mice (Yazawa et al., 2003). Anti-RP105
ligation induces normal proliferation of B cells in MyD88-
deficient mice and anti-RP105 antibody and LPS significantly
reduced B cell proliferation in CD19™/~ mice (Yazawa et al,
2003). Both anti-RP105 antibody and LPS simulates CD19
phosphorylation in splenic B cells, suggesting a central role for
the RP105/CD19 signaling in B cell activation (Singh et al., 2014).
Besides, anti-RP105 antibody treatment not only enhances IgG
and IgM production in memory B cells, but also promotes the
production of other serum antibodies (except IgGb and IgA) in
mature B cells independent of memory B cells, T cells, and TLR
adaptor proteins (Chaplin et al., 2011).

Gp96, an endoplasmic reticulum chaperone, plays an
important role in the B cell secretory pathway. Absence of Gp96
decreases cell surface expression of RP105 and MD-1, suggesting
the requirement of Gp96 for the assembly of the RP105/MD-
1 complex (Weekes et al, 2012). This complex is different
from TLR4/MD-2, as the absence of Gp96 does not influence
TLR4 and MD-2 expression (Staron et al, 2010). Recently,
the interaction between CD150 and RP105 has been shown

to regulate Akt and MAPK signaling in chronic lymphocytic
leukemia B cells in vitro and in vivo (Gordiienko et al., 2017).
CD150 and RP105 cross-linking in chronic lymphocytic leukemia
B cells leads to the activation of Akt and MAPK networks. More
importantly, the co-ligation between these two receptors reduces
the phosphorylation of Akt, ERK1/2, and c-Jun, and completely
blocks p38-MAPK phosphorylation (Gordiienko et al., 2017).
Serine/threonine kinase proviral integration site for Moloney
murine leukemia virus 1 (Pim-1) has a long (Pim-1L) and short
(Pim-18) isoforms (Tursynbay et al., 2016). Egli et al. found
that Pim-1L colocalizes and physically associates with RP105
via its N-terminal extension. This complex has autonomous
signaling capabilities in transporting inflammatory signals into B
cell survival programs (Egli et al., 2015). RP105/Pim-1L triggers
the upregulation of anti-apoptotic BAD protein phosphorylation
in a Pim-1 kinase-dependent manner in mature B cells (Egli
et al., 2015). Moreover, in human primary B cells, monoclonal
antibody-stimulated cross-linking of RP105 present a new
pathway for cell survival, proliferation, and activity of B cells
(Egli et al., 2015).

RP105 AND PRO-INFLAMMATORY
CYTOKINES

TLR4

Although the RP105 signaling pathway depends on TLR4, TLR2,
and TLR9, the RP105 is being increasingly considered as a
negative regulator of downstream signaling pathways of these
receptors, including NF-kB, MAPKs, and Akt-PI3K in monocytes
and immune cells (Park et al., 2017). RP105 acts as a physiological
and endogenous inhibitor of TLR4 in macrophages (Yu et al.,
2015; Carreras-Gonzalez et al., 2018), DCs (Gorczynski et al.,
2006; Tada et al., 2008; Okamoto N. et al., 2017), and monocytes
(Honda et al., 2007; Wezel et al, 2015; Zhang et al, 2019).
RP105 negatively regulates TLR4-mediated IFN-B expression
(Okamoto N. et al., 2017), signaling elements such as p38MAPK
(Kikuchi et al., 2018), kinase phosphorylation levels of c-Jun/AP1
(Dong et al,, 2019) and Akt (Yu et al., 2015), and production of
proinflammatory cytokines such as IL-6 (Wezel et al., 2016), IL-
1B (Chen et al., 2019), and TNF-a (Louwe et al., 2014; Carreras-
Gonzalez et al., 2018). Targeted inhibition of MD-1 stimulates
the TLR4/MyD88/NF-«kB signaling axis in colitis-induced mice
(Chen et al, 2019), which also proves the role of RP105 as
a TLR4 inhibitor.

Ohto et al. analyzed the structure of the RP105/MD-1
complex combined with the TLR4 dimer and generated a
hypothetical docking model of the hetero-oligomer consisting
of TLR4/MD-2 and RP105/MD-1 (Ohto et al, 2011). In this
model, the RP105/MD-1 dimer inserts itself into the TLR4/MD-
2 dimer, with the C-termini of RP105 extending outward.
This docking model confirmed that RP105 interacts with the
TLR4/MD-2 complex and is accessible to the C-termini of
TLR4. This model also revealed the mechanism of RP105/MD-1-
mediated inhibition of TLR4 signaling. RP105/MD-1 blocks the
association of the cytoplasmic TIR domains between two TLR4
monomers and inserts into the homodimerization interface of
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TABLE 1 | Potential “signaling-competent” partners of RP105/MD-1 during osteoclastogenesis.

Cell type Signaling-competent Associated pathways References
Monocytes CD14 Ca?t pathway, PI3K-Akt pathway, and crosstalk Zhang et al. (2019)
with NF-kB pathway
Bone marrow macrophages TLR2 Akt-PI3K and NF-kB pathway Yu et al. (2015)
Pim-1L JAK/STAT and PI3K-Akt pathway Hu et al. (2009); Kim et al. (2010)
TLR7, TLR9 Ca?™ pathway Zhang et al. (2019)
CD19 + B lymphocytes CD19 Ca?t pathway; Akt-PI3K pathway; MAPKs Yazawa et al. (2003); Hebeis et al. (2005);

pathway (MyD88-independent signaling); NF-kB
pathway (MyD88-independent signaling)

Shinohara et al. (2008); Yoon et al. (2009); You
et al. (2017); Gavali et al. (2019)

the TLR4/MD-2/LPS complex to inhibit LPS-induced TLR4/MD-
2 oligomerization. RP105/MD-1 and TLR4 accommodate lipid
molecules in proximity to the lipopeptide-binding site of TLR4,
suggesting that RP105/MD-1 facilitates downstream signaling by
transferring the ligand to TLR4. Yoon et al. (2011) also propose
two hypothetical models, with the first one being similar to
the model suggested by Ohto et al. (2011). The second model
proposes a cross binding structure located on the descending
side of the N-terminal domain in RP105. This model explains
why the RP105/MD-1 complex usually forms a unique 2:2
stoichiometry rather than a 1:1 organization observed in the
TLR4/MD-2 inhibition complex, i.e., RP105/MD-1 inserts into
the homodimerization interface of TLR4/MD-2/LPS to close the
entrance sites of LPS on the MD-2 cavity. Yoon et al. supported
the credibility of the first model. Ortiz-Suarez et al. compared
the structures of the bovine MD-1 monomer protein and the
bovine and human RP105/MD-1 complexes (Ortiz-Suarez and
Bond, 2016). Their findings confirmed the malleability and
stability of MD-1. With these characteristics, MD-1 binds to
bulky endotoxins like LPS and forms an expansive structure.
Therefore, the RP105/MD-1/LPS complex can competitively
block the TLR4/MD-2 oligomerization interface. Their results
support the hypothesis that RP105 acts as a “decoy receptor” and
“sink” to sequester LPS from TLR4 under certain conditions.

TLR2

TLR2 activation does not depend on the extracellular segment
helper proteins. X-ray crystallography confirmed that TLR2
forms heterodimers with TLR1 (Jin et al., 2007) or TLR6 (Kang
et al., 2009) to receive ligands like lipoproteins and lipopeptides.
Nagai et al. reported that RP105~/~ B cells exhibit low sensitivity
to lipid A and lipopeptides Pam3CSK4 and MALP-2 (Nagai
et al., 2005). Furthermore, RP105~/~ mice displayed impaired
polyclonal antibody production, especially IgG2b, 1gG3, and
IgM, upon stimulation with LPS and Pam3CSK4 (Nagai et al.,
2005). Liu et al. emphasized that RP105-dependent reduction
of polyclonal antibody production in B cells and deficiency
of RP105 in BMMs does not impair lipid A or lipopeptides-
induced TNF-a production (Liu B. et al, 2013). Moreover,
the response to synthetic TLR2 agonists such as Pam3CSK4
and MALP-2 in RP105~/~ macrophages and DCs is similar
to that of wildtype cells (Murofushi et al., 2015). This cell-
specific difference suggests different roles of RP105 in mediating
activation of different immune cells.

RP105 also regulates the NF-kB pathway via TLR2 and
TLR4 in HEK cells stimulated with Lactobacillus plantarum
N14, neutral, and acidic exopolysaccharides (Murofushi
et al, 2015). Furthermore, in epithelial cells, RP105/MD-1
is involved in the recognition of phosphopolysaccharides
produced by lactic acid bacteria. RP105/MD-1 interacts with
phosphopolysaccharides to activate the NF-kB and PI3K
pathways and produces proinflammatory cytokines in intestinal
epithelial cells (Laifio et al., 2016).

TLR7 and TLR9

The ligands of TLR7 and TLR9 are endogenous RNA and DNA,
respectively, which are implicated in autoimmune diseases such
as SLE (Yang et al,, 2018a). The ligands of TLR7 and TLR9 restrain
RP105 expression in human peripheral blood monocytes and
immune cells including macrophages and DCs (You et al., 2017).
Knocking out RP105 in these cells downregulates the expression
of TLR7 and TLR9. An in vivo study showed that the proportion
of RP105-negative B cells and DCs is significantly increased in
patients with SLE and MRL/lpr mice (mutant mice susceptible to
lupus) (Yang et al., 2018a). This degenerative feedback is based
on the Lyn-SHP-1/2 axis (Yang et al., 2018a). Lyn inhibits B cell
activation in SLE via inhibiting the TLR-MyD88 axis (Liossis
et al., 2001; Flores-Borja et al., 2005; Ban et al., 2016). These
reports suggest a negative feedback mechanism of TLR pathway
activation, i.e., RP105 negatively regulates the activation of TLR7
and TLR9-mediated pathways, and TLR7 and TLR9-mediated
pathways also act as negative regulators of RP105 activation.

RP105 INVOLVED IN BONE
METABOLISM DURING INFLAMMATORY
DISEASES

Multiple Myeloma

Multiple myeloma is a heterogeneous bone marrow cancer
characterized by increased osteoclast formation and activity.
More than 90% of multiple myeloma patients have extensive
Iytic bone destruction (Coleman et al., 2020). Kikuchi et al.
reported that in almost all skeletal-related events, the RP105/MD-
1 complex is expressed on multiple myeloma cells but not on
normal counterparts, and the complex abundance is markedly
up-regulated under adherent and hypoxic conditions (Kikuchi
etal,, 2018). They also found that LPS and anti-RP105 antibodies,
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but not other TLR ligands, enhances the growth of multiple
myeloma cells via activation of MAP kinases ERK and JNK
(Kikuchi et al., 2018). Additionally, directly inoculated multiple
myeloma cells attach to bone marrow stromal cells in a murine
xenograft model. LPS stimulation significantly increased the
number of RP105/CD138 double-positive cells (Kikuchi et al.,
2018). Knockdown of RP105 canceled the LPS response of
multiple myeloma cells in vitro and in vivo (Kikuchi et al,
2018). Via promoter analysis, Furukawa et al. identified IKZF1
(Ikaros) as a pivotal transcriptional activator of the RP105 gene.
The transcription of RP105 on multiple myeloma cells is also
activated by increasing Ikaros expression and its binding to
the promoter region (Furukawa et al., 2018). Furukawa et al.
performed pharmacological targeting of Ikaros with lenalidomide
to improve the response of multiple myeloma cells to LPS in an
RP105-dependent manner in vitro and in vivo (Furukawa et al.,
2018). Recently, Kikuchi et al. found that the administration of
lenalidomide prevented the LPS-triggered activation of multiple
myeloma cells by targeting RP105 (Kikuchi and Furukawa,
2020). These studies suggest that the RP105/MD-1 pathway may
represent a novel mechanism of growth regulation of multiple
myeloma cells in a bone marrow milieu.

Osteosarcoma

Compared to normal bone, the expression of osteoclastogenesis
markers and antigen presentation is reduced in osteosarcoma
(Endo-Munoz et al., 2010). Chen et al. compared the RNA-
seq data of 82 osteosarcoma samples as well as their clinical
information and constructed a prognostic model (Chen et al.,
2020). They identified five predictors, including RP105, MYC,
PROSER2, DNA11, and FATE1 are the optimal multivariable
Cox regression model. In accordance with the Cox regression
analyses, RP105 was downregulated and the other four genes
were upregulated in the high-risk group. Among the five
prognostic genes, only RP105 leads NF-kB activation and
negatively correlates with osteosarcoma survival. Chen et al.
proposed that a high expression of RP105 might indicate a high
anticancer activity of lymphocytes and suppress the growth of
osteosarcoma tumor (Chen et al., 2020).

Diabetes Mellitus

Diabetes-induced osteoporosis is commonly encountered in
clinics. In the insulin resistance state, macrophages are activated
by the recognition of free fatty acids from hypertrophied
adipocytes or LPS through the TLR4/MD-2 complex to induce
TNF-a production (Watanabe et al, 2012, 2013). Paracrine
and/or autocrine TNF-a combines with TNFR on preosteoclasts.
In continuous exposure to TNF-a, preosteoclasts differentiate
into fully mature osteoclasts and this event is independent of
RANKL (Blasco-Baque et al., 2017; Coleman et al., 2020).
Yasuharu et al. reported that RP105 mRNA is highly
expressed in most adipose tissue macrophages (Watanabe et al.,
2012). A high-fat diet (HFD) remarkably increases RP105/MD-
1 complex expression on the M1 subset of adipose tissue
macrophages. Both RP105 and TLR4 are involved in HFD-
induced NF-kB activation in the epididymal white adipose tissue
of mice. RP105 KO and MD-1 KO mice had lesser HFD-induced

adipose tissue inflammation and insulin resistance compared to
TLR4 KO and wildtype mice (Watanabe et al., 2012). RP105/MD-
1 complexes contribute to HFD-induced obesity, adipose tissue
inflammation, and insulin resistance independent TLR4 signaling
(Nagai et al., 2013). Liang et al. isolated monocytes from human
peripheral blood mononuclear cells and found that exposed lipid
infusion in vivo enhances the LPS-stimulated IL-1p secretion
in monocytes (Liang et al., 2018). IL-1f increases the level of
TLR4 protein as well as phosphorylation of JNK and p38/MAPK
in monocytes, which directly correlates with reduced peripheral
insulin sensitivity (Liang et al., 2018). Additionally, increased
lipid levels are linked to RP105, as well as multiple genes
associated with osteoclastogenesis such as MAP3K7 and CXCL10
(Liang et al., 2018).

SLE

SLE is a chronic autoimmune inflammatory disease. Bone
erosions and inflammatory bone loss are common features in
autoimmune arthritis such as in rheumatoid arthritis (RA) (Lim
etal., 2011). However, bone erosions and inflammatory bone loss
are usually absent in patients with SLE and are observed in < 5%
of cases (Lim et al., 2012). Qiao et al. found that the deposition
of IgG, monocytes/macrophages, and TNF-a is required for
the development of RA in SLE (Qiao et al., 2020). However,
lupus serum or IgG inhibits RANKL-induced differentiation of
monocytes into osteoclasts in a dose-dependent manner, as lupus
IgG competes for FcyRI binding with RANKL (Qiao et al., 2020).
The number of RP105-negative B cells is significantly
increased in peripheral blood mononuclear cells from patients
with SLE and is positively associated with disease severity
(Koarada et al., 1999; Koarada and Tada, 2012). Only RP105-
negative B cells obtained from patients with SLE spontaneously
produced IgG and IgM in vitro (Kikuchi et al., 2002). These
studies suggest that RP105-negative B cells may be responsible
for the production of autoantibodies. Moreover, the binding
of RP105 by anti-RP105 antibodies could inhibit the IFN-
a-induced interferon stimulated gene (ISG) expression in B
cells both in vitro and in vivo (You et al., 2017). IFN-a
inhibits the fusion of osteoclast precursor cells by downregulating
c-Fos expression in a dose-dependent manner (Xiong et al.,
2016; Amarasekara et al., 2018). Mechanistically, RP105 down-
regulates the tyrosine phosphorylation of signal transducer and
activator of transcription 2 (STAT2) induced by IFN-a via a
Lyn-dependent pathway (You et al., 2017). Moreover, SLE is
characterized by the formation of a variety of autoantibodies
by hyper-reactive B cells. B-cell antigen receptors recognize
endogenous DNA and RNA-associated auto-antigens and deliver
to endosomal TLRY and TLR?7, respectively (Yang et al., 2018a).
In this way, overactivation of B cells leads to the excess
production of autoantibodies, contributing to the inflammatory
amplification loop characteristic of SLE. Although TLR7 and
TLRY signaling could downregulate RP105 expression and
attenuate the inhibitory effect of anti-RP105 on the activation
of IFN-a signaling in B cells (You et al., 2017), the critical role
of RP105 in regulating TLR7 and TLR9-mediated activation of
macrophages and DCs suggests that RP105 could be a potential
therapeutic target for the treatment of SLE (Yang et al., 2018a).
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Rheumatoid Arthritis

Rheumatoid arthritis is an inflammatory joint disease, which is
characterized by chronic inflammations that irreversibly affect
the surrounding bone tissue (Gyori and Mocsai, 2016). As
a chronic autoimmune disease, the inflammatory condition
in rheumatoid arthritis not only enhances bone degradation
by raising the crosstalk between osteoclastogenesis and the
immune system, but also stimulates TLR2 on osteoblasts and
increases the production of RANKL (Kassem et al., 2015).
Moreover, TLR7 induces RANKL expression and increases
osteoclasts derived from peripheral blood CD14 + monocytes
in rheumatoid arthritis (Kim et al., 2019). Because of the ability
of RP105 in blocking TLR2 and TLR7, it can be speculated
that RP105 could regulate osteoclastogenesis in rheumatoid
arthritis via a TLR2/TLR7. Although there is no evidence
directly proving the influence of RP105 on osteoclastogenesis in
rheumatoid arthritis, an intersection of positional and functional
candidate information analysis provided some evidence of novel
rheumatoid arthritis loci near the PI3KR1/RP105 gene (Kim
et al.,, 2019). Another study demonstrated an antibody against
mouse CD79b, which blocks B cell proliferation, is induced
via RP105 but not via TLR4 and TLR. Anti-CD79 reduces
inflammation and improves synovial hyperplasia as well as bone
and cartilage destruction (Kim et al., 2019). These results suggest
that RP105 could be a biomarker in predicting the occurrence
and development of rheumatoid arthritis. Furthermore, blocking
RP105 may be a promising treatment for preventing bone
resorption in rheumatoid arthritis.

RP105 AND OSTEOCLASTOGENESIS

In the following sections, we describe RP105 as a regulator
in activating monocytes, macrophages, and B cells, as well as
summarize osteoclastogenesis regulating signaling pathways that
are activated by RP105 in different osteoclast precursor cell types.

Monocyte-Derived Osteoclasts

The mononuclear precursors located in peripheral blood and
the bone marrow are the key source of osteoclast precursors
(Vaananen, 2005). Monocytes derived from the spleen and
thymus also differentiate into osteoclasts under a suitable
microenvironment (Udagawa et al., 1990). In hind limb ischemia
(HLI) mouse model, before HLI development, the predominant
resident monocyte subtype was LY6C'Y, accounting for 30%
of the total CD11b* cells in the gastrocnemius and adductor
muscles of both WT and RP105~/~ mice (Bastiaansen et al.,
2014). After the development of HLI, RP105 knockout leads to
increased activation of Ly6CM&" monocytes, implying that RP105
deficiency inhibits the regenerative response of mice following
ischemia (Bastiaansen et al., 2014). RP105 also directly influences
the migratory capacity of monocytes. Wezel et al. compared the
monocytes influx and neutrophil influx to the peritoneum of low-
density lipoprotein receptor (LDLr) deficient (LDLr~/~) mice
and LDLr/RP105 double knockout (LDLr~/~/RP105~/~) mice
fed with Western-type diet (Wezel et al., 2015). They found
although the neutrophil influx was unaltered between the two

kinds of mutant mice, the monocytes influx was almost 3-fold
lower in LDLr~/~/RP105~/~ mice than LDLr—/~ mice (Wezel
et al., 2015). More important, the results of in vitro experiment
showed a down-regulation of CCR2 in the two kinks of receptor
knockout monocytes when stimulated with LPS, which is more
pronounced in LDLr~/~/RP105~/~ monocytes than LDLr~/~
monocytes (Wezel et al., 2015). CCR2 is an important chemokine
receptor of classical monocytes. Deficiency or low expression
of CCR2 severely inhibited the osteoclastogenesis potential of
monocytes (Puchner et al., 2018).

RP105, MD-1, and CD14 form a complex on murine bone
monocytes in response to the early phase expression of IL-
6 in LPS-treated mice (Zhang et al, 2019). Upon Listeria
monocytogenes infection in mice, IL-6 production is also
influenced by carcinoembryonic antigen-related cell adhesion
molecule-1 (CEACAM]1) via the G-CSFR-STAT3 pathway (Pan
and Shively, 2010). CEACAM1 regulates IL-1p in LPS-treated
neutrophils via the TLR4-Syk pathway (Lu et al., 2012). In these
two events, CEACAM1 is recruited by an activated receptor
such as G-CSFR or TLR4 phosphorylated by Src. CEACAM1
recruits and dephosphorylates SHP-1 to activate the insulin
receptor in the liver (Poy et al.,, 2002), and recruits epidermal
growth factor receptor in the epithelial cells (Abou-Rjaily et al.,
2004) or B cell receptors (Lobo et al., 2009; Chen et al., 2011).
However, neither TLR4 mRNA nor protein was detected in
murine monocytes, which means that the murine bone marrow
monocytes do not express TLR4 (Ketloy et al., 2008). Instead,
RP105/MD-1/CD14/Src/PI3K signaling occurs in response to
LPS stimulation, which also crosstalks with NF-«kB to regulate
the production of IL-6 (Zhang et al,, 2019) (Figure 4 and
Table 1). At the same time, with the presence of CEACAM]I,
the activation of RP105 also leads to recruitment of SHP-1 and
prevents PI3K activation, inhibit the tyrosine phosphorylation of
Vavl, and sequestrate pVav and B-actin from the RP105 complex
(Zhang et al., 2019).

Macrophage-Derived Osteoclasts

Macrophage and osteoclast share a common monocyte precursor
(Nason et al, 2009). BMMs and monocyte macrophages
are the key sources of osteoclast precursors (Boyle et al,
2003). Mature macrophages and osteoclasts two competing
differentiation outcomes from myeloid progenitors share many
common antigens (AlQranei and Chellaiah, 2020). Because of
the differential role of macrophages and osteoclasts in bone
remodeling, the balance between these two types of cells is
especially important for bone metabolism. Broadly, activated
macrophages are divided into two major types, M1 and M2
macrophages. M1 macrophages are proinflammatory and are
classically activated by LPS or T helper 1 (Thl) cell-related
cytokines such as IFN-y (Chang et al, 2008; Sinder et al,
2015). M2 macrophages are identified as anti-inflammatory
macrophages activated by Th2 cell-related cytokines such as
IL-4 and IL-13 (Chang et al., 2008; Sinder et al., 2015). M1
macrophage-related cytokines TNF-a, IL-6, and IL-1f induce
osteoclastogenesis. While the M2 macrophage-related cytokines
IL-4 and IL-10 inhibit osteoclastogenesis through the inhibition
of NFATcl (Varol et al, 2015). Thus, the polarization of
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macrophages (M1/M2) is important for the determination of
osteoclastogenesis (Yang and Wan, 2019).

Under inflammatory conditions, the recruitment and
proliferation rate of monocytes (Wezel et al., 2015, 2016) and
macrophages (Wezel et al., 2016) in RP105~/~ mice is higher
than in WT mice. Several studies support the concept that RP105
also initiates the polarization of macrophages into M1 types
(Nagai et al,, 2013). The mRNA expression and protein levels
of RP105 and MD-1 in macrophages are up-regulated when in
contact with tumor cells (Watanabe et al., 2012). Czimmerer et al.
analyzed that IL-4 as well as IFN-y + IFN-a stimulate human
monocyte-derived macrophages and identified RP105 as well as
MS4A4A, SLA, and ENPP2 as novel IL-4 regulated alternative
activation markers (Czimmerer et al, 2012). Mycobacterium
tuberculosis lipopeptide ligands stimulate RP105 on macrophages
and induce RP105-dependent TNF-a and IL-6 production by
macrophages. Moreover, di- and tripalmitoylated variants of this
lipopeptide can elicit an equivalent RP105-dependent response,
indicating that the lipid moiety is required for macrophage
activation but this event is RP105-independent (Schultz et al.,
2018). RP105 is a key determinant of macrophage activation
in  Mpycobacterium tuberculosis infection. Myeloid-derived
suppressor cells (MDSCs) play an immunosuppressive role in
the pathogenesis of inflammatory diseases. Compared with non-
treated controls, the expression of RP105 of MDSCs, especially
granulocytic MDSCs (G-MDSCs), from mice challenged with
LPS was significantly increased (Dong et al., 2019). In vitro,

binding of RP105 with an anti-RP105 antibody not only inhibits
the expansion of MDSCs by preventing the phosphorylation
of signal transducer and activator of transcription 3 (STAT3)
but also reduces the immunosuppressive activity of MDSCs
on MI1 macrophage polarization through the inhibition
of Arg-1 expression (Dong et al, 2019). The injection of
anti-RP105 antibody significantly aggravates pathological
lesions in mice stimulated with LPS (Dong et al, 2019).
Furthermore, the injection of anti-RP105 antibody inhibits
the accumulation of G-MDSCs in LPS-challenged mice and
reduced the immunosuppressive activity of G-MDSCs on M1
macrophage polarization (Dong et al., 2019).

Carreras-Gonzalez et al. reported increase in CD14 protein
and gene expression but decrease in RP105 expression in Borrelia
burgdorferi stimulated BMMs (Carreras-Gonzalez et al., 2018).
In vitro differentiated human macrophages also show reduced
expression of RP105. However, in this study, human blood
monocytes show downregulation of CD14 and upregulation of
RP105. Carreras-Gonzélez et al. also observed that silencing
of RP105 significantly reduces TNF-a and IL6 production in
mouse mononuclear macrophage cell line RAW264.7 (Carreras-
Gonzalez et al., 2018). PI3K is a classical multifunctional signaling
protein, which influences several cellular metabolic processes
such as autophagy and differentiation (Werner et al., 2010).
PI3K consists of one regulatory subunit and one of four p110
catalytic subunits, including class 1A: o, B, 3, and class 1By
(Vanhaesebroeck et al., 2005). The p1108 subunit of PI3K
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is the central regulator in inducing inflammatory responses
in immune cells (Kim et al., 2007; Werner et al., 2010). In
macrophages, PI3K p1103 is required for the fission of TNEF-
o containing vesicles and their transport to the cell surface
upon stimulation of LPS (Low et al.,, 2010). In mycobacteria-
infected macrophages, RP105 and Btk are required for PI3K
pl103 activation (Blumenthal et al, 2009; Yu et al, 2015)
(Figure 5 and Table 1). Moreover, PI3K signaling in macrophages
induced by bacterial infection contribute to the production
of cytokines TNE IL-6, G-CSF, and CCL5 that contribute to
macrophage recruitment and polarization (Andrade et al., 2009).
In myocardial ischemia and reperfusion injury, RP105 activates
the PI3K-Akt signaling pathway, which protects patients from
ischemia/reperfusion-induced cardiac injury and myocardial
pyroptosis (Guo et al., 2021).

Notably, PI3K recruitment is dependent on the YXXM
motifs (Wang et al,, 2002; Troutman et al., 2012). CD19 has
two YXXM motifs in the cytoplasmic region, which means
that CD19 recruits the p85a sites of PI3K (Wang et al., 2002).
However, instead of the TIR domain, RP105 contains at least
one tyrosine residue in the cytoplasmic tail, which cannot be
embedded into a classical YXXM motif. As a result, RP105 can
either directly stimulate PI3K signaling or activate this pathway
with a competent partner (Schultz and Blumenthal, 2017) such

as CD19 (Aiba et al., 2008). However, CD19 is usually detected
on lymphocytes circulating in peripheral blood (Wang et al,
2002), and B cells in the spleen (Wang et al., 2002), bone marrow
(Engel et al., 1995), thymus, and lymph nodes (Ishiura et al,
2010). To date, there are no reports of the presence of CD19
on macrophages. Therefore, the YXXM-containing partner
of RP105 remains to be elucidated in macrophages. There is
a possibility that the tyrosine tail of RP105 phosphorylates
in response to an activating interaction, thereby provides a
recruitment platform for Btk or PI3K regulatory subunits in
macrophages (Yu et al., 2015). TLR2 and TLR3 respond to the
mycobacteria-induced activation of PI3K-Akt signaling pathway
in macrophages (Lasunskaia et al., 2006; Liu H. et al., 2013; Bai
et al., 2014). In the Staphylococcus aureus infection rat model,
RP105 activation in macrophages induces the accumulation of
TLR2 and increased TLR2-associated inflammatory cytokines
production via a MyD88 axis (Blumenthal et al.,, 2009). Some
researchers conjectured that RP105-dependent activation of the
PI3K-Akt signaling pathway might require TLR2 (Yu et al., 2015;
Huang et al., 2020). But it worth noticing, the activation of PI3K
via the TLR2-associated axis provides crosstalk with MAPKs and
NE-kB pathway. Interestingly, the phosphorylation of p38, JNK,
p65, and IkB is not altered in RP105 deficiency macrophages
during mycobacterial infection (Blumenthal et al, 2009
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Yu et al, 2015). However, RP105 deficiency and RP105/TLR2
deficiency in macrophages directly reduced the production of
TNF and IL-6 (Yu et al., 2015; Schultz et al., 2018). Based on the
available literature, TLR2 is still considered as the most possible
RP105 signaling partner in the activation of the PI3K-Akt
signaling pathway in macrophages.

Pim-1L, another “signaling-competent” partner of RP105,
contains an additional proline-rich motif at the N-terminus.
Thus, it can interact with proteins and crosstalk with signaling
cytokines other than Pim-1S (Tursynbay et al, 2016). Pim-1
positively regulates Akt phosphorylation and activates apoptosis
in human and mouse hematopoietic malignancies and prostate
cancer (Hu et al, 2009) (Figure 5). More importantly, Pim-
1 regulates NFATcl in osteoclastogenesis via the JAK/STAT
pathway (Kim et al., 2010). However, whether Pim-1L exhibits
a potential ability to link RP105 and the JAK/STAT pathway and
directly regulate osteoclastogenesis remains to be elucidated.

TLR7 expression is upregulated in synovial tissues (Roelofs
et al., 2005), fibroblasts (Carriéon et al., 2011), macrophages
(Alzabin et al., 2012), and DCs (Roelofs et al, 2005).
Recently, TLR7 was determined to regulate osteoclastogenesis
in rheumatoid arthritis via RANKL expression in synovial
fibroblasts (Kim et al., 2019). At the same time, RP105 negatively
regulates TLR7 and TLR9-mediated activation of macrophages
and DCs via Lyn/SHP-1/2 signaling (Yang et al, 2018a),
suggesting a possible mechanism of osteoclastogenesis in patients
with rheumatoid arthritis.

B Cell-Derived Osteoclasts

A study showed that circulating myeloma B-lymphocytes have
the potential to differentiate into osteoclast-like phenotype
(Calvani et al., 2004). Researchers not only detected RANK on
CD19" B lymphocytes (Atkins et al., 2006) but also observed
that peripheral CD19" B lymphocytes isolated from patients with
multiple myeloma exhibit phenotypic and functional properties
of osteoclasts upon stimulation with RANKL (Calvani et al,
2004). Thus, CD19" B lymphocytes are RANKL-dependent
osteoclast progenitors. As discussed above, CD19 is one of the
most recognized accessory proteins of RP105. The frequency of
RP105T cells is higher in the CD19" non-switched B cell subset,
and these B cells show the strongest activation in response to
anti-RP105 antibody treatment (Singh et al., 2014). Moreover,
phosphorylation of CD19 is completely independent of TLR4
(Yazawa et al., 2003), which suggests that RP105 may directly
drive B cells to differentiate into osteoclasts via the CD19
pathway. In B cells, the interaction between RP105 and CD19
forms a complex that directly recruits Lyn kinase (Yazawa
et al., 2003). This RP105/CD19 complex is also required for
optimal Lyn activation and phosphorylation (Yazawa et al,
2003) (Table 1). The interaction of RP105 and LPS induces
Lyn activation and CD19 phosphorylation (Yazawa et al., 2003).
Although Lyn inhibits osteoclast differentiation, survival, and
function by interfering with PLCy-mediated Ca®" signaling,
which leads to down-regulation of osteoclastogenesis (Yoon et al.,
2009; Gavali et al., 2019), it also mediates the activation of
Vav (Yazawa et al., 2003). Vav protein is required for RP105
function as it regulates LPS-mediated activation of Akt, ERK,

phosphorylation of IkBa (Yazawa et al., 2003; Hebeis et al., 2005).
Vav1/2-deficient B cells fail to respond to LPS or anti-RP105
antibodies in vitro (Yazawa et al., 2003; Hebeis et al., 2005). The
CD19/Lyn/Vav signaling acts upstream of MAPKSs to induce JNK
and MEK/ERK axis activation (Chan et al., 1998; Yazawa et al.,
2003; Hebeis et al., 2005) (Figure 6). In parallel, anti-RP105 cross-
linking induces ERK as well as JNK phosphorylation within a
short period (Chan et al, 1998). Phosphorylation of JNK by
RP105 depends on CD19, however, phosphorylation of ERK is
independent of CD19 (Yazawa et al., 2003).

Besides RP105/CD19/Lyn/Vav signaling axis,
RP105/CD19/Lyn also acts upstream of Btk and links RP105-
PI3K signaling (Yu et al., 2015) (Figure 6). RP105/CD19/Lyn
signaling plays an important role in regulating IFN-o activation
in B cells. You et al. observed that the RP105 ligation inhibits
IFN-a-induced tyrosine phosphorylation of signal transducer
and STAT2 via RP105/CD19/Lyn (You et al., 2017). Besides,
Btk also acts as a downstream effector of RP105 in PI3K
activation and promotes TNF-a release in BMMs in response
to mycobacterial infection (Yu et al., 2015). At the same time,
Btk directly participates in osteoclast formation. It has been
demonstrated that Btk and Tec kinases form a complex with
the BLNK adaptor and activate an essential calcium-signaling
pathway with PLCy (Shinohara et al., 2008; Choi et al., 2013).
In summary, based on the aforementioned facts, RP105 seems
to promote B cells osteoclastic differentiation via MAPKs,
PI3K-Akt, and Ca’ " signaling pathways (Figure 6).

Alternative Sources of

Osteoclastogenesis-Regulation

RP105 not only influences the osteoclastogenic potential of
monocytes, macrophages, and other cells, but also affects the
microenvironment of osteoclast differentiation by regulating the
secretion of various factors by surrounding cells. RP105 deficient
mice have higher CCL2 secretion in vein graft lesions than WT
mice, which increases the macrophage content in these lesions
(Wezel et al., 2016). In vitro analysis also shown that RP105~/~
smooth muscle cells produced a higher level of CCL2 than the
control group (Wezel et al., 2016). CCL2 regulates hormonal and
mechanical stimuli-induced physiological bone remodeling, as
well as cancer-induced bone resorption (Siddiqui and Partridge,
2017). Besides, in a hind limb ischemia model, arteriogenesis is
reduced in RP105~/~ mice than WT mice (Bastiaansen et al.,
2014). This effect might regulate bone healing, since angiogenesis
is crucial for bone repair.

Activation of RP105 also stimulates Bax, caspase-3, and
cytochrome ¢ in myocardial cells during myocardial ischemia-
reperfusion injury and upregulates Bc1-2 to restrain the apoptotic
process (Yang et al, 2015). When challenged with an HFD,
MD-1 expression is downregulated in vivo and in vitro (Shen
et al., 2019). MD-1 deficiency causes cardiac hypertrophy and
fibrosis via activation of MAPK and NF-«kB that accelerates
myocardial injury (Shen et al., 2019). Overexpression of MD-
1 alleviates the effects of HFD-induced cardiac remodeling
(Shen et al, 2019). Peng et al. reported that MD-1 deletion
activates the TLR4/CaMKII signaling pathway and influences
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FIGURE 6 | RP105 activates MyD88-independent manner of CD19 + B lymphocyte and promote CD19% B lymphocyte to derive into osteoclast. RP105/CD19
initiates Lyn activation and phosphorylation then promotes MyD88-independent osteoclast different manner of CD19+ B lymphocyte via two major pathways: (1)
promote IkBa to promote NF-kB signaling (Yazawa et al., 2003; Hebeis et al., 2005), activate JNK, MEK/ERK to promote MAPKS signaling pathway (Chan et al.,
1998; Yazawa et al., 2003; Hebeis et al., 2005), as well as activate Akt to promote PIBK-Akt signaling pathway though a Vav-associated manner (Yu et al., 2015); (2)
activate PI3K 1108 to inhibit IFN-a and promote PI3K-Akt signaling pathway through Btk-associated manner (You et al., 2017). At the same time, Btk also directly
promote osteoclastogenesis though Ca?* signaling pathway, however, Lyn also inhibit PLCy-mediated Ca?* signaling (Shinohara et al., 2008; Choi et al., 2013). As
a result, the regulate signaling axis of osteoclastogenesis in CD19% B lymphocyte remain to be further discussed. Figure was created using BioRender.com.

the expression of Ca?* handling proteins, thereby increasing
the vulnerability of HFD-fed mice to ventricular arrhythmia
(Peng et al, 2017). The authors hypothesized that MD-1
deletion increases susceptibility to atrial fibrillation in heart
failure with presented ejection fraction (HFpE]) by enhancing
the activation of TLR4/CaMKII signaling. Compared with
wildtype mice, MD-1 knockout mice challenged with aldosterone
infusion downregulate Ca?t-ATPase 2a (SERCA2a) expression
and phospholamban phosphorylation at Thr17 (Shuai et al,
2020). In the MD-1 knockout mice, sodium/calcium exchanger 1
and phosphorylation of ryanodine receptor 2 expression resulted
in increased myocardial fibrosis and inflammation, proving that
MD-1 regulates the activation of the TLR4/CaMKII signaling
in vivo and in vitro (Shuai et al., 2020).

Qin et al. transfected mRNA-141-3p mimic to H9¢2 rat
cardiomyoblasts to analyze the role of miR-141-3p and RP105 in
myocardial ischemia. The inhibition of miRNA-141-3p activates
the RP105-dependent PI3K-Akt pathway in cardiomyocytes
exposed to hypoxia. miRNA-141-3p inhibition reduces cell
death, apoptosis, and generation of ROS in hypoxic H9c2

rat cardiomyocytes in vitro. miRNA-141-3p targets RP105 by
directly binding to its 3’-UTR. Blocking RP105 reverses the
effects of miRNA-141-3p inhibition in rat cardiomyoblast cells
(Qin et al., 2019). The association between RP105 and miRNA-
327 in myocardial ischemia has also been reported. miRNA-
327 downregulates RP105 in a 3’-UTR-dependent manner. The
reduction of miRNA-327 indirectly downregulates the TLR4 and
TLR2 dependent-MyD88 and NF-kB signaling axis, whereas it
upregulates RP105 (Yang et al., 2018b). This effect results in the
reduction of myocardial infarct size, attenuates cardiomyocyte
destruction, and alleviates inflammation.

CONCLUSION

Despite several years of research, the differentiation progress
and induction mechanism of osteoclast received wide attention.
Bone marrow-derived cells and immune cells activated by TLRs
have the potential to generate osteoclast. Moreover, the pro-
inflammatory cytokines produced by these cells create a suitable
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microenvironment for osteoclastogenesis. Bone resorption and
osteoporosis in cancer, diabetes mellitus, rheumatoid arthritis,
and SLE are mainly caused by osteoclast overactivity. Patients
with these diseases are in chronic inflammatory state or
inflammatory stress state for a long time. In this state,
patients have a high risk of orthopedic disease even without
bacterial infection.

As a special cell member receptor, RP105 play a dual role
in pro-inflammatory response. At one hand, RP105 serves as
a low-affinity receptor of LPS but shares certain features with
TLR4. With the simulation of LPS or other agonist, RP105
activates monocytes, macrophages, immune cells, and other
peripheral tissue cells to produce pro-inflammatory cytokines,
which facilitate the osteoclastogenesis. At the other hand,
RP105 also negatively regulates other TLRs and reduces the
production of pro-inflammatory cytokines, which seems to
inhibit osteoclastogenesis to some extent. But the physiological
function of RP105/MD-1 is not limited to inflammatory
response. RP105 also regulates the multiple myeloma cells’
growth and attachment to bone marrow stromal cells in the
murine xenograft model (Kikuchi et al., 2018). Moreover, it
has been verified in vitro and in vivo, that RP105/MD-1 plays
important role in the regulation of monocytes migration, which
influences early atherosclerotic plaque development (Wezel et al.,
2015). RP105 and MD-1 directly influence the arteriogenesis
after ischemia (Bastiaansen et al., 2014), aggravates vein graft
disease (Wezel et al, 2016). These effects might regulate the
bone niche or mechanical stimuli-induced physiological bone
remodeling. Considered with the central role and high expression
of RP105/MD-1 in adipose macrophages (Watanabe et al., 2012),
myocardial cells (Shuai et al., 2020), cardiomyoblast cells (Qin
et al,, 2019), and smooth muscle cells (Wezel et al., 2016),
this complex had been suggested as a possible therapeutic
target in reducing chronic inflammatory of diabetes mellitus
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Osteosarcoma is a common malignant tumor that seriously threatens the lives of
teenagers and children. Autophagy is an intracellular metabolic process mediated by
autophagy-related genes (ARGs), which is known to be associated with the progression
and drug resistance of osteosarcoma. In this study, RNA sequence data from TARGET
and genotype-tissue expression (GTEX) databases were analyzed. A six autophagy-
related long noncoding RNAs (ARLs) signature that accurately predicted the clinical
outcomes of osteosarcoma patients was identified, and the relations between immune
response and the ARLs prognostic signature were examined. In addition, we obtained
30 ARGs differentially expressed among osteosarcoma tissue and healthy tissue, and
performed functional enrichment analysis on them. To screen for prognostic-related
ARGs, univariate and LASSO Cox regression analyses were successively applied. Then,
multivariate regression analysis was used to complete construction of the prognostic
signature of ARGs. Based on the risk coefficient, we calculated the risk score and
grouped the patients. Survival analysis showed that high-risk patients evolve with poor
prognosis. And we verified the prognosis model in the GSE21257 cohort. Finally,
verification was conducted by gRT-PCR and western blot to measure the expression
of genes. The results show that autophagy-related marker models may provide a new
therapeutic and diagnostic target for osteosarcoma.

Keywords: osteosarcoma, autophagy, IncRNA, prognostic signature, biomarkers

INTRODUCTION

Osteosarcoma is a common and extremely threatening bone malignant tumor, occurs usually
in adolescents, and children (Kansara et al., 2014). The current treatment methods include
surgical resection and chemotherapy before and after surgery, for the patients with non-metastatic
osteosarcoma, the 5-year survival rate of can reach 70% (Isakoff et al., 2015). However, about the
patients with metastatic or recurrent osteosarcoma, the 5-year overall survival rate is only 20%,
and has changed little over the past 30 years (Goorin et al., 2003; Kempf-Bielack et al., 2005;
Meyers et al., 2011). In addition, osteosarcoma often develops resistance to standard chemotherapy
regimens, which seriously impacts patient prognosis (Brown et al., 2017; Lilienthal and Herold,
2020). Therefore, seeking potential targets for effective osteosarcoma therapy is particularly
important and necessary.
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Autophagy is the main intracellular metabolic degradation
process modulated by autophagy-related genes (ARGs),
autophagosomes phagocytose cytoplasmic materials, then
degradation, and recycling by lysosomes (Mizushima and
Komatsu, 2011; Boya et al., 2013). In cancer, autophagy can
exert two functions, either inhibitory and stimulatory actions,
the specific role depends on the occurrence, progression, and
type of cancer (Nazio et al., 2019; Mizushima and Levine, 2020).
Deletion of the autophagy gene BECNI is common in breast,
ovarian, and prostate cancers (Kondo and Kondo, 2006). In
various mouse models, the systemic or tissue-specific deletion of
genes essential for autophagy can lead to defects in autophagy,
and which accelerates the occurrence of tumors. For example,
becnlt/~ mice spontaneously develop malignant tumors,
including lymphoma, lung cancer, and liver cancer (Liang et al.,
1999; Qu et al.,, 2003). Autophagy also affects certain cellular
processes, such as the epithelial to mesenchymal transition
or migration, and therefore inhibits tumor progression and
metastasis (White et al., 2015; Li et al., 2020). In short, autophagy
can promote or inhibit cancer progression and metastasis at
different stages of the disease. The link between cancer and
autophagy is complex and requires further research.

Long noncoding RNAs (IncRNAs) have many functions
(Ulitsky and Bartel, 2013). LncRNA is not only involved in the
normal biological functions, but also participate in the process of
a variety of diseases, including those related to tumor occurrence,
development, and metastasis (Martens-Uzunova et al., 2014;
Bartonicek et al., 2016). There is ample evidence that IncRNAs
mediate the transcription and post-transcriptional levels of
ARGs to regulate tumor development (Chen J.F. et al, 2018;
Cai et al., 2019; Xu et al., 2019). However, there has been
no systematic evaluation of the characteristics of ARGs in
patients with osteosarcoma and their correlation with overall
survival. Therefore, the purpose of our study was to identify
new autophagy-related markers for the diagnosis and prognosis
of osteosarcoma.

In this research, we identified a six autophagy-related IncRNAs
(ARLs) signature has accurate predictive properties for the
outcome of osteosarcoma patients. Then, we explored the role
of the immune responses in the prognosis of autophagy. We
also identified three ARGs that showed good performance for
predicting the clinical outcomes of osteosarcoma patients. In
a separate dataset (GSE21257), we evaluated their accurate
prediction for the prognosis of patients with osteosarcoma.
Our results show that autophagy-related marker models
may provide potential prognostic and diagnostic targets for
osteosarcoma therapy.

MATERIALS AND METHODS

Data Collection and Autophagy-Related
Genes

The RNA expression data of healthy tissues were collected from
the genotype-tissue expression database.! The fragments per

Uhttps://gtexportal.org/

kilobase of transcript per million mapped reads (FPKM) values
in the expression data were converted using log2(x + 0.001).
The RNA sequence data and osteosarcoma patient characteristics
were collected from the TARGET database.” TARGET and GTEx
data sets were merged and batch-to-batch variation was removed
in the “sva” R package. The FPKM values were used to indicate
gene expression levels.

A microarray data set, named the GSE21257 data set, was
obtained by downloading the gene expression data of 53 patients
with osteosarcoma and their corresponding clinical information
from the gene expression omnibus database.” Gene expression
levels are shown as normalized signal values. The Human
Autophagy Database* was used to obtain ARGs.

Differentially Expressed ARGs and

Functional Annotation

LogFC > 1 and p < 0.05 as the threshold, differentially
expressed ARGs (DE-ARGs) and IncRNAs in osteosarcoma, and
healthy tissues were identified using the limma package. gene
ontology (GO) and kyoto encyclopedia of genes and genomes
(KEGG) pathway analyses were performed for the DE-ARGs. The
construction and visualization of the protein-protein interaction
(PPI) network diagram are implemented by online tools STRING
and Cytoscape software.

Identification and Construction of
Prognostic Signatures

By univariate Cox regression analysis, we determined the ARGs
that were associated to the survival in osteosarcoma patients
from TARGET dataset (p < 0.01). Next, we used LASSO Cox
regression analysis to filter the best prognostic genes. Finally,
a prognostic signature was established by multivariate Cox
regression analysis, which composed of three ARGs.

In order to obtain ARLs, in the TARGET database, we
calculated the Pearson correlation coefficient to determine the
correlation between the expression levels of IncRNAs, and ARGs.
With the absolute value of the correlation coefficient greater than
04 (| Rl > 0.4) and the P-value less than 0.05 (P < 0.05)
as the standard, ARLs was screened out. Subsequently, to
construct an ARLs prognosis model, we selected the differentially
expressed ARLs, applied univariate Cox regression to screen
for prognostic ARLs, and then constructed a ARLs prognostic
signature including six ARLs by LASSO Cox analysis. The
following formula was used to calculated risk score of each
patient:

n

Risk score = Z (Coef jxxi)

i=1

the Coef, means risk coefficients, x; is the ARGs or ARLs
expression value.

Zhttps://portal.gdc.cancer.gov/
*https://www.ncbi.nlm.nih.gov/geo/
“http://www.autophagy.lu/
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Evaluation and Verification of the

Prognostic Signature

We rank the risk scores of all patients (calculated by the
above formula), take the median value, and divide the patients
based on this. Using Kaplan-Meier curve, we distinguished the
survival of the two groups of patients. Based on the receiver
operating characteristic (ROC) curve, we evaluated the prediction
effectiveness of the signature. We also performed univariate
and multivariate Cox regression analysis to assess whether the
risk score was independent of other clinical variables, including
age, sex, and metastasis. Subsequently, according to the clinical
characteristics of patients, subgroup analyses were performed
for individual genes in the autophagy-related prognostic models.
Then, according to the patient’s clinical information and risk,
we used the “rms” package to establish a nomogram for
clinical evaluation. A calibration curve was drawn to evaluate
the agreement between the actual clinical outcome and the
predicted clinical outcome, and the C index was calculated for
the nomogram model. An independent dataset (GSE21257) was
used to testify the reliability of the nomogram model and ARGs
prognostic signature.

Gene Set Enrichment Analysis and
Single Sample GSEA

Gene set enrichment analysis (GSEA) software (version 4.1.0)
was used to evaluate the functional phenotype between the
high-risk group and the low-risk group based on the ARLs
prognostic signature. GO gene sets (go.bp.v7.4.symbols.gmt)
were downloaded from Molecular Signatures Database as
the reference gene set (Subramanian et al., 2005). Nominal
p-value < 0.05 and NES (Normalized Enrichment Score) > 2
were set as the cut-off. ssGSEA was used to evaluate differential
expression of immune cell infiltration and immune-related
functions between the two groups of patients.

Cell Lines and Cell Cultures

The human osteoblast cell line hFOB1.19 and two human
osteosarcoma cell lines (U20S and 143B) were purchased
from the National Collection of Authenticated Cell Cultures
(Shanghai, China). The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) containing 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin/streptomycin
(Thermo Fisher Scientific, United States). The human osteoblast
cell line hFOB 1.19 was cultured at 34°C with 5% CO,, and the
osteosarcoma cell lines were cultured at 37°C with 5% CO; in a
humid atmosphere.

RNA Extraction and

Reverse-Transcription Quantitative PCR

Total RNA of cells was extracted with TRIzol reagent
(Invitrogen, United States), and reverse transcribed into
cDNA with PrimeScript™ RT reagent Kit (Takara, Japan).
Reverse-transcription — quantitative PCR (RT-qPCR) was
performed with SYBR Green qPCR Master Mixes (Thermo
Fisher Scientific, United States). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the normalization control

for IncRNA and mRNA. Primer information is provided in
Supplementary Table 1.

Western Blot

To extract total protein from cells, RIPA lysis buffer (Beyotime,
China) was used. To quantify proteins, a BCA protein
quantification kit (Beyotime, China) was used. Proteins were
separated on SDS-polyacrylamide gel and transferred to a
PVDF membrane (Millipore, United States). The membrane
was blocked with skim milk, incubated with the primary
antibody overnight at 4°C, and incubated with the secondary
antibody for 2 h at room temperature. The antibodies used
in this study were AMBRA1 (1:500, Proteintech, China), MYC
(1:1000, Abcam, United Kingdom), VEGFA (1:1000, Abcam,
United Kingdom), GAPDH (1:5000, Abcam, United Kingdom),
and goat anti-rabbit secondary antibody (1:5000; Abcam,
United Kingdom). The protein bands were quantified using
Image ] software (version 1.8.0), and GADPH was used as the
loading control.

Statistical Analysis

R v4.0.4 and GraphPad Prism v9.2 were used for the statistical
analysis. Student’s ¢-test was used to compare differences between
two groups. Differences were considered to be significant at
p < 0.05if not specified.

RESULTS

Identification of Autophagy-Related

IncRNAs and Signature Establishment

From the TARGET (n = 84) and GTEx (n = 396) RNA sequence
data, 222 ARGs, and 994 IncRNAs were extracted. Based on
the parameters p < 0.05 and logFC > 1, we identified 252
different expressed IncRNAs (DELs). The heatmap and volcano
plot showed DELs (Figures 1A,B). Then, by calculating the
Pearson correlation coefficient between the expression of the
ARGs and IncRNAs, using | R| > 0.4 and p < 0.05 as the
selection criteria, and we obtained 552 ARLs. As shown in the
Venn diagram demonstrated that there were 143 IncRNAs in
the intersection of DELs and ARLs (Figure 1C). After univariate
Cox regression analysis of the 143 IncRNAs, 13 prognostic ARLs
were obtained (Figure 1D). Last, further LASSO Cox regression
analysis determined the prognostic signature, which comprised
six ARLs (Figures 1E,F and Supplementary Table 2).

Evaluation of the ARLs Prognostic
Signature

Survival analysis showed that high-risk patients had the worse
outcomes (Figure 2A). According to the ROC analysis, the
predictive performance of the ARLs signature for 1-, 3-, and 5-
year survival of osteosarcoma patients was excellent, with AUC
values of 0.813, 0.814, and 0.802, respectively (Figure 2B). The
PCA revealed different distribution patterns for the two groups
of patients (Figure 2C). The risk score distribution, survival
status, and six ARLs heat map were obtained (Figures 2D-F).
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(C) Venn diagram. (D) Univariate cox regression showed 13 IncRNAs related to osteosarcoma survival. (E,F) Lasso regression for INncRNAs in univariate cox
regression. Coefficients refers to the risk coefficient corresponding to each gene.

The univariate Cox and multivariate Cox analyses showed that
metastasis and risk score were significantly correlated with
overall survival (Figures 2G,H). The risk score of patients with
metastasis tended to be higher (Supplementary Figure 1C),
although the difference was not significant (p = 0.071). In

the Kaplan-Meier curves for single genes, the expression of
AL391121.1 and UNC5B.AS1 was negatively correlated with
prognosis of osteosarcoma patients, whereas the expression
of AC090559.1, and ILIORB.DT was positively correlated
(Figures 2I-N).
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rate. (C) PCA based on the autophagy-related long noncoding RNAs (IncRNAs) signature. (D) Heatmap of the six key INcRNAs expressed between the high and low
risk group. (E,F) Risk score analysis of the signature. (G,H) Univariate and multivariate cox analysis. (I-N) Kaplan-Meier survival curves for the six prognostic
INcRNAs in TARGET dataset.

Gene Set Enrichment Analysis and

Immune Score Analysis

The GSEA revealed that immune-related biological processes
were significantly enriched in the low-risk group, including the
T cell receptor-signaling pathway, integrin mediated-signaling

pathway, and response to interferon gamma (Figure 3A). This
result suggested that activation of immunomodulatory functions
in the low-risk group led to a better prognosis. On the basis of
ssGSEA, the correlations between the risk score and immune cells
and immune-related functions were determined, and as shown in
the boxplots in Figures 3B,C, there were significant differences
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between low-risk and high-risk groups for B cells, CD8" T cells,
TIL, Treg, immune checkpoint, regulation of inflammation, and
T cell co-inhibition.

Differentially Expression of ARGs and

Functional Analysis

Thirty DE-ARGs were detected, of which 12 were up-
regulated and 18 were down-regulated. The DE-ARGs between
osteosarcoma and healthy tissues are shown in a heat map, and
volcano plot in Figures 4A,B. The expression levels of the 30
DE-ARGs between the two groups were displayed with box plots
(Figure 4C). The PPI network illustrated the relations between
the DE-ARGs (Figure 4D).

To elucidate the underlying mechanisms of the DE-
ARGs, functional and pathway enrichment analyses were
used. In biological processes, the DE-ARGs primarily
participated in macroautophagy and regulation of autophagy,

and macroautophagy (Figure 4E). In molecular functions,
enriched terms were primarily related to ubiquitin protein
ligase binding, ionotropic glutamate receptor activity, and
protein serine/threonine kinase activity (Figure 4F). In
cellular components, enriched terms were primarily related
to autophagosome, inclusion body, and vacuolar membrane
(Figure 4G). KEGG analysis revealed that the DE-ARGs were
mainly enriched in autophagy-animal pathways (Figure 4H).

Establishment of ARGs Prognostic

Signature

Using univariate Cox regression analysis for the 222 ARGs,
we identified 12 prognostic ARGs (Figure 5A). To construct
the signature, LASSO Cox regression analysis was performed
to these 12 ARGs, from which seven genes were selected
(Figures 5B,C). At last, we used multivariate Cox regression
analysis to build a ARGs prognostic signature, and three genes
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FIGURE 4 | Differentially expressed autophagy-related genes (ARGs) and functional enrichment. (A) Heatmap of the differentially expression ARGs. (B) Volcano plot.
(C) The expression patterns of 30 ARGs in osteosarcoma and normal samples. The X-axis represents the differentially expressed ARGs and the Y-axis represents
their gene expression levels (FPKM). (D) Protein-protein interaction network of the ARGs. (E-G) Functional enrichment of the 30 ARGs including biological process,
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and their risk coeflicients were identified: AMBRA1, MYC, and
VEGFA (Supplementary Table 3).

Evaluation of the ARGs Prognostic

Signature

We performed survival analysis to evaluate the signature.
The Kaplan-Meier curve revealed that high-risk patients were
accompanied by poor prognosis (Figure 6A). The ROC curve
showed the prediction capability of the ARGs prognostic
signature for 1-, 3- and 5-year survival rates in the TARGET
cohort. The curve (AUC) was 0.791, 0.797, and 0.812, respectively
(Figure 6B). Principal component analysis (PCA) showed the
different distribution patterns for the two groups of patients
(Figure 6C). The heatmap shows the expression profiles of these
key genes (Figure 6D). The dot plot shows the distribution
of individual patients (Figures 6E,F). In order to understand
the role of these three prognostic genes in osteosarcoma,
and Kaplan-Meier curve was drawn for them. AMBRAI is

significantly associated to the survival of osteosarcoma and plays
a protective role (Figures 6G-I).

Clinical Relevance of the ARGs

Prognostic Signature

The univariate and multivariate Cox regression analysis results
revealed that the signature and tumor metastasis were two
independent prognostic factors (Figures 7A,B). The relationship
between the three key genes and clinical characteristics was
displayed with box plot, it shows that in the low-risk patients,
and the expression level of AMBRAL is highly (Figure 7C).
However, the opposite trend was found for the expression of
MYC and VEGFR (Figures 7D,E). It is worth noting that only
MYC was associated with metastasis, and that it was highly
expressed in patients of the metastatic group (Figure 7D).
And we attempted to determine whether the metastatic status
was associated with the risk score, calculated based on the
autophagy related genes prognostic signature (ARGs signature).
The results revealed that osteosarcoma patients with metastasis
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(Supplementary Figure 1A) had higher risk scores, and it
has been verified in the GSE21257 data set (Supplementary
Figure 1B). By multivariate Cox regression, we built a nomogram
model that contains indicators such as gender, age, metastasis,
and risk (Figure 7F). The calibration curve shows that the
nomogram has high prediction accuracy in the 3 and 5 years
outcomes (Figure 7G and Supplementary Figure 1C), and it also
shows good osteosarcoma prediction accuracy in the validation
cohort (Supplementary Figures 1D,E).

Verification of the ARGs Signature in

Dataset GSE21257

We verified the results in the GSE21257 dataset using the same
risk coefficient. Consistent with the results from the TARGET

database, in comparison between the two groups, and the high-
risk patients tend to have poorer outcomes (Figure 8A). As
shown by the ROC curve, the 1, 3, and 5-year AUC of the survival
rate was 0.699, 0.741, and 0.714, respectively in the GSE21257
cohort (Figure 8B). Similarly, based on the risk coefficient of
three key genes, we conducted PCA (Figure 8C). The heatmap
shows the expression profile of ARGs in the GSE21257 dataset
(Figure 8D), and the dot plot shows the distribution of prognostic
indicators and the survival status of different groups of patients
(Figures 8E,F). Based on these results, we confirmed that the
prognosis of osteosarcoma patients can be reliable predicted
by the ARGs signature. Moreover, the box plot shows that the
relationship between the key genes and clinical information is
consistent with the results obtained from the TARGET dataset
(Figures 8G-I).
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Correlation Between the Expression
Levels of Autophagy-Related Prognostic

Markers

To better understand the correlations among the ARLs and
ARGs, we applied the Pearson correlation analysis. We found that
the expression of IncRNA AC090559.1 is positively correlated
with the expression of ILIORB.DT and negatively associated with
MYC expression. The results shown in Figure 9.

Verification the Expression Level of
Autophagy-Related Markers

In order to verify the expression levels of autophagy-related
prognostic markers, we examined the expression levels of the
three ARGs and the six ARLs in the osteoblast cell line hFOB and
two osteosarcoma cell lines (U20S and 143B) by using qRT-PCR
and Western blotting analysis. Our results showed that compared
with osteoblasts, AMBRA1 was down-regulated in U20S and
143B, and while MYC and VEGFA were up-regulated in
osteosarcoma cells (Figures 10A,B). For IncRNAs, AC090559.1,
AL391121.1, UNC5B.AS1, and OLMALINC were significantly
up-regulated in 143B and U20S cell lines, while ILIORB.DT and
AC083843.3 was down-regulated (Figures 10C,D).

DISCUSSION

Osteosarcoma is a common primary malignant bone tumor,
and it remains a disease with high mortality rates in children
and adolescents (Jo and Fletcher, 2014). Over the past 40 years,
progress in the treatment of osteosarcoma has plateaued
(Ballatori and Hinds, 2016), and innovative and effective
strategies to overcome the current limitations are urgently
needed. Autophagy is associated with the progression of
osteosarcoma and may be related to the emergence of drug
resistance during treatment (Niu et al., 2019). However, most
studies examine the correlation between a single ARG and
osteosarcoma (Liu et al., 2017; Livingston et al,, 2018; Zhao
et al., 2018), and the characteristics of ARGs in patients with
osteosarcoma and their correlation with overall survival have not
been systematically evaluated.

Because some IncRNAs can regulate tumor progression and
metastasis by targeting ARGs, they can be used as prognostic
biomarkers of cancer (Chen et al., 2017; Huang et al., 2018).
In the analysis of public RNA sequence data in this study,
13 prognostic ARLs were identified. LASSO Cox regression
analysis indicated that six ARLs (AC090559.1, IL10RB.DT,
AL391121.1, AC083843.3, UNC5B.ASI, and OLMALINC) were
good candidates to be prognostic markers. As shown in
the autophagy-related IncRNA model, high-risk patients had
significantly poorer outcomes than those of low-risk patients. The
prognostic signature based on the six ARLs was also independent
of other clinical characteristics. GSEA functional enrichment
analysis showed that the low-risk group was enriched in some
pathways related to autophagy and immune regulation, which
indicated that immunomodulation was related to an improved
prognosis. We also discussed the immune-related characteristics.

In general, the degree of immune cell infiltration decreased
significantly in the high-risk patients, and immune-related
functions, including regulation of checkpoint, inflammation,
and T cell co-inhibition, were also down-regulated significantly.
These results indicate that high-risk patients have systemic
immunosuppression, which may affect their prognosis. Thus,
the six prognostic ARLs could accurately predict the overall
survival in osteosarcoma. Notably, Wu et al. (2021) recently
constructed an autophagy-related IncRNA signature, which also
includes AC090559.1, that can predict the prognosis of lung
adenocarcinoma. The ARLs IL10RB-DT and AL391121.1 are
associated with the prognosis of clear cell renal cell carcinoma
(Jiang et al., 2020; Yang et al., 2021), and compared with normal
human renal cell lines, ILLORB-DT is highly expressed in renal
cancer cell lines (Jiang et al, 2020). The ARL UNC5B.ASI is
highly expressed in a variety of tumors (Wang Y. et al., 2019;
Tan J.J. et al., 2020; Tan S.F. et al, 2020; Wang et al., 2020),
and is important in tumor proliferation and progression. In
addition, In addition, Tan S.F. et al. (2020), showed that UNC5B-
AS1 promotes the malignant progression of prostate cancer by
competing with caspase-9, and caspase-9 is closely related to
autophagy (An et al., 2020). In this study, UNC5B.AS1 was
significantly up-regulated in osteosarcoma cell lines, compared
with osteoblasts. Thus, UNC5B-AS1 also appears to be important
in osteosarcoma, possibly via its association with autophagy. In
this study, OLMALINC expression was also significantly higher
in osteosarcoma cell lines. The role of OLMALINC in tumors
has not been reported, but the results in this study indicate that
further study of its functions is warranted.

Autophagy is an intracellular metabolic process that relies on
the lysosomal degradation of cytoplasmic proteins, organelles,
and pathogens (Kim and Lee, 2014). It is important to the
dynamic balance of cells, tissues, and organisms, and is mediated
by evolutionarily conserved ARGs (Levine and Kroemer, 2019).
In cancer, autophagy may be inhibitory or stimulatory, depending
on the type, stage, or genetic background of the disease. In
this study, 30 DE-ARGs were identified between osteosarcoma
and healthy tissues. Functional enrichment analysis of the DE-
ARGs revealed that GO terms or signal pathways related to
autophagy were enriched in osteosarcoma tissue. Univariate Cox
regression analysis was used to identify 12 prognostic ARGs,
and then, LASSO Cox regression analysis was used to identify
the seven genes that were the best candidates. Last, multivariate
regression analysis was used to complete the prognostic signature
composed of three ARGs (AMBRA1, MYC, and VEGFA). Based
on the risk coefficients, risk scores were obtained, and the
patients were grouped. Survival analysis showed that high-risk
patients evolved with poor prognosis. In addition, univariate and
multivariate Cox regression analyses indicated that the signature
and tumor metastasis were two independent prognostic factors.
More importantly, the independent data set GSE21257 was used
to validate the ARGs prognostic signature.

Currently, the most widely studied nuclear oncogene is MYC
(Dang, 2012). Chen D. et al. (2018) revealed that MYC expression
level increases significantly in samples of a metastatic group,
compared with that in a non-metastatic group, and indicating
that increased expression of MYC may be related to osteosarcoma
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metastasis. In addition, the expression of MYC in osteosarcoma
samples is inversely proportional to survival time (Chen D.
et al,, 2018). These results are consistent with those in this
study. Vascular endothelial growth factor-A (VEGFA, also known
as VEGF) is a highly specific pro-vascular endothelial cell
growth factor that is overexpressed in most human tumors,
and its expression is related to tumor aggressiveness, increased

blood vessel density, metastasis, tumor recurrence, and poor
prognosis (Claesson-Welsh and Welsh, 2013; Ferrara and
Adamis, 2016). Wu et al. (2019) found that VEGF is highly
expressed in osteosarcoma tissues and that high VEGF expression
is significantly correlated with low overall survival rate. AMBRA1
is an autophagy regulatory protein, and Cecconi et al. (Fimia
etal., 2007; Nazio et al., 2013; Cianfanelli et al., 2015) showed that
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it may be associated with cell proliferation, tumorigenesis, and
neurodevelopment. In this study, AMBRA1 was closely related to
the prognosis of osteosarcoma. However, its specific mechanism
of action in osteosarcoma has not been reported. Therefore, how
AMBRAI may be involved in the pathology of osteosarcoma
requires additional investigation.

A variety of autophagy-related prognostic models have been
established. For example, Qiu et al. (2020) analyzed the RNA-
seq data of 375 hepatocellular carcinoma patients from TCGA
and obtained a four-gene signature that has predictive prognosis
value. Wang S.S. et al. (2019) also proposed a four-gene
prognostic marker as a potential survival prediction marker for
bladder cancer patients. However, the results of those studies
have not been verified in experiments. In this study, the TARGET
tumor data set and the normal tissue GTEx data set were
combined to establish a prognostic model of autophagy-related
markers in osteosarcoma for the first time. The model was
verified using an independent database, and its reliability was
demonstrated in an experiment. Although a prognostic model
was successfully developed with the approach used in this study,
there were also some limitations. First, the number of healthy
(n = 396) and osteosarcoma (n = 84) tissue samples was very
different in the respective publicly available GTEx and TARGET
databases, and which might distort the results. Thus, additional
tumor samples need to be analyzed in the future. Second, because
of the lack of IncRNA expression data, autophagy-related IncRNA
models could not be verified in external data sets.

In summary, our research has shown that prognostic
signatures comprising ARGs and ARLs can exactly predict the
osteosarcoma overall survival. Moreover, our work highlights
the importance of autophagy-related markers in osteosarcoma,
and proposes the exploration of ARGs or ARLs as prospective
biomarkers in osteosarcoma therapy.
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Gorham-Stout disease (GSD) is a very rare syndrome displaying excessive bone erosion
and vascular lesion. Due to the rarity of the disease and to the limited studies, its
etiopathogenesis is not entirely known. The involvement of immune system in the
progressive osteolysis was recently suggested. Indeed, extensive reciprocal interactions
between the immune and skeletal systems have been demonstrated. This study aimed
to evaluate alterations of immune cells in GSD. An increase of CD8+ cells and reduction
of CD4+4 and CD4+CD25+CD127'°" cells was revealed in patients. Interestingly,
patients’ regulatory T cells maintain the ability to respond to extracellular stimuli and
to regulate osteoclastogenesis; GSD cells proliferate under aCD3/CD28 signal reaching
similar levels to those observed in control culture and exert their immunomodulatory
activity on effector T cells. GSD Treg cells preserved their inhibitory effects on the
osteoclastogenesis. These results suggest that stimulation of Treg cells could open the
way for the identification and testing of new therapeutic approaches for patients affected
by GSD.

Keywords: diseases and disorders of/related to bone, osteoclasts, osteoimmunology, regulatory T cells, Gorham-
Stout disease

INTRODUCTION

Gorham-Stout disease (GSD) or the so-called vanishing bone syndrome is a very rare disorder
characterized by extensive bone resorption and vascular lesion. It was described for the first time
in 1838 by Jackson who reported complete osteolysis of the humerus in a 12-year-old boy (Jackson,
1838). Fewer than 300 cases have been so far reported in the literature. GSD does not display a
clear sex bias (1.6:1 male-to-female ratio) or inheritance pattern and can present at any age (age
range is from 7 months to 80 years) (Patel, 2005; Dellinger et al., 2013, 2014; Hu et al.,, 2013;
Nikolaou et al., 2014).

The disease may affect the appendicular or the axial skeleton (Patel, 2005; Dellinger et al.,
2014). Nevertheless, Hu et al. (2013) recently reported a case series, in which the femur
was the predominant affected bone. Radiologically, initial X-rays reveal changes resembling
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patchy osteoporosis (Nikolaou et al., 2014). At later stage bone
deformity is observed with bone mass loss and concentric
shrinkage in the long bones of upper and lower extremities.
Eventually, a complete resorption of the bone occurs, resulting
in the appearance of the so-called “vanishing bone” disease
(Nikolaou et al., 2014). The most common symptoms of GSD
are pain, swelling, weakness and functional impairment of
affected regions. Moreover, approximately 25% of GSD patients
develop chylothorax, which can result in respiratory distress
and failure. Additionally, involvement of the vertebrae can
cause severe neurological defects, deformity, paralysis and death
(Dellinger et al., 2014).

The diagnosis of GSD is challenging and it is usually
performed by exclusion criteria (Dellinger et al., 2013, 2014;
Nikolaou et al., 2014). For the diagnosis, several investigations
are used (radiographs, bone scan, and computed tomography),
but the diagnosis must histologically confirmed revealing local
bone progressive resorption, angiomatous tissue and absence of
cellular atypia (Patel, 2005; Tolis et al., 2016).

Due to the rarity of the disease and to the limited studies,
the etiopathogenesis is not entirely known. Indeed, preliminary
studies by Prof. Lorenzo’s group suggested genetic imbalance in
patients (Dellinger et al., 2013), but the pathways involved in
the excessive bone erosion must be still identified. Nevertheless,
the involvement of endothelial cells, osteoclasts, osteoblasts,
and osteocytes has been suggested. Indeed, in GSD patients,
increased serum levels of VEGF-A and -C have been found
possibly stimulating lymphangiogenesis and osteoclastogenesis
(Hagendoorn et al., 2014). Devlin et al. (1996) showed that
patient serum can induce osteoclast formation in an IL-6-
dependent manner. Recently, we demonstrated that Peripheral
Blood Mononuclear Cells (PBMC) isolated from GSD patients
showed increased ability to differentiate into osteoclasts with
enhanced bone resorbing ability (Rossi et al., 2020). Moreover,
we revealed defective osteoblast mineralization in patients (Rossi
et al., 2020). Indeed, a remarkable aspect of GSD is the absence
of bone formation activity by osteoblasts along surfaces of
remaining bone fragments in sections of affected tissues (Dickson
et al.,, 1990; Dellinger et al., 2014).

The involvement of immune system in the progressive
osteolysis was recently suggested (Terashima and Takayanagi,
2018). It has been demonstrated that regulatory T cells
(CD4+CD251CD127/°"FoxP3*) are able to suppress the
osteoclastogenesis while regulating osteoblast differentiation and
activity (Zaiss et al., 2007; Del Fattore et al., 2010; Liu et al., 2011;
Terashima and Takayanagi, 2018).

This study aimed to evaluate whether Treg could play an
important role in the bone remodeling alterations leading to a
complete bone loss in GSD patients.

MATERIALS AND METHODS

Patients

Ten patients were recruited by the Rare Diseases and Medical
Genetics Unit of Bambino Gesut Children’s Hospital (OPBG).
The description of nine patients was previously reported (Rossi

et al,, 2021). A 12 years old female patient with swelling of the
frontal bone, osteolysis of frontal and parietal bone, vertebrae
and left scapula has been recently recruited for this study
(Supplementary Table 1). Informed consent was obtained by
parents/legal guardian. The study was approved by OPBG ethical
committee (Protocol number: GR-2019-12370244, 01/02/2021).
The diagnosis of GSD was based on radiological assessment and
bone histology. Healthy Donor (HD) subjects were matched for
age and gender and tested for C-Reactive Protein and Erythrocyte
Sedimentation Rate to exclude inflammatory status.

ELISA Assay

Peripheral blood samples from 7 patients and 21 HD were
centrifuged 1,000 g x 10 min at room temperature and serum was
collected and stored at —-80°C. Levels of TGFp1 (Transforming
Growth Factor-p1; R&D Systems, Minneapolis, United States),
IL-4 (Interleukin 4; R&D Systems, Minneapolis, United States),
IL-6 (R&D Systems, Minneapolis, United States), and IL-10
(R&D Systems, Minneapolis, United States) were measured by
ELISA Kkits, according to the manufacturers’ instructions.

Peripheral Blood Mononuclear Cells

Isolation

Peripheral Blood Mononuclear Cells from 6 patients and 14
HD were prepared from peripheral blood layered over Ficoll
1.077 g/ml (PANCOLL, PAN Biotec, Germany) and centrifuged
at 400 g for 30 min. “Buffy coat” was collected and washed
twice with Phosphate Buffered Saline (PBS, Euroclone, Milano,
Italy). Cells were resuspended in Dulbecco’s Modified Essential
Medium (DMEM, Euroclone, Milano, Italy) containing 50 U/ml
penicillin, 50 mg/ml streptomycin, 2 mM L-glutamine, and 10%
FBS (Fetal Bovine Serum).

Flow Cytometry Analysis

PBMC isolated from five patients and eight HD were incubated
in the dark for 20 min at 4°C with directly conjugated
monoclonal antibodies, purchased from BD Biosciences,
directed against the following human surface molecules: CD3
(1:40 Alexa Fluor 700-conjugated; clone UCHT1), CD4 (1:5
PerCP-Cy 5.5 conjugated; clone L200), CD8 (1:90 APC-Cy7
conjugated; clone SK1), CD25 (1:5 PE-conjugated; clone 2A3)
and CD127 (1:5 Alexa Fluor 647 conjugated; clone 40131.111).
After labeling, cells were washed in PBS and analyzed with
BD LSRFortessa™ FACS. CD4'/CD25~/CD127'¢" and
CD41/CD25%/CD127'°% cells were considered effector T (Teff)
cells and Treg, respectively (Del Fattore et al, 2015). Flow
cytometry profiles were analyzed using FlowJo software (BD, San
Jose, CA, United States).

Histological/Histomorphometric Analysis

of Bone Biopsies

Bone biopsies from lesions (L5 vertebral body, humerus, left
ilium sacral region) of three pediatric patients and four HD were
fixed in 10% formalin and processed for paraffin embedding with
previous decalcification. For immunohistochemical analysis,
sections were labeled with antibodies against human FoxP3
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(Clone number 236A/E7) (Abcam, Cambridge, United Kingdom)
at 4°C overnight, followed by secondary incubation for 1 h at
room temperature with the corresponding secondary antibody
(Agilent, Santa Clara, CA, United States). Histomorphometric
measurements were carried out on 2-5 micron thick sections,
with an interactive image analysis system (NIS-Elements BR
4.50.00). The Eroded Surface/Bone surface was evaluated
according to the guidelines suggested by the Histomorphometry
Nomenclature Committee of the American Society for Bone
and Mineral Research (ASBMR) (Dempster et al., 2013). In
~2.1 x 10° pm? of the ROI analyzed, FoxP3™ cells in the bone
marrow were counted and data were reported as positive cells per
bone marrow area (mm?2).

Stimulation of Treg Cells

Peripheral Blood Mononuclear Cells (PBMC) were labeled with
0.5 pM Carboxyfluorescein Succinimidyl Ester (CFSE, Thermo
Fischer Scientific, Waltham, MA, United States) according to
manufacturer’s instructions and cultured in RPMI-1640 medium
(Euroclone, Milano, Italy) supplemented with 10% FBS with
or without T-cell stimulation for 5 days. T stimulation was
achieved adding Dynabeads Human T-activator CD3/CD28
beads (Thermo Fischer Scientific, Waltham, MA, United States)
at a ratio of 1:50 (Del Fattore et al, 2015). Five-day non-
adherent cells were resuspended, washed in PBS and analyzed by
fluorescent-activated cell sorting (FACS) analysis.

Osteoclast and Treg Co-culture

Peripheral Blood Mononuclear Cells (PBMC) from three healthy
donors were isolated as previously described and 1 x 10°
cells/cm? were plated on 96-well plates. After 3 h, cell cultures
were rinsed to remove non-adherent cells. Cells were cultured in
DMEM with 10% of FBS and in the presence of 20 ng/ml human
Macrophage Colony-Stimulating Factor (hM-CSE, PeproTech,
United Kingdom) and 30 ng/ml human Receptor Activator
of NF-kB Ligand (hRANKL, PeproTech, United Kingdom) for
3 days. In the next medium changes, in addition to 50 wl of
DMEM supplemented with FBS and hM-CSF/hRANKL, 2 x 10*
sorting-purified CD4+/CD25%/CD127!°Y cells (from six HD and
three patients) in 50 wl RPMI-1640 were added per well. As
controls, cells were treated with 50 pul of DMEM supplemented
with FBS and hM-CSF/hRANKIL, added with 50 w1 RPMI-1640.
After 10 days, cells were fixed in 4% paraformaldehyde and
stained for Tartrate Resistant Acid Phosphatase (TRAcP, Sigma-
Aldrich, United States). Osteoclasts were identified as TRAcPT
multinucleated (>3 nuclei) cells. Leica DMi8 microscope and
LasX software were used for cell analysis.

Conditioned Medium Preparation

Peripheral Blood Mononuclear Cells (PBMC) (1 x 10° cells/ml)
from patients and HD were maintained in culture with complete
medium (RPMI-1640, 10% FBS, 50 U/ml penicillin, 50 mg/ml
streptomycin) with or without aCD3/CD28 beads. After 5 days,
medium was collected and beads were removed using a magnet;
supernatants were centrifuged 500 g for 5 min to remove cell
contamination and stored at -80°C.

Osteoclast Precursor Treatment With

Conditioned Media

PBMC cultured for 3 days with 20 ng/ml hM-CSF and 30 ng/ml
hRANKL were treated with (i) complete medium + 20 ng/ml
hM-CSF + 30 ng/ml hRANKIL, (ii) 100% Conditioned Medium
(CM) from 5-day aCD3/CD28 stimulated PBMC of HD + 20
ng/ml hM-CSF + 30 ng/ml hRANKL, (iii) 100% CM from 5-day
aCD3/CD28 stimulated PBMC of patients + 20 ng/ml hM-
CSF + 30 ng/ml hRANKL. After 48 h total RNA was extracted
from treated cells.

Osteoclastogenic Assay With CM

One million/cm? of HD PBMC were seeded in a 96-well culture
plate. After 3 h non-adherent cells were removed and cultures
were maintained under three different conditions: (i) complete
medium + 20 ng/ml hM-CSF + 30 ng/ml hRANKL, (ii)
100% CM from 5-day aCD3/CD28 stimulated PBMC of healthy
donors + 20 ng/ml hM-CSF + 30 ng/ml hRANKIL, (iii) 100%
CM from 5-day aCD3/CD28 stimulated PBMC of patients + 20
ng/ml hM-CSF + 30 ng/ml hRANKL. Medium was changed
every 3 days. After 14 days, cells were stained for TRAcP and
analyzed by microscopy.

Bone Resorption Assay With CM

Three HD-PBMC were differentiated on bovine bone slices (IDS,
PANTEC) for 2 weeks and then treated for 4 days with (i)
complete medium + 20 ng/ml M-CSF + 30 ng/ml RANKL,
(ii) 100% CM from 5-day aCD3/CD28 stimulated PBMC of 3
HD + 20 ng/ml M-CSF + 30 ng/ml RANKL, (iii) 100% CM
from 5-day aCD3/CD28 stimulated PBMC of 3 patients + 20
ng/ml M-CSF + 30 ng/ml RANKL. Then, cells were removed
by prolonged sonication and section were stained with 1%
toluidine blue. Resorption pits were observed by conventional
light microscopy and area was measured by image analysis system
(NIS Elements BR 4.50.00).

Real-Time RT-PCR

Total RNA was extracted using TRI Reagent (Sigma-Aldrich,
United States); one microgram of RNA was reverse transcribed
(SensiFAST cDNA synthesis kit, Bioline, United Kingdom) in
a volume of 20 pl to produce complementary DNA (cDNA)
and 25 ng of ¢cDNA was used for Real-Time PCR reactions
using SensiFAST SYBR Low-ROX kit (Bioline, United Kingdom).
Primer sequences are listed in Table 1.

Statistics
Data were expressed as the mean £ SD of at least
three independent experiments. Statistical analysis was

performed by one-way analysis of variance, followed by
the unpaired Student’s t-test or the Mann-Whitney U test
using GraphPad Prism 5. A p-value < 0.05 was considered
statistically significant.
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TABLE 1 | List of primer pairs and sequence.

Gene Forward primer Reverse primer
DC-STAMP 5'-GGACATGGCTGGGACTGAAA-3' 5 -TGTTCTGCTGTGTTGCTCCA-3’
ATP6VOD2 5'- GGTCTCTCGGTCTTCTTTGC-3 5'-CCTTGGGCCGTTTCACAGAA-3'
CLC7 5'-TGATCTCCACGTTCACCCTGA-3 5-TCTCCGAGTCAAACCTTCC-3'
TCRGT1 5-GGGATCCAGGGTAAGCATCG-3' 5-CCGCTCCCTACACCATCATC-3
MMP9 5'-TTGACAGCGACAAGAAGTGG-3' 5'-GCCATTCACGTCGTCCTTAT-3
CATK 5-TCGGGGATCTCTCTGTACCC-3 5-CCCGCAGTAATGACACCCTT-3'
GAPDH 5-GACAAGCTTCCCGTTCTCAG-3 5'-ACAGTCAGCCGCATCTTCTT-3
RESULTS protocol greatly specifically increases Treg number while

Serum Analysis

Serum analysis of IL-4, IL-6, IL-10, and TGFB1 was performed to
evaluate alteration of cytokines involved in Treg regulation and
activity. As shown in Table 2, high levels of IL-6 and reduction
of TGFP1 (Transforming Growth Factor-f) were revealed in
GSD patients (Table 2). No detectable levels of IL-4 were
measured (data not shown) and no differences of IL-10 values
were observed between GSD patients and age- and sex-matched
HD (Table 2).

Immunomodulatory Activity of GSD Treg
To evaluate alterations of T cells in GSD, PBMC were isolated
from patients and HD and they were analyzed using flow
cytometry. No alteration in CD3 population (Figures 1A,B)
was identified in GSD patients, while an increase in CD8™
subpopulation (Figures 1C,D) and a reduction of CD4™ cells
(Figures 1E,F) were disclosed. In CD4™ cells gate, Treg were
identified by expression of CD25 and low level of CD127. As
shown in Figures 1G,H Treg were 2.2% of total CD4T T cells
in peripheral blood of patients (range 0.6-4.2%) and 6.1% in
HD (range 4.8-7.9%). Therefore, the percentage of Treg was
significantly decreased compared to HD (p = 0.0002), without
difference of Teff [% of CD4TCD25-CD127"" in CD4" gate
(mean £ SD): HD: 52.31 &£ 11.17; GSD: 53.36 & 19.67; p = 0.90].

The reduction of Treg was also confirmed in bone
microenvironment by immunohistochemical analysis of bone
biopsy. Indeed, besides the increased bone erosion (Figure 2A)
histomorphometric measurement revealed about 50% reduction
of FoxP3™ cells in bone marrow of three patients compared to
HD (Figures 2B,C).

Next, we evaluated the proliferation ability of
CD4TCD25+*CD127!°" Treg incubating PBMC with anti-
CD3/anti-CD28-coated microbeads. This polyclonal expansion

TABLE 2 | Serum cytokines involved in Treg regulation and activity.

HD GSD <]
IL-6 (pg/mL) 0.10 £0.05 1.89 + 1.00* 0.001
IL-10 (pg/mL) 1211 +£4.77 4.51+1.89 0.317

TGFB1 (pg/mL) 27,680 + 1,131 22,830 + 2,509" 0.050

Results are expressed as mean + SD. *p < 0.05.

preserving their suppressive capacity (Del Fattore et al.,, 2015).
Indeed, HD and patient CD8" cells and GSD CD4* were not
affected by treatment (Figures 3A,B); the stimulation induced a
slight decrease of HD CD4™ subpopulation (Figure 3B). Anti-
CD3/anti-CD28 (aCD3/CD28) beads induced the proliferation
of Treg (Figures 3C-E); surprisingly, GSD cultures had a
higher proliferation rate compared to HD as shown by FACS
analysis revealing increased CFSE dilution for the multiple
generations (Figure 3D). Moreover, a significant reduction
of CD4TCD25-CDI127M8h (Teff) number was revealed in
stimulated cultures (Figures 3C,F), suggesting that GSD Treg
maintain their immunomodulatory activity.

Inhibition of Osteoclasts by Interaction
With GSD Treg

To evaluate the effects of Treg on osteoclast differentiation, we co-
cultured hRANKL/hM-CSEF-treated PBMC isolated from healthy
donors with Treg cells of GSD patients and HD. A reduction
of about 70-80% of TRAcP-positive multinucleated cells was
observed in cultures of PBMC with Treg (Figures 4A,B); GSD
cells retained their inhibitory activity on osteoclastogenesis
(Figures 4A,B). No differences were revealed in the number
of nuclei/osteoclast [N° nuclei/osteoclast (mean £ SD): PBS:
3.48 + 0.46; HD Treg: 3.06 £+ 0.11; GSD Treg: 3.00 £ 0.01].
To evaluate whether these effects were dependent on the
direct cell-cell contact, we treated HD PBMC with conditioned
medium isolated from aCD3/CD28-stimulated PBMC of healthy
donors and patients. Real Time RT-PCR expression analysis
revealed that the treatment for 48 h with GSD cell conditioned
medium induced a downregulation of the osteoclast fusion gene
DC-STAMP (Dendritic Cell-Specific TrAnsMembrane Protein)
(Figure 5A) in osteoclast precursors, compared to cells treated
with osteoclastogenic medium and with HD cells-derived
conditioned medium, respectively. Conditioned medium from
GSD cells induced a downregulation of ATP6V0D2 (ATPase
H + Transporting VO Subunit A2) (Figure 5B) expression
compared to cells treated with HD cells medium while no
significant differences were observed between PBMC treated with
osteoclastogenic medium and CM (p = 0.08).

No alterations were observed in the expression of genes
involved in the acidification of resorption lacunae including
CLC7 (Chloride Channel Type 7) (Figure 5C) and TCIRGI (T
Cell Immune Regulator 1, ATPase H+ Transporting VO Subunit
A3) (Figure 5D). The treatment with conditioned medium
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FIGURE 1 | Cytometric analysis performed on PBMC isolated from five patients and eight HD. (A) Representative FACS plot for CD3* cells; CD8™* cells are in green,
while CD4* and T reg are marked in purple and blue, respectively. (B) Percentage of CD3™ cells. (C) Representative FACS analysis for CD8" cells in CD3* gate.
(D) Percentage of CD8" cells in CD3* gate. (E) Representative FACS plot for CD4* cells. (F) Percentage of CD4™ cells in CD3* gate. (G) Representative FACS
analysis for CD25+CD127'°% cells in CD4* gate. (H) Percentage of CD25TCD127'9% Treg in CD4™ gate. Results are expressed as mean =+ SD. *p < 0.01;
0 < 0.001.

downregulated the expression of MMP9 (Metalloprotease Type To investigate the mechanisms of inhibition, we evaluated the
IX) and CTSK (Cathepsin K) important for the resorption of effects of conditioned medium on osteoclastogenesis and on bone
bone matrix; CM of cells isolated from patients induced a resorption activity. As shown in Figures 5G,H, ~75% reduction
stronger ability to reduce the expression of these genes compared  of osteoclast formation was observed in cultures treated with
to that derived from HD cells (Figures 5E,F). CM from HD’ cells as revealed by TRAcP staining (Figure 5G)
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and the quantification of multinucleated (>3 nuclei) TRAcP
positive cells (Figure 5H). The conditioned medium from GSD
cultures was about 7.5-fold more effective than that from HD
cells in inhibiting osteoclast differentiation (Figures 5G,H). No
alteration was observed in the number of nuclei per cell (Number
of nuclei/osteoclast; RPMI: 3.53 £ 0.39; HD CM: 3.07 =+ 0.07;
GSD CM: 3.00 £ 0.06) and in the resorption ability (Resorbed
Area/Total Area, %; RPMI: 4.03 4+ 1.02; HD CM: 4.19 + 1.09;
GSD CM: 3.70 £ 1.58).

DISCUSSION

Gorham Stout disease is a very rare disorder characterized by
progressive bone erosion and vascular lesion. In this study
we evaluated for the first time the role of immune cells in
the progressive osteolysis. Indeed, the immune system and
bone are tightly regulated and the term osteoimmunology was
coined by Arron and Choi to describe the association between
osteoclasts and T cells (Arron and Choi, 2000). These cells share
the same hemopoietic origin and, as other hematopoietic cells,
osteoclast precursors can be detected in the peripheral blood.
Moreover, many inflammatory diseases are characterized by
increased bone erosion including Rheumatoid Arthritis and
Periodontal Disease (Sato et al,, 2013). In GSD patients we

observed an increase of bone resorbing activity as shown in
Figure 2A and high levels of CD8™ cells that could be related
to the increase of osteoclastogenesis that we reported in our
previous study (Rossi et al., 2020). Indeed, Kiesel et al. (2009)
showed that murine osteoclasts are able to induce CD8' T
cell proliferation and activation by antigen cross-presentation.
Interestingly, a reduction of CD4™ cells was observed in our
patients. It was proved that osteoclasts are able to interact with
naive CD4" cells and to induce FoxP3™ CD4" T cells in an
antigen-specific manner (Ibanez et al., 2016). Interestingly, in
the bone marrow Tregs localize within 15 pm of the endosteal
surface (Fujisaki et al, 2011). Regulatory T cells can inhibit
bone erosion by the release of inhibitor cytokines or by direct
cell-cell contact (Figure 6). Zaiss et al. (2007) demonstrated
that regulatory CD4TCD25%Foxp3™ T cells suppress osteoclast
formation in a cell contact-dependent manner, and that bone
resorption serum markers inversely correlate with the amount
of circulating Treg. The cell contact inhibition is mediated by
T lymphocyte-associated antigen 4 (CTLA4) that directly binds
to CD80/CD86 on osteoclast precursors’ surface inducing cell
apoptosis and inhibiting mature osteoclast formation (Figure 6;
Bozec et al., 2014). Further studies showed that Treg cells
protect from local and systemic bone destruction (Yuan et al.,
2010; Zaiss et al., 2010). In our GSD patients we observed
a reduction of CD4TCD25TCDI127'9% cells in peripheral
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FIGURE 3 | Cytometric analysis performed on PBMC, isolated from three patients and five HD, stimulated or not with aCD3/CD28 beads for 5 days. (A) Percentage
of CD8™ cells and (B) CD4™ cells in CD3* gate. (C) Representative FACS plots of HD and GSD CD4* cells with or without anti-CD3/CD28 (CD4™* cells are marked
in purple, while T reg and Teff are reported in blue and orange, respectively). (D) Representative plots of CFSE* -labeled proliferative Treg (marked in blue) of HD and
GSD patient stimulated or not with aCD3/CD28 beads. (E) Percentage of CD25FCD127'°% Treg in CD4+ gate. (F) Percentage of CD25CD127"9" Teff in CD4+
gate. Results are expressed as mean + SD. *p < 0.05; **p < 0.01; **p < 0.001.

blood and of FoxP3* cells in the bone marrow. Furthermore,
we demonstrated that GSD CD4tCD25tCD127'° Treg
maintain their immunomodulatory activity, as clarified
by their ability to proliferate with aCD3/CD28 treatment

and their immunosuppressive ability against Teff cells.
For the isolation of Treg cells, we used surface markers
CD4/CD25/CD127 since FoxP3 is an intracellular factor and its
analysis requires permeabilization of the cells (Liu et al., 20065
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Del Fattore et al.,, 2015). We evaluated their interplay with
osteoclast precursors and osteoclasts and we established that
patient stimulated Treg are able to inhibit osteoclastogenesis by
co-culture experiments and treatment with conditioned medium.

In the interplay between bone and immune system cytokines
and secreted factors play a crucial role. Factors with regulatory
properties in inflammatory responses, such as TGFB1, IL-4 and
IL-10, also negatively regulate osteoclast formation and bone
resorption. Since it was demonstrated that interleukin-6 inhibits
regulatory T cells (Lin et al., 2012) and TGF is essential for
signals in safe-guarding specific Treg cell functions (Konkel et al.,
2017), we performed serum analysis that revealed increase of
IL-6, reduction of TGFB1, and no significant alteration for IL-
10. It was also evident that sclerostin promotes the production
of IL-6 and transforming growth factor § in mesenchymal stem
cells, reducing the differentiation of Treg (You et al, 2018).
In our previous paper, we detected high levels of sclerostin
in serum samples from GSD patients that could be correlated
to defective bone formation and Treg alterations (You et al.,
2018). Indeed, You et al. (2018) demonstrated that sclerostin
promotes the differentiation of Th17 cells and reduces the
differentiation of Treg. Concerning the interplay between Treg
and osteoblast lineage, Liu et al. (2011) showed a positive effect on
healing upon administration of combined Treg and bone marrow
mesenchymal stem cells in a calvarial defect model in mice.

Due to rarity of the disease, limited published studies and
incomplete knowledge of the etiology, the GSD lacks effective
therapeutic approaches. Available therapeutic options (anti-
VEGF-A antibody, bisphosphonates, radiation) are not curative
and can be associated with severe side effects (Hagendoorn
et al, 2014). The understanding of the impact of immune
system on bone remodeling alterations observed in GSD patients
could contribute to the identification of new therapeutic options
for this rare disease. Recently, there has been an explosion
in research investigating the potential to manipulate Treg for

clinical purposes (Trzonkowski et al., 2009; Marek-Trzonkowska
et al., 2012; von Boehmer and Daniel, 2013). There are several
phase I clinical trials to test whether boosting Treg numbers
and/or function is a feasible, safe, and potentially effective way
to treat diseases such as graft vs. host disease, type 1 diabetes
and to prevent the rejection of transplanted organs (Trzonkowski
et al., 2009; Marek-Trzonkowska et al., 2012; von Boehmer and
Daniel, 2013). An increase of the number of Treg is achievable
by Treg transfer or treatment with mTOR (mammalian target
of rapamycin) inhibitors (von Boehmer and Daniel, 2013).
Recent studies (Ozeki and Fukao, 2019; Ricci et al., 2019; Liang
et al, 2020) reported that effectiveness of mTOR inhibitor
Sirolimus in the treatment of GSD patients; indeed Sirolimus is
known to inhibit lymphangiogenesis and is thought to act on
lymphatic tissue within lesions regulating production and leakage
of lymph (Ozeki and Fukao, 2019). Sirolimus also stimulates Treg
(Battaglia et al., 2006; Strauss et al., 2009), that according with our
results, could inhibit bone erosion. Further studies are required to
elucidate the effects of Sirolimus treatment on GSD immune and
bone cells. However, these observations strengthen the concept
that targeting the mechanisms involved in the immune system-
bone crosstalk could represent a promising therapeutic approach
for GSD patients.
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in COG4 Causes Saul-Wilson
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and Disrupts Zebrafish Development
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Saul-Wilson syndrome (SWS) is a rare, skeletal dysplasia with progeroid appearance
and primordial dwarfism. It is caused by a heterozygous, dominant variant (p.G516R)
in COG4, a subunit of the conserved oligomeric Golgi (COG) complex involved
in intracellular vesicular transport. Our previous work has shown the intracellular
disturbances caused by this mutation; however, the pathological mechanism of SWS
needs further investigation. We sought to understand the molecular mechanism of
specific aspects of the SWS phenotype by analyzing SWS-derived fibroblasts and
zebrafish embryos expressing this dominant variant. SWS fibroblasts accumulate
glypicans, a group of heparan sulfate proteoglycans (HSPGs) critical for growth and
bone development through multiple signaling pathways. Consistently, we find that
glypicans are increased in zebrafish embryos expressing the COG4P-G516R variant.
These animals show phenotypes consistent with convergent extension (CE) defects
during gastrulation, shortened body length, and malformed jaw cartilage chondrocyte
intercalation at larval stages. Since non-canonical Wnt signaling was shown in zebrafish
to be related to the regulation of these processes by glypican 4, we assessed wnt levels
and found a selective increase of wnt4 transcripts in the presence of COG4P-G516R,
Moreover, overexpression of wnt4 mRBNA phenocopies these developmental defects.
LGK974, an inhibitor of Wnt signaling, corrects the shortened body length at low
concentrations but amplifies it at slightly higher concentrations. WNT4 and the non-
canonical Wnt signaling component phospho-JNK are also elevated in cultured SWS-
derived fibroblasts. Similar results from SWS cell lines and zebrafish point to altered
non-canonical Wnt signaling as one possible mechanism underlying SWS pathology.
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SWS COG4 Disrupts Wnt Signaling

INTRODUCTION

Saul-Wilson syndrome (SWS) is a rare skeletal dysplasia
characterized by profound short stature and distinctive
craniofacial features such as prominent forehead, prominent
eyes, and micrognathia (Saul and Wilson, 1990; Ferreira et al.,
2020). Recently, we defined a specific heterozygous COG4
substitution (p.G516R) as the molecular basis of this rare form
of primordial dwarfism (Ferreira et al., 2018). COG4 is one of
the eight subunits of the conserved oligomeric Golgi (COG)
complex regulating protein trafficking and Golgi homeostasis
(Ungar et al., 2002). Biallelic pathogenic variants in COG4 and
other COG subunits cause multiple human congenital disorders
of glycosylation (CDGs) (D’Souza et al.,, 2020). COG4-CDG
individuals have a very severe, usually lethal, phenotype with
dysmorphia, neurological and intellectual disabilities, and altered
N-glycosylation with an almost total loss of COG4 (Reynders
et al., 2009; Ng et al., 2011). However, SWS subjects show very
different features, since their N-glycans and their intellectual
and neurological features appear normal (Ferreira et al., 2018).
At the cellular level, the COG4P-C51R variant disrupted protein
trafficking by accelerating brefeldin-A (BFA)-induced retrograde
transport and delaying anterograde transport, causing the
collapse of the Golgi stacks. This interrupted bidirectional
trafficking between the ER and the Golgi and altered decorin,
a proteoglycan (Ferreira et al, 2018), indicate that modified
proteoglycans may be involved in the pathogenesis of SWS.
Proteoglycans play critical roles in multiple cell processes at
the cellular, tissue, and organismal levels, and their deficiencies
cause bone and connective tissue disorders (Iozzo and Schaefer,
2015; Paganini et al., 2019). Several proteoglycan deficiencies
have been studied in zebrafish, a powerful vertebrate model
for studying CDGs and skeletal disorders, with some showing
a shortened body axis (Zoeller et al., 2009; Cline et al., 2012;
Lee et al., 2020; Tonelli et al, 2020; Dietrich et al., 2021).
Besides a body axis defect, morpholino-mediated knockdown
of zebrafish decorin (dcn) displayed relatively severe defects in
body curvature associated with a curved or not fully extended
tail (Zoeller et al., 2009). Defects in glypicans, a group of
heparan sulfate proteoglycans (HSPGs), can cause abnormal
skull and skeletal dysplasia in both humans (Simpson-Golabi-
Behmel syndrome: glypican 3, GPC3; Keipert syndrome: glypican
4, GPC4) and zebrafish (Knypek: Gpc4) (LeClair et al., 2009;
Tenorio et al., 2014). Interestingly, studies of knypek (kny/gpc4)
mutant zebrafish demonstrated that Gpc4 deficiency causes
chondrocyte stacking and intercalation defects in Meckel’s
cartilage, which is not seen in dcn morphants or chondroitin
sulfate proteoglycan 4 (cspg4)-deficient zebrafish (Topczewski
et al., 2001; Zoeller et al., 2009; Hu et al., 2012; Lee et al., 2020).
kny adult zebrafish also show craniofacial defects including a
smaller head, domed skull, and shorter jawbones, reminiscent
of some of the clinical features of SWS individuals (Topczewski
etal,, 2001; LeClair et al., 2009). Studies also found that optimized
expression of gpc4 can suppress the defects caused by Wnt11f2
(formerly known as Wnt11/Silberblick; Postlethwait et al., 2019)
deficiency, indicating the role of Gpc4 in the Wnt signaling
pathway, probably as a Wnt coreceptor (LeClair et al., 2009). It is

worth noting that both absence and high expression of gpc4 lead
to the loss of ability to suppress Wnt11f2 deficiency (Topczewski
et al,, 2001). Presumably, abnormalities arise when either these
receptors or ligands are outside the optimal ratio. Taken together,
the similarity between kny mutant zebrafish craniofacial defects
and some of the SWS individuals’ clinical features encouraged us
to use zebrafish as a vertebrate model to explore the underlying
pathological mechanism of SWS.

The zebrafish Cog4 is 72% identical to human COG4, and
the amino acid corresponding to the SWS mutation site is
conserved across multiple vertebrate species.' Zebrafish that lack
the Cog4 protein show phenotypes consistent with the clinical
features of COG4-CDG individuals, including defective synthesis
of N- and O-linked glycans and decreased glycosphingolipid
complexity (Clement et al.,, 2019). SWS individuals show very
different features compared to COG4-CDG individuals, and
SWS cells show accelerated BFA-induced retrograde trafficking
in contrast to COG4-CDG cells. Considering these facts, a
zebrafish model for the SWS-specific variant is highly desired to
investigate phenotypic features and the possible pathogenesis of
this heterozygous mutation in COG4.

In this study, we utilize SWS-derived fibroblasts and
a zebrafish system to test a specific heterozygous COG4
substitution (p.G516R), which is causal for SWS. We assessed
a broader category of proteoglycans and found a consistent
increase of glypican level in SWS-derived fibroblasts and
zebrafish expressing human COG4-C°'®R variant. Further
studies on non-canonical Wnts revealed that the presence of
COG4P-O310R gpecifically elevated the wnt4 transcript, but not
wnt5a, wnt5b, or wntl1f2. Overexpression of wnt4 phenocopies
the COG4P-C>10R zebrafish, and the Wnt inhibitor LGK974
suppresses the defects caused by the expression of COG4P-¢>16R,
These findings suggest that disrupted Wnt signaling is one
possible mechanism underlying the pathogenesis of SWS.

RESULTS

Fibroblasts From SWS Individuals
Accumulate Glypicans on the Cell
Surface

As one of the major components of extracellular matrix (ECM)
and cell membrane proteins, proteoglycans comprise a large,
heterogeneous group including HSPGs and chondroitin sulfate
proteoglycans (CSPGs). Decorin is a predominant proteoglycan
in human skin, covalently linked with one glycosaminoglycan
chain (GAG), which requires normal function of the Golgi for
its posttranslational modification. Our results showing abnormal
decorin modification encouraged us to study other proteoglycans
in SWS cells. As a first step in determining which proteoglycan
may change, we analyzed the core proteins of HSPGs using
an antibody (3G10) against HS-stubs (a heparan sulfate neo-
epitope) that appear only after heparinase III digestion. As shown
in Figure 1A, glypicans, syndecan 1, and syndecan 2 were
the most prevalent cell surface HSPGs in dermal fibroblasts.

! www.uniprot.org
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FIGURE 1 | SWS-derived fibroblasts show altered HSPGs and glypicans after heparinase Ill (H’ase Ill) digestion. (A) Western blotting of AHS-stub using 3G10
antibody following heparinase Il digestion of three SWS-derived fibroblasts and two control fibroblasts. C1 and C2 are control fibroblasts. C1, GM08429; C2,
GM08680. P1.1, P4.1, and P5.1 are SWS-derived fibroblasts. (B) Quantitation assay of glypican band density in (A) and two other replicates. The data are
presented as mean + SEM. An unpaired two-tailed t-test was used. ****p < 0.0001. (C) Agarose gel of six human glypicans after reverse-transcript PCR. (D) gPCR
of three dominant glypicans in SWS-derived fibroblasts. The relative glypican level was normalized to GAPDH. The graphs represent the 22 ACt yalues. Experiments

Compared to syndecans, glypicans showed consistent increases
in all three SWS cell lines with an average twofold elevation
(Figure 1B). We performed qPCR to assess whether transcript
abundance is also altered. There are six glypicans in humans,
and among those, glypicans 1, 4, and 6 are present in multiple
tissues, while glypicans 3 and 5 are restricted to the ovary
and brain. Glypican 2 is specifically expressed in the nervous
system during embryonic development (Thul and Lindskog,
2018; Guo et al, 2020). As seen in Figure 1C, glypicans 1,
4, 5, and 6 were detectable in dermal fibroblasts; however, we
did not observe a significant change in any of their transcript
abundance (Figure 1D). We hypothesize that this increase
of glypicans results from SWS COG4-dependent abnormal
trafficking or turnover, instead of transcriptional regulation.
A similar strategy was applied to study CSPGs. Chondroitinase

ABC was used to digest CSPGs followed by immunoblotting
against the ADi-6S. There was a general decrease of CSPG
core proteins in three out of four SWS-derived cell lines
(Supplementary Figure 1). Considering that glypicans show the
most prominent difference between controls and SWS-derived
cells and the phenotypes of gpc4 mutant zebrafish, we focused on
glypicans in our study.

Expression of Human COG4P-G516R jn

Zebrafish Increases Glypican Proteins

To study the impact of the SWS variant on skeletal development,
we used zebrafish as a vertebrate model. Since SWS is a dominant
disorder, we overexpressed the human SWS allele in developing
zebrafish embryos. Human COG4" T and COG4P-G°1°R mRNAs
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FIGURE 2 | Expression of human COG4P-G5167 in zebrafish increases the protein level of glypicans. (A-C) Expression of human COG4Y T and COG4P-G516R in
zebrafish after mMRNA or DNA injection. (A) The scheme of COG4 constructs for in vitro transcription (top) and DNA injection (bottom). (B) Western blot at 24 hpf to
detect the presence of COG4 after mRNA injection. (C) Western blot at 48 hpf to detect COG4 after DNA injection; heat shock was performed at 24 hpf for 2 h at
38°C. (D-G) Glypican analysis in zebrafish. (D) Western blotting of AHS-stub using 3G10 antibody following heparinase Il digestion of control and embryos injected
with COG4"'T or COG4P-G516F mRNA at 3 dpf. (E) Quantitation assay of glypican band density in (D) and two more replicates. The data are presented as

mean + SEM. An unpaired two-tailed t-test was used. *p < 0.05. (F) mRNA expression of glypican genes by RT-PCR using cDNA from control embryos at 6 hpf.
(G) gPCR analyses of highly expressed glypicans in control and zebrafish embryos injected with human COG4YT or COG4P-G516R mRNA. The relative glypican level
was normalized to B-actin. The graphs represent the 2~ 2 ACt values. One-way ANOVA with Tukey’s multiple comparison tests was applied. ns, not significant;

*p < 0.05. Experiments were performed in triplicates with similar results.

or DNA constructs, as shown in Figure 2A, were injected human COG4 protein (Figures 2B,C). Lacking a zebrafish Cog4
into one-cell-stage embryos. The presence of human COG4 in  antibody makes it impossible to determine the relative expression
zebrafish was confirmed by an antibody specifically recognizing level of COG4P-@>19R; therefore, we include COG4"™T as an
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FIGURE 3 | Expression of human COG4P-G516R impairs zebrafish early development and chondrocyte intercalation. (A,B) Expression of COG4P.G516R in zebrafish
causes gastrulation defects and shortened body axis. (A) Lateral view of representative embryos. Anterior to the top. Compared to the control construct
hsp70l:mCherry and COG4WT, embryos expressing COG4P-G516R show an axis extension defect at 10 hpf. White arrow points to the head region, and the black
arrow points to the tailbud. Expression of COG4P-G516" mRNA causes similar results. (C) Graphs show the measured body length of each group at 3 and 6 dpf. The
data are presented as mean + SD. One-way ANOVA with Tukey’s multiple comparison tests was applied. ****p < 0.0001; ns, not significant. (D) Expression of
COG4P-G516G causes craniofacial abnormalities. Ventral view of representative Meckel's cartilage of zebrafish larvae at 4 dpf after WGA staining and imaged by a
confocal microscope. Dotted circular lines highlight chondrocyte cell shape and their relative configuration with each other. (E) Graphical representation of the
length-to-width ratio of chondrocytes in the region of interest, yellow box in (D). Individual cell length-to-width ratio was measured in three representative Meckel’s
cartilage images of each group. The data are presented as mean + SEM. One-way ANOVA with Tukey’s multiple comparison tests was applied. ****p < 0.0001; ns,
not significant. Experiments were performed in triplicates with similar results.

injected control to ensure comparable expression of COG4?-0>16R

in zebrafish. Both COG4"'T and COG4?-G°1R were expressed at a
very similar level (Figures 2B,C), and no adverse effects were seen
in embryos expressing COG4" T compared to uninjected siblings.

We first checked glypican proteins using the same strategy as
in SWS-derived cells. Interestingly, we found increased glypicans
in embryos expressing COG4?-%>1°R but not COG4"T at 3
dpf (days post-fertilization) (Figures 2D,E), consistent with
the observation in SWS-derived fibroblasts. Zebrafish have 10

glypicans expressed at different developmental stages (Gupta and
Brand, 2013). At 6 hpf (hours post-fertilization), we detected five
glypicans, namely, Gpclb, Gpc2, Gpc4, Gpcba, and Gpc6b, by RT-
PCR (Figure 2F), followed by qPCR to compare their transcript
levels. We found that the gpc2 and gpc4 transcript levels are
elevated in both COG4" T and COG4P-%>1°R embryos compared
to the uninjected control, but there is no significant difference
between COG4" T and COG4P-%1R (Figure 2G). At 10 hpf, the
transcript level of endogenous gpc4 fell to a level comparable to
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d”, there is no clear midline expression). Scale bars: 200 uwm. Experiments were performed in triplicates with similar results.

that of the control, with no distinction between COG4"" and
COG4#-G316R (Figure 2G). The gpc2 mRNA level at 10 hpf was
barely detectable.

Expression of Human COG4P-G516R jp
Zebrafish Shortens Body Length and
Causes Abnormal Chondrocyte Stacking

and Intercalation

We examined zebrafish body length at different stages to
assess the developmental phenotypes caused by COG4P-¢>16R
expression. At the end of gastrulation, embryos expressing the
COG4P-G51R variant exhibit shorter axis extension (Figure 3A),
suggesting an abnormal convergent extension (CE) movement
(Topczewski et al, 2001). Embryos expressing COG4"™T
developed normally (Figure 3A). We tracked these injected
embryos at later stages and found that expression of COG4P-¢>16R

causes a shortened anterior-posterior (AP) body axis (Figure 3B)
by an average of 18% at 3 dpf and 10% at 6 dpf (Figure 3C).

To investigate whether the presence of COG4P-C°16R in
zebrafish impacts chondrocyte development, zebrafish at
4 dpf were stained with wheat germ agglutinin (WGA), a
lectin binding to glycoproteins in cartilage ECM to visualize
chondrocyte morphology. In embryos expressing COG4P-¢>16R,
Meckel’s cartilage was deformed, shown as defects in chondrocyte
stacking and elongation (Figure 3D). Compared to COG4" T
embryos, more rounded chondrocytes were present in Meckel’s
cartilage (Figure 3E). These defects can be observed as late as 7
dpf, as shown by Alcian blue staining (Supplementary Figure 2).
Chondrocyte stacking and intercalation problems further
confirmed that abnormal glypican levels could be one of the
pathogenetic mechanisms involved in SWS. Other phenotypes
seen in COG4P-G°1%R jnjected embryos also include abnormal,
stunted fin, and cyclopia (Supplementary Figures 3A,B).
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Expression of Human COG4P-G516R

Elevates the wnt4 Transcript in Zebrafish
Glypican 4 plays an essential role in gastrulation movements
and contributes to craniofacial morphogenesis probably
through planar cell polarity (PCP)/non-canonical Wnt signaling
(Topczewski et al., 2001; Sisson et al., 2015). Therefore, we
assessed the expression of non-canonical wnts by qPCR and their
spatial-temporal transcription pattern by whole-mount in situ
hybridization. We found that COG4-C°1°R mRNA-injected
embryos contain more wnt4 compared to controls (Figure 4A).
In contrast, no significant changes were detected in a few
other non-canonical wnts, such as wnt5b and wnt11f2. Also,
the upregulation of wnt4 shows a dose-dependent response to
the amount of COG4? ¢>1°R mRNA injected (Supplementary
Figure 4). This elevated transcript level of wnt4 was further
confirmed by whole-mount in situ hybridization (Figure 4B).
At 6 hpf, wnt4 was not detectable in either control or COG4"'T
mRNA-injected embryos, but it was in COG4 C>1R-mRNA
injected embryos. At 10 hpf, wnt4 is confined to the hindbrain
in control and COG4"T embryos, but COG4“>1°R embryos
had both increased and spatially expanded expression of
wnt4. The wntllf2 transcript level did not change, but the
distribution pattern was significantly altered. In uninjected
control and COG4"T embryos, wnt11f2 was restricted to the
dorsal midline. However, its expression pattern is dispersed in
COG4P-G510R embryos. No measurable difference was found for
p-catenin protein, a marker of canonical Wnt signaling between
COG4P-G>10R and controls (Supplementary Figure 6).

Overexpression of Zebrafish wnt4
Causes Shortened Body Length and
Malformed Meckel’s Cartilage

In zebrafish, wnt4 overexpression has been studied at earlier
embryonic stages and was found to inhibit cell movements
without altering cell fates (Ungar et al., 1995; Topczewski et al.,
2001). Thus, we evaluated the phenotypes of wnt4 overexpression
at a later embryonic stage. At 4 dpf, wnt4 mRNA-injected
embryos showed shortened body length in response to the
dosage of wnt4 injected (Figure 5A). Interestingly, we also found
abnormal chondrocyte stacking in Meckel’s cartilage (Figure 5B)
and cyclopia (Figure 5C). These data show that overexpression
of wnt4 phenocopies shortened body length and malformed
chondrocyte intercalation in COG4?-°1R_injected zebrafish.

WNT Inhibitor LGK974 Suppresses the
Defects Caused by COG4P-G516R

Expression

We hypothesize that the increased abundance of wnt4 contributes
to the pathogenetic mechanism for SWS. Therefore, reducing
Wnt4 activity may suppress the developmental defects caused
by the presence of COG4-C°1%R [ ,GK974 is a pharmacological
inhibitor of WNT porcupine O-acyltransferase (PORCN), which
affects palmitoylation and secretion of Wnts. After optimizing the
treatment procedure (Figure 6A), we found that 0.05-0.2 pM
of LGK974 significantly shortened the body length of control
siblings (Supplementary Figure 5) without causing optic cup

morphogenesis and shorter tail induced by high concentrations
of LGK974 (Eckert et al., 2019). A 24-h incubation with low
concentrations (0.05 and 0.1 wM) of LGK974 restored the
shortened body length caused by COG4-G°1R expression at
4 dpf (Figure 6B). Higher concentrations (0.15 and 0.2 pM)
of LGK974 further shortened the body length in COG4P-¢>16R
injected zebrafish, showing that there is a narrow optimal range
for Wnt activity. These data suggest that the imbalance of Wnt
signaling may contribute to SWS pathogenesis. We also examined
the chondrocyte morphology in Meckel’s cartilage and found
that 0.05 and 0.1 pM of LGK974 are sufficient to suppress the
deformed cartilage caused by COG4-G31R expression. Up to
0.1 pM LGK974 does not cause significant defects in control
chondrocytes (Figures 6C,D).

WNT4 Is Elevated at mRNA and Protein
Levels in SWS-Derived Fibroblasts

To assess whether a similar mechanism was at play in human
cells, we assayed the transcript abundance of WNT4 and
other non-canonical WNTs in SWS individuals’ fibroblasts.
Interestingly, both WNT4 transcript and protein levels were
increased in SWS individual fibroblasts (Figures 7A-C). Neither
WNT5a, WNT5b, nor WNTII showed consistent significant
differences in three SWS-derived cell lines (Figure 7A). We
further detected downstream gene expression in the non-
canonical pathway and found increased JNK phosphorylation
(pJNK) in SWS cells compared to controls (Figures 7B,C),
indicating an elevated non-canonical Wnt signaling. We further
examined Wnt signaling markers in zebrafish and found that
p-Racl/cdc42, a marker for non-canonical Wnt pathway, was
elevated in embryos expressing COG4?-%>1°R  but not those of
COG4"™T. A similar increase of p-Racl/cdc42 was also seen
in wnt4 overexpression embryos (Supplementary Figure 6).
B-Catenin, a marker for the canonical Wnt pathway, did not
change (Figure 7B).

DISCUSSION

In this paper, we utilized SWS-derived fibroblasts and zebrafish, a
vertebrate model to study SWS. In SWS-derived cells, the specific
p-G516R amino acid substitution in COG4 selectively affected
proteoglycans instead of global glycosylation. Increased glypicans
were seen in both SWS-derived cells and COG4-G°1R_injected
zebrafish embryos. Glypicans are glycosylphosphatidylinositol-
anchored proteins (GPI-APs) that consist of a conserved core
glycan, phosphatidylinositol, glycan side chains, and a protein
moiety (Kinoshita, 2020). A recent study found that subunits
of the COG complex affect proteoglycan turnover and GAG
chain polymerization (Adusumalli et al., 2021). Studies also
found that glycosylation changes of a cell surface protein could
affect the protein’s half-life (Ohtsubo et al., 2005). Therefore,
the increased glypicans are probably due to impaired protein
trafficking or turnover caused by COG4?-G°1R rather than
changes in glypican transcript abundance. In previous gpc4
zebrafish studies, Topczewski demonstrated that Gpc4 regulates
cellular movements during gastrulation by potentiating Wnt11f2
signaling and chondrocyte behavior independent of core Wnt
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FIGURE 5 | Overexpression of wnt4 phenocopies zebrafish embryos injected
with the COG4P-G516G mRNA. (A) Graphs show the measured body length of
each group after wnt4 mRNA injection at 3 and 7 dpf. The data are presented
as mean £ SD. An unpaired two-tailed t-test was used. ****p < 0.0001;

**p < 0.01; *p < 0.05; ns, not significant. (B) Overexpression of wnt4 causes
abnormal chondrocyte stacking and intercalation at Meckel’s cartilage. Ventral
view of representative Meckel’s cartilage of zebrafish larvae after wnt4
injection at 4 dpf following WGA staining and imaged by a confocal
microscope. (C) Overexpression of wnt4 causes cyclopia as expression of the
COG4P-G516G variant. Dorsal view of representative images of cyclopia
compared to control. Two hundred picograms of wnt4 or COG4P-G516G
mRNA was used per embryo. Experiments were performed in triplicates with
similar results.

pathway molecules (Topczewski et al., 2001; Sisson et al., 2015).
Interestingly, low expression of gpc4 suppressed Wnt11f2 defects,
but high overexpression of gpc4 inhibited the rescue, indicating
a requirement for a fine balance between Gpc4 and Wnt11f2
to ensure normal development. This is also true for COG4
function, since more than twofold accumulation of COG4 leads
to similar protein trafficking defects as seen in COG4-deficient
cells (Reynders et al., 2009). Therefore, COG4"™ T is an essential
control in this zebrafish study to confirm that the expression of
COGH4 is not excessive to impair its normal function.

Multiple studies have shown the role of glypicans in regulating
Whnt signaling. In zebrafish, Gpc4 has been reported as a positive
modulator of non-canonical Wnt signaling during zebrafish

gastrulation (Topczewski et al., 2001). Studies in both Drosophila
and Xenopus found that glypicans can modulate the distribution
of Wnt through binding the palmitoleate on Wnts and thus
contribute to the release of signaling-competent Wnt (Franch-
Marro et al., 2005; Yan et al., 2009; McGough et al., 2020). Among
two groups of glypicans, Dally and Dally-like (Dlp) subfamilies,
only Dlp has this palmitoleate-binding activity, which mainly
includes Gpc4 and Gpc6 (McGough et al., 2020). Studies in chick
embryos demonstrated that Gpc4 in the neural crest enhances
Wnt1/Wnt3a signaling and wnt11 expression on the dorsomedial
lip (Serralbo and Marcelle, 2014). Our data also suggest the role
of glypicans in regulating Wnt signaling. We hypothesize that
the accumulation of glypican(s) could induce the transcriptional
upregulation of wnt4. However, lacking a specific Gpc4 antibody
in zebrafish makes it difficult to confirm whether Gpc4 is the
major player in causing these phenotypes seen in COG4P-G>16R.
injected embryos. Simply overexpressing gpc4 in zebrafish seems
to show no significant defects (LeClair et al., 2009). We speculate
that the abnormalities seen in COG4-G°1%R_injected embryos
are due to disrupted glypican trafficking or turnover rather than
changes in glypican expression. Further studies on how glypican
and Wnt4 crosstalk is yet to be demonstrated. More studies are
ongoing in our lab to further address these questions. Whereas
glypicans are the most impaired proteoglycans caused by the
heterozygous variant in COG4 (p.G516R), we could not rule out
that other proteoglycans may also contribute to the pathogenesis
of SWS. Although knockdown of dcn and cspg4 in zebrafish does
not show chondrocyte intercalation problems, they may cause
a shorter body axis or other types of cartilage malformations
(Zoeller et al., 2009; Lee et al., 2020).

Besides increased glypicans, it is interesting that we also
found an elevated wnt4 transcript in SWS-derived cells and
COG4P-G510R jnjected zebrafish embryos. Studies have shown
that the cell surface receptor could directly regulate WNT4
expression in chondrocytes (Dennis et al., 2020). Therefore,
we hypothesize that the increased WNT4 is probably a
compensatory transcriptional response to increased glypicans.
Wnhts are a group of secreted glycoproteins involved in cell-cell
signaling (Niehrs, 2012; Willert and Nusse, 2012). To date, 22
Wnts have been identified in vertebrates (the Wnt homepage:
http://web.stanford.edu/group/nusselab/cgi-bin/wnt/). Among
those, Wnt4 has shown important roles in embryonic
development, skeletal/bone regeneration, and sex determination
with additional developmental defects in a cell-specific and
tissue-specific manner (Matsui et al., 2005; Bernard and Harley,
2007; Chang et al., 2007; Rao et al., 2019; Yang et al., 2020). Most
importantly, Wnt4 plays a pivotal role in regulating chondrocyte
differentiation. In chick limb studies, Wnt4 expression is found
in joint cells and cartilage, and its misexpression accelerates
maturation of chondrocytes, causing shortened long bones
(Kawakami et al., 1999; Hartmann and Tabin, 2000; Church
et al., 2002). An in vitro study also found that Wnt4 blocks
the initiation of chondrogenesis and accelerates terminal
chondrocyte differentiation (Church et al., 2002). Misexpression
of Zwnt4 (zebrafish wnt4) and Xwnt4 (Xenopus wnt4) in
zebrafish causes shortened trunk and tail (Ungar et al., 1995) and
abnormal chondrocyte intercalation in Meckel’s cartilage (our
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FIGURE 6 | LGK974 treatment suppresses shortened body length and chondrocyte defect caused by of COG4P-G516G expression in zebrafish. (A) Scheme of the
LGK974 treatment procedure. (B) Graphs show the measured body length of each group at 4 dpf. The data are presented as mean + SEM. An unpaired two-tailed
t-test was used. ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant. (C) Ventral view of representative Meckel's cartilage of control and COG4P-G516G injected
embryos with or without LGK974 treatment at 4 dpf following WGA staining and imaged by a confocal microscope. (D) Graphs show the length-to-width ratio of
chondrocytes in Meckel’s cartilage in (C) and two more representative Meckel’s cartilage images of each group. The data are presented as mean + SEM. One-way
ANOVA with Tukey’s multiple comparison tests was applied. ****p < 0.0001; **p < 0.01; ns, not significant. Experiments were performed in two biological
replicates with similar results.

data), confirming Wnt4 is involved in regulation of chondrocyte =~ Most relevant, conditional expression of Wnt4 in mice also
behavior, like gpc4 and wnt5b (Sisson et al, 2015). In mice, causes dwarfism with small skeletons, dome-shaped skulls,
Wnt4 defects led to short-limb dwarfism (Dennis et al., 2020). and small jaws (Lee and Behringer, 2007). Both Wnt4 defects
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components. GM05565 and GM09503 are control fibroblasts. P1.1, P4.1, and P5.1 are SWS-derived fibroblasts. (C) Quantitation assay of WNT4 and pJNK band
density in (B) and the other replicates. The data are presented as mean + SEM. An unpaired two-tailed t-test was used. *p < 0.05.

and overexpression cause dwarfism, indicating Wnt4 functions
within a narrow range for normal development, and bidirectional
disturbance causes developmental abnormalities.

LGK974 is a PORCN inhibitor that blocks PORCN-dependent
palmitoylation and secretion of WNT family ligands (Liu et al.,
2013). Currently, it is being evaluated as an anticancer agent
against a broad range of diseases associated with deviant Wnt
signaling (Liu et al., 2013; Zhang and Lum, 2016). LGK974 has
been used to inhibit canonical and non-canonical signaling in
multiple studies as a WNT modifier (Han et al., 2017; Katoh,
2017; Lutze et al., 2019). In our study, titrating LGK974 allowed
us to regulate the amount of Wnt during development. At
low concentrations, it suppressed and nearly normalized the
shortened body length caused by the presence of COG4P-G>16R,
probably by inhibiting Wnt4 (or other Wnts) palmitoylation
and secretion. This rescue experiment not only supports altered
Wnt signaling as one of the possible pathogenesis mechanisms
contributing to SWS but also suggests a potential therapeutic
strategy for SWS individuals.

In our SWS zebrafish model, the specific heterozygous
dominant variant in COG4 (p.G516R) shows elevated glypicans
and wnt4, along with developmental defects. Compared to

COG4-KO zebrafish (Ferreira et al., 2018; Clement et al., 2019),
it is impressive that the single mutation in COG4 is sufficient
for shortened body length and abnormal chondrocyte stacking.
However, there are still some differences between COG4-KO and
COG4P-G310R zebrafish; for example, the single variant in COG4
does not decrease the overall GAG amount shown in COG4-
KO zebrafish by Alcian blue staining. COG4?-“>1R Jarvae also
show cyclopia and a distinct pectoral fin phenotype compared to
COG4-KO zebrafish.

In summary, using SWS-derived fibroblasts and a zebrafish
model, we demonstrated that the specific dominant variant
COG4P-G516R  cayses the accumulation of GPI-anchored
glypicans, which most likely involves COG4-dependent altered
trafficking or turnover of these proteins. In zebrafish, the
presence of COG4P-G310R also elevates wnt4 transcript and
causes chondrocyte morphogenesis defects, which might explain
the short stature and distinctive craniofacial features in SWS
individuals. WNT4 and non-canonical Wnt signaling component
pJNK are also elevated in cultured SWS-derived fibroblasts. We
further demonstrate that the Wnt inhibitor LGK974 could
suppress the defects caused by COG4P >1%R in zebrafish. These
results from SWS-derived cell lines and zebrafish point to
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altered non-canonical Wnt signaling as one possible mechanism
underlying SWS pathology. How increased COG4P-C>1R Jeads
to elevated WNT4 in SWS cells and zebrafish is still unknown.
Transgenic and CRISPR-knock-in SWS zebrafish lines are under
development to address these issues.

MATERIALS AND METHODS
Cell Cultures

Dermal primary fibroblasts derived from healthy controls
(GM08429, GMO08680, GM03349, GMO05565, and GM09503)
were obtained from Coriell Institute for Medical Research
(Camden, NJ). Each SWS-derived fibroblast line was obtained by
the referring clinician and grown via a clinical laboratory service
and then sent to us with consent through an approved IRB.
Fibroblasts were cultured in Dulbecco’s Modified Eagle’s
medium (DMEM) containing 1 g/L glucose supplemented with
10% heat-inactivated fetal bovine serum (FBS) and 1% antibiotic—
antimycotic (Life Technologies, Carlsbad, CA, United States).

Zebrafish Husbandry

All zebrafish experiments were performed in accordance with the
protocols approved by SBP IACUC. Zebrafish were maintained
under standard laboratory conditions at 28.5°C. Embryos were
staged according to Kimmel et al. (1995).

Immunoblotting

For glypicans analysis, fibroblasts were treated with 5 mU/ml
heparinase III in a serum-free medium for 1 h at 37°C. Zebrafish
larvae were homogenized and treated with 25 mU heparinase
I in H buffer (20 mM Tris-HCI, pH 7.0, 0.1 mg/ml BSA, and
4 mM CaCl,) for 1.5 h at 37°C. Samples were harvested using
SDS lysis buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, and 10%
glycerol) supplemented with protease and phosphatase inhibitors
(Sigma-Aldrich) as previously described (Ferreira et al., 2018).
For analysis of PCP pathway components, 2 x 10* fibroblast
cells were seeded in six-well plates and harvested after 2 days
using SDS lysis buffer. Equal amounts of denatured proteins
were separated via SDS-polyacrylamide gel electrophoresis
followed by transfer and antibody inoculation as described
previously (Tambe et al., 2019). Antibodies used were A-heparan
sulfate (AMSBIO, F69-3G10), chondroitin 6 sulfate (Millipore,
MAB2035), GAPDH (Invitrogen, MA5-15738), WNT4 (R&D,
MAB4751), mCherry (Rockland, 600-401-P16), COG4 (provided
by Dr. Daniel Ungar, University of York, United Kingdom),
p-catenin (Santa Cruz, sc-7963), JNK (sc-7345), pJNK (sc-
293136), and p-Racl/cdc42 (Cell Signaling, #2461).

mRNA Expression Analysis

Total RNA was extracted from cells or zebrafish embryos
using TRIzol™ (Thermo Fisher, 15596081) reagent according
to the manufacturer protocol. cDNA was synthesized using a
QuantiTect Reverse Transcription Kit (QIAGEN, 205311). qPCR
and data analysis were performed as described previously (Tambe
et al., 2019). Briefly, primer pairs targeting genes of interest
were designed using NCBI Primer-BLAST and available upon

request. QPCRs were performed with the PowerUp SYBR®Green
PCR Master Mix (Thermo Fisher, A25742). The standardized
cycle conditions were applied in Applied Biosystems 7900HT Fast
Real-Time PCR System. SDS2.3 software was used to analyze
expression data of reference genes. The mRNA levels were
normalized to the levels of housekeeping genes, GAPDH for
fibroblasts and B-actin for zebrafish, and 2~ 22t values were
calculated and compared.

Immunofluorescence

Whole-mount immunofluorescence was performed as previously
described (Alexander et al., 1998), using lectin WGA (Vector
Laboratories, FL1021) against the cell membrane. Fluorescence
images were acquired using an LSM 510 confocal microscope
(Zeiss, Germany) with a x 40 water objective. Digital images were
processed with Adobe Creative Suites.

Cloning of Human COG4 and in vitro

mRNA Synthesis

Full-length human COG4 was cloned into the pCS2 4 vector
from plasmid hCOG4-siR-3myc in AAZ6 (a gift from
Professor Vladimir V. Lupashin) using an In-Fusion®
HD Cloning Kit (TaKaRa Bio, 638909) with primers
5'-ATGGGAACCAAGATGGCGGA-3/, 5'-TTACAGGCGCAG
CCTCTTGATAT-3, 5'-ATCAAGAGGCTGCGCCTGTAATCA
AGGCCTCTCGAGCCTCT-3/, and 5-TCCGCCATCTTGGTT
CCCATATTCGAATCGATGGGATCCT-3'. SWS point mutation
of G to A was generated using Q5® Site-Directed Mutagenesis
Kit (NEB, E0554S) with primers 5-CATCCAGCGCa
GGGTGACAAG-3' and 5-TCCTGGAAGGTGGTGGCA-3'.
WT COG4 and SWS COG4 mRNAs (COG4™T and
COG4P-G310R)  yere synthesized using the Invitrogen
mMESSAGE mMACHINE SP6 Transcription Kit (Thermo
Fisher, AM1340) following restriction enzyme NotI digestion
and purified using a MEGAclear™ Transcription Clean-Up Kit
(Thermo Fisher, AM1908). One hundred picograms of mRNA
was injected into each zebrafish embryo unless stated otherwise.
As a complementing strategy, Hsp70l:COG4-P2A-mCherry,
cryaa:dsRED, and SWS COG4 were generated by cloning the
coding sequence for WT COG4 and SWS COG4 downstream of
the Hsp70l promoter in the parent vector hsp70l:-LateSV40pA,
cryaa:dsRED-RabBGpA, and I-Sce vector (a gift from Dr. Joseph
Lancman). I-Scel meganuclease (NEB, R0694) was co-injected
with 20 pg of the constructs per embryo.

Cloning of Full-Length Zebrafish wnt4

and Synthesizing Antisense Probes

Full-length zebrafish wnt4 was cloned from cDNA into the
pCS2 + vector using an In-Fusion® HD Cloning Kit with the
following primers: 5'-CCCATCGATTCGAATATGTCATCG
GAGTATTTGATAAGGT-3/, 5-CTCGAGAGGCCTTGATCA
CCGACACGTGTGCAT-3',  5-TCAAGGCCTCTCGAGCCT
CT-3/, and 5-ATTCGAATCGATGGGATCCTGCA-3'. wnt4
mRNA synthesis and purification were performed as described
above. One hundred picograms of mRNA was injected into each

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2021 | Volume 9 | Article 720688


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Xia et al.

SWS COG4 Disrupts Wnt Signaling

zebrafish embryo unless mentioned otherwise. For antisense
RNA probe synthesis, the full length of wnt4 including 3'-
UTR was cloned into the pGEM-T easy vector (Promega,
A1360) by primers 5-ATGTCATCGGAGTATTTGATAAGG-
3’ and 5'-AGTCTTTGACACAGCATATATTTC-3' from cDNA.
After verifying the insertion direction by sequencing, the
antisense RNA probe was then synthesized with SP6 RNA
polymerase following Apal digestion.

Standard Whole-Mount in situ
Hybridization

Standard whole-mount in situ hybridization was performed as
described previously (Thisse and Thisse, 2008). INT/BCIP (175
pg/ml; Roche) was used as alkaline phosphatase substrates. The
following molecular markers were used: wnt4 and wnt11f2 (a gift
from Dr. Diane Sepich, previously used in Makita et al., 1998;
Marlow et al., 2002).

Wnt Inhibition Assay

LGK974 (Cayman Chemical, No. 14072) was dissolved in DMSO
to make a 10 WM stock. Different concentrations of LGK974 were
added to the control or injected zebrafish groups at 8 hpf for 24 h.
DMSO of 0.01% was used as a vehicle.
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stage. Ventral view of representative Meckel’s cartilage of zebrafish larvae at 7 dpf
after Alcian blue staining, imaged by a light dissecting microscope. Dotted circular
lines highlight cell shape and their relative configuration with each other.
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Expression of COG4P-G516G causes cyclopia in zebrafish. Dorsal view of
representative images of cyclopia compared to control and COG4"T . Two
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embryo. (B) Ventral view of representative zebrafish larvae at 6 dpf after Alcian
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was injected into each embryo, and heat shock was performed at 24 and 46 hpf
for 1 h each at 38°C.

Supplementary Figure 4 | wnt4 upregulation shows a dose-dependent response
to COG4P-G516R mRNA. Bar graphs represent quantitative PCR analyses of wnt4
at 6 hpf after injection of different amounts of COG4P-G516R mRNA. wnt4
expression was normalized to B-actin. ****p < 0.0001; **p < 0.01; ns,

not significant.

Supplementary Figure 5 | Dose-dependent response analysis of the Wnt
inhibitor LGK974 in zebrafish. (A) Body length at 3 dpf after LGK974 treatment.
(B) Representative images after LGK974 treatment at 3 dpf. The data are
presented as mean. ****p < 0.0001.

Supplementary Figure 6 | Expression of COG4P-G516R and wnt4 elevated
non-canonical Wnt signaling in zebrafish. Samples for Western blots were
collected at 6 hpf. The p-Rac1/cdc42 level increased in embryos injected with
COG4P-G516R mRNA, but not with COG4WT mRNA. Similar elevation of
p-Rac1/cdc42 was also seen in wnt4 overexpression embryos.
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! Department of Orthopaedics, Xijing Hospital, Fourth Military Medical University, Xi'an, China, ? School of Basic Medicine,
Fourth Military Medical University, Xi’an, China, ° State Key Laboratory of Cancer Biology, Department of Immunology, Fourth
Military Medical University, Xi’an, China, * Department of Orthopaedics, Tangdu Hospital, Fourth Military Medical University,
Xi’an, China

One contributor to the high mortality of osteosarcoma is its reduced sensitivity to
chemotherapy, but the mechanism involved is unclear. Improving the sensitivity of
osteosarcoma to chemotherapy is urgently needed to improve patient survival. We
found that chemotherapy triggered apoptosis of human osteosarcoma cells in vitro and
in vivo; this was accompanied by increased Sestrin2 expression. Importantly, autophagy
was also enhanced with increased Sestrin2 expression. Based on this observation, we
explored the potential role of Sestrin2 in autophagy of osteosarcoma. We found that
Sestrin2 inhibited osteosarcoma cell apoptosis by promoting autophagy via inhibition
of endoplasmic reticulum stress, and this process is closely related to the PERK-
elF2a-CHOP pathway. In addition, our study showed that low Sestrin2 expression can
effectively reduce autophagy of human osteosarcoma cells after chemotherapy, increase
p-mTOR expression, decrease Bcl-2 expression, promote osteosarcoma cell apoptosis,
and slow down tumour progression in NU/NU mice. Sestrin2 activates autophagy by
inhibiting MTOR via the PERK-elF2a-CHOP pathway and inhibits apoptosis via Bcl-2.
Therefore, our results explain one underlying mechanism of increasing the sensitivity of
osteosarcoma to chemotherapy and suggest that Sestrin2 is a promising gene target.

Keywords: Sestrin2, apoptosis, autophagy, drug resistance, endoplasmic reticulum stress

INTRODUCTION

Neoplasms remain the primary killer worldwide (Burns et al., 2020; Pantziarka et al., 2021).
Osteosarcoma is a highly aggressive tumour occurring in long bones and is one of the most
common primary malignancies in adolescents and young adults (Liu et al., 2020; Pan et al., 2021).
Regardless of improvements in treatment options, including surgery with adjuvant chemotherapy,
the recurrence rate of this malignant disease is still as high as 30-40%, and the 10-year survival

Abbreviations: SESN2, Sestrin2; ER, endoplasmic reticulum; ROS, reactive oxygen species; Cis, cisplatin; Dox, doxorubicin;
Mtx, methotrexate; RIPA, radioimmunoprecipitation assay; TEM, Transmission electron microscopy; CCKS8, Cell
Counting Kit-8.
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rate is as low as 20-30% due to drug-resistant metastasis
(Yen et al,, 2018; Chen J. et al.,, 2019). Therefore, to develop more
effective and comprehensive treatments for clinical application,
it is necessary to identify the underlying mechanisms relating to
the proliferation, drug resistance and recurrence of osteosarcoma
(Gu et al., 2018; Liu et al., 2021).

Autophagy plays a key role in numerous physiological and
pathological processes, such as development and growth, as
well as various diseases, including cancer (Dodson et al., 2013;
Li et al, 2020a,b). Autophagy is considered an intracellular
degradation process that is usually triggered by a variety of
stress factors, such as nutrient deficiency, hypoxia, intracellular
reactive oxygen species (ROS), oxidative stress and chemical
drugs (Huang et al, 2018; Mrakovcic and Frohlich, 2019).
In autophagy, abnormally expressed or folded cytoplasmic
proteins and disrupted organelles are selectively transferred
to lysosomes for degradation (Wang W. et al, 2018; Liu
et al, 2019). Programmed cell death caused by autophagy
plays an important role in various malignant tumours, but
there is considerable controversy about the precise role of
autophagy in tumour occurrence and progression, especially
regarding the regulation of chemoresistance in malignant
tumours. Some studies have suggested that autophagy can
induce programmed death of tumour cells and thus inhibit
tumorigenesis and metastasis (Mrakovcic and Frohlich, 2019).
However, accumulating evidence has indicated that autophagy
may protect cancer cells from further damage by removing
damaged organelles, increasing their metabolism and recycling
misfolded macromolecules. Autophagy is also believed to inhibit
the exposure of cancer cells to accumulated damage and
reduce apoptosis, and enhance the viability of cancer cells,
thereby promoting tumour proliferation, drug resistance and
metastasis (Wang et al., 2019). However, the relationship between
autophagy and apoptosis, and the underlying mechanism of
autophagy in drug resistance of osteosarcoma remains unclear
(Hattori et al., 2021).

The acquisition of drug resistance is a very complex process
mediated by gene mutations, changes in gene expression,
selective splicing, post-translational protein modification, etc
(Aleksakhina et al., 2019; Khan et al., 2021; Patra et al., 2021;
Peixoto da Silva et al, 2021). Sestrins (SESNs) are highly
conserved chaperones that play an important role in cell survival
(Crisol et al., 2018). They are responsible for many cytoprotective
mechanisms, especially under stress conditions (Dai et al., 2018).
The expression of SESNs is upregulated in a wide range of
tumours in response to cell stress and is closely associated
with resistance to chemotherapy (Crisol et al., 2018; Sanchez-
Alvarez et al., 2019). Previous studies have reported that the
SESN family of proteins are considered as emerging targets
for pharmacological intervention (Sanchez-Alvarez et al., 2019).
Importantly, it has been reported that SESNs can regulate
autophagy (Dai et al,, 2018). There are correlations between
the expression and activity of SESNs with unfolded protein
responses from mitochondria and endoplasmic reticulum (ER),
and eIF2AK2/PKR kinase centralised on the phosphorylation
of the elF2ua translation initiation factor (Ye et al, 2015;
Kimball et al., 2016). Endoplasmic reticulum stress-inducing

drugs like bortezomib and nelfinavir resulted in the upregulation
of Sestrin2 (SESN2) along with ER stress markers in breast,
ovarian and cervical adenocarcinoma cancer cell lines (Bruning
et al, 2013). Sestrin2, a member of the SESN family, was
found to be one of the most important cellular stress proteins
and to be involved in tumour progression and cancer cell
invasion (Lear et al, 2019; Zhu et al, 2020). Jia-Hau Yen
et al demonstrated that TIIA-mediated autophagy occurred in a
SESN2-dependent but not Beclin-1-dependent manner in human
osteosarcoma 143B cells, suggesting that SESN2 is a potential
molecular target for cancer therapy (Yen et al, 2018; Jeong
et al., 2019). However, little is known about the role of SESN2-
dependent autophagy in drug resistance of human osteosarcoma.
Studies should focus on determining the role of SESN2 in
osteosarcoma cells with a particular focus on autophagy and its
potential effects on drug resistance, and the underlying molecular
mechanism of chemotherapy-driven SESN2-mediated autophagy
in osteosarcoma also needs to be explored.

In this study, we found that SESN2 expression was upregulated
in osteosarcoma cells during chemotherapy; thus, we further
investigated the effects of SESN2 on the proliferation, apoptosis,
drug resistance of osteosarcoma cells. In addition, we explored
the potential mechanism by which SESN2 promotes drug
resistance in osteosarcoma cells through increased autophagy.
SESN2 activates autophagy and inhibits apoptosis through the
PERK-eIF2a-CHOP pathway and Bcl-2. Our findings provide a
novel therapeutic target for the treatment of osteosarcoma.

MATERIALS AND METHODS

Cell Culture and Reagents

The human osteosarcoma cell lines MG-63, HOS and 143B
from the Cell Bank of Chinese Academy of Medical Sciences
(Shanghai, China) were grown in Eagles Minimum Essential
medium (Gibco, Los Angeles, CA) containing 10% foetal bovine
serum (Gibco) and antibiotics at 37°C under 5% CO,. Cisplatin
(Cis), doxorubicin (Dox), methotrexate (Mtx), ZVAD-FMK,
rapamycin (Rap), and 3-methyladenine (3-MA), 4-Phenylbutyric
acid (4-PBA) were purchased from Sigma Aldrich (St. Louis,
Missouri, United States).

Cell Transfection

MG-63, HOS and 143B cells were seeded into 12-well plates and
incubated at 37°C for 24 h until the cells reached approximately
50-60% confluence. A plasmid carrying the SESN2 gene and
control/SESN2-specific ShRNAs was purchased from Hanbio Co.,
Ltd. (Shanghai, China). Subsequently, the cells were transfected
using a plasmid carrying the SESN2 gene according to the
manufacturer’s instructions. The sequence of shSESN2 was 5'-
GGTCCACGTGAACTTGCTGC-3'. Western blot analysis was
used to detect the protein expression level of SESN2 in
osteosarcoma cell lines subjected to lentiviral transduction.

Cell Viability Assay

Osteosarcoma cells were seeded into 96-well plates. After
incubation for 24 h, cells were treated with cisplatin (Cis,
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20 pmol/L), doxorubicin (Dox, 0.2 pwg/mL) or methotrexate
(Mtx, 50 pmol/L) at the indicated concentrations for 24 h, 48 h,
and 72 h. Cell viability was determined with a Cell Counting
Kit-8 Assay Kit (Beyotime, Shanghai, China) and Caspase-
3 colorimetric assay kit (Solarbio, Beijing, China) was used
according to the manufacturer’s instructions.

Colony Formation Assay

MG-63 and HOS cells in the logarithmic growth phase were
seeded into a 10-cm dish at a density of 200 cells per millilitre.
After treatment with Cis (20 wmol/L) and Dox (0.2 pg/mL) for
2 weeks, cell clones were fixed with 4% paraformaldehyde for
15 min. Subsequently, crystal violet solution was added to stain
the cell clones for 20 min before they were photographed.

Apoptosis Analysis

After osteosarcoma cells were seeded into 6-well plates and
incubated overnight, they were treated with Cis (20 pwmol/L),
Dox (0.2 ig/mL), or Mtx (50 pwmol/L) for 24 h. Apoptotic cells
were determined using an Annexin V-PE Apoptosis Detection
kit (BD, Shanghai, China) by flow cytometry according to the
manufacturer’s instructions.

Western Blot Analysis

Cells  were washed with PBS and lysed in
radioimmunoprecipitation assay (RIPA) buffer, and then a
BCA kit (Thermo Fisher Scientific, Shanghai, China) was
used to determine the protein concentrations. Equal amounts
of proteins were resolved by SDS-PAGE and transferred to
activated PVDF membranes. The membranes were blocked with
5% non-fat dry milk and incubated with primary antibodies
overnight at 4°C. The dilution ratio of primary antibodies
against Sestrin2 (#8487, CST, United States), PARP (#9532, CST,
United States), cleaved PARP (#5625, CST, United States), Beclin-
1 (ab207612, Abcam, United States), LC3 (ab192890, Abcam,
United States), P62 (ab109012, Abcam, United States), mTOR
(ab2732, Abcam, United States), phospho-mTOR (ab131538,
Abcam, United States), Bcl-2 (ab59348, Abcam, United States),
PERK (ab65142, Abcam, United States), phospho-elF2a
(ab131505, Abcam, United States) and CHOP (ab11419, Abcam,
United States) was 1:1000, and that of antibody against GAPDH
(#5174, CST, United States) was 1:2000. After incubation with
HRP-conjugated secondary antibodies (1:3000 dilution) for
40 min at room temperature, the protein bands were visualised
with Amersham Imager 600.

Quantitative Real-Time Polymerase

Chain Reaction

Total RNA was isolated from cells by using TRIzol (Sigma,
Ventura, United States) according to a procedure modified
from a previously described protocol. Quantitative real-time
PCR (qRT-PCR) experiments were performed using SYBR
Green reagents (Takara Bio Inc., Shiga, Japan) with specific
primers. The cycle threshold (Ct) values were collected and
normalised to the level of respective. The AA Ct method was
adopted as our previous study. The primers were listed as

follows: SESN2 (F) 5'- GACCATGGCTACTCGCTGAT -3/,(R)
5- GCT GCC TGG AAC TTC TCA TC -3; GAPDH (F)
5'-CCACAGTCCATGCCATCAC-3/, (R) 5-TCCACCACCCTG
TTGCTGTA-3'.

Immunofluorescence

To detect the formation of autolysosomes, cells were seeded
into 24-well plates at 5 x 10* cells per well. After treatment
with the indicated chemotherapeutic drugs for 24 h, cells were
fixed in 4% paraformaldehyde for 20 min and incubated with a
primary antibody against LC3 (ab192890, Abcam, United States)
at 4°C overnight. The cells were washed with PBS three times
for 3 min each time, followed by incubation with secondary
antibodies for 1 h at room temperature. DAPI was incubated with
cells for 3 min to stain nuclei. The samples were sealed in and
photographed under a fluorescence microscope within 24 h of
antibody treatment.

Measurement of Autophagic Flux

To analyse autophagic flux, HOS cells at a density of 50-70% were
transiently transfected with GFP-RFP-LC3 (Hanbio Co. LTD)
according to the manufacturer’s instructions. They were divided
into groups according to experimental requirements and treated
with chemotherapy drugs or rapamycin (100 nmol/L) for the
corresponding time. The expression levels of GFP and mRFP
were observed by confocal fluorescence microscopy.

Transmission Electron Microscopy
Transmission electron microscopy (TEM) was performed to
monitor autolysosome formation in cells treated with chemical
drugs for 24 h. After the cells were centrifuged at 2000 x g
for 15 min and the supernatant was removed, 1.5 mL of
glutaraldehyde was added immediately and incubated overnight
to fix cells in the pellet. Then, 1% osmium tetroxide was added
and fixed at 4°C for 30 min. Next, a graded series of acetone
was applied to the sample for 10 min per concentration before
1 mL of pure embedding agent was added and left overnight at
room temperature. The cell mass was carefully inserted into the
module at the bottom of the hole, and the embedding medium
hole filling module was continued. When the sample hardened
after 2 h at 60°C, the embedding blocks were sliced at a thickness
of 50~70 nm for follow-up observation.

Intracellular Ca?+ Measurement

The levels of cytosolic Ca>* were detected using Fura-Red-
AM (CAS 149732-62-7, AAT Bioquest, United States). After
treatment with Cis (20 pmol/L) and Dox (0.2 pg/mL) for
24 h, HOS cells were treated and harvested according to the
manufacturer’s instructions. The fluorescence intensities of Fura
Red alone and bound to Ca?* were detected by flow cytometry.

In vivo Subcutaneous Tumour Model

All animal work was carried out following the guidelines of the
Ethics Committee of the Fourth Military Medical University and
was performed according to the institutional guidelines for the
care and use of laboratory animals. NU/NU mice (the Fourth
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Military Medical University, Shaanxi, China) were randomly
assigned and used to investigate the effect of SESN2 on tumour
formation in vivo. A total of 5 x 107 143B cells (sh-NC/sh-
SESN2) suspended in serum-free medium were subcutaneously
implanted into the flanks of mice. Tumour size was measured
every 3 days from day 7 until day 28. The tumours were
removed, weighed at day 28. NU/NU mice were intraperitoneally
injected with chemotherapeutic drugs twice a week. The results
were counted by three pathologists who were blind to the
characteristics of each group. The tumour volume (mm?) was
calculated using the following formula: length x width?/2.

RESULTS

Sestrin2 Expression Is Increased in
Response to Chemotherapy Drugs

To analyse the expression of SESN2 in osteosarcoma cells
after chemotherapy, we detected the expression of SESN2 in
HOS, MG63 and 143B cells treated with Cis (20 pwmol/L), Dox
(0.2 pg/mL) or Mtx (50 pmol/L). These chemotherapeutic agents
significantly increased the expression of SESN2 in all three cell
lines (Figure 1A) at the mRNA and protein level (Figure 1B).
More importantly, the increases in SESN2 expression were time
dependent. We detected SESN2 expression at 24, 48, and 72 h
after treatment and found that it was highest at 24 h, and

there was no significant decrease at 48 and 72 h (Figure 1C).
Therefore, we can conclude that SESN2 expression increases in
a time-dependent manner after chemotherapeutic treatment.

Sestrin2 Reduces the Sensitivity of
Osteosarcoma Cells to
Chemotherapeutic Agents by Inhibiting

Apoptosis to Confer Drug Resistance
To further explore the underlying role of SESN2 in the
drug resistance of osteosarcoma cells, we reduced SESN2
expression via lentivirus transduction with a plasmid containing
shRNA targeting SESN2. And we found that SESN2 expression
was significantly reduced at the protein and mRNA level
after lentivirus transfection (Figures 2A,B). The inhibition of
osteosarcoma cell proliferation upon SESN2 knockdown in cells
treated with chemotherapeutic drugs was measured by the CCK-
8 kit and colony formation assay (Figures 2C,E). Flow cytometry
confirmed that SESN2 knockdown increased the sensitivity of
osteosarcoma cells to chemotherapeutic agents and increased
their apoptosis rates compared with those of the control shRNA-
treated group (Figure 2D). After chemotherapy, the apoptotic
protein caspase 3 was significantly activated in the SESN2-
knockdown group, which was reversed by treatment with the
apoptotic inhibitor ZVAD-FMK (20 pmol/L) (Figure 2F).
Sestrin2-overexpressing osteosarcoma cells were constructed
using a lentiviral plasmid, and the increased expression was
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Cis (20 pmol/L), Dox (0.2 pg/mL), or Mtx (50 wmol/L) for 24 h, SESN2-knockdown and control cells were subjected to western blot to detect the expression of
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bar = 10 um). The data are presented as the mean + SD. *p < 0.05 vs. the Control shRNA group.
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FIGURE 4 | (Continued)

CCK-8 (D) (n = 3), intracellular autophagosomes were observed by TEM (E) (n = 3, scale bar = 2 wm), and intracellular LC3 puncta formation was analysed by
immunofluorescence (F) (n = 3, scale bar = 20 wm). After treatment with Cis (20 wmol/L) or Dox (0.2 pg/mL), autophagosome formation in HOS cells with ectopic
SESNZ2 expression was monitored by immunofluorescence through transfection with RFP-GFP-LC3 lentivirus after upregulating SESN2 (G) (0 = 3, scale

bar = 10 wm). The data are presented as the mean + SD. “p < 0.05 vs. the pHBLV control group.

detected by western blot (Figure 2G). Cell proliferation curves
showed that after chemotherapy treatment, compared to the
control cells, cells in the SESN2 overexpression group proliferated
faster and showed reduced sensitivity to chemotherapy drugs
(Figures 2H,]J). Increased SESN2 expression reduced apoptosis
in MG-63 cells and HOS cells, as indicated by the decrease in
the number of Annexin V-PE-positive cells (Figure 2I). Similarly,
western blot analysis showed that cleaved PARP expression was
lower in the SESN2 overexpression group than in the control
group, suggesting that SESN2 exerts an antiapoptotic effect
(Figure 2K). These results indicate that SESN2 reduces the
sensitivity of osteosarcoma cells to chemotherapeutic agents by
reducing the apoptosis of osteosarcoma cells and thus leads to
drug resistance.

Sestrin2 Reduces the Sensitivity of
Osteosarcoma Cells to Chemotherapies
by Promoting Autophagy

Previous reports have described the relationship between
autophagy and apoptosis. Some studies have shown that
autophagy protects cells under stress conditions, but others
have proposed the opposite view: that autophagy can promote
apoptosis. After treatment with Cis (20 pmol/L) and Dox
(0.2 pg/mL), LC3 expression was significantly decreased in
the SESN2 knockdown group compared to the control group,
whereas P62 expression showed an upward trend. Cleaved
PARP expression, which reflects the level of apoptosis, was
increased upon knockdown of SESN2 (Figure 3A). Cell viability
assays showed that the decrease in the cell proliferation rate
induced by SESN2 knockdown after Cis (20 pmol/L) and Dox
(0.2 pug/mL) treatment was reversed by treatment with the
autophagy inducer rapamycin (100 nmol/L) (Figure 3B). The
flow cytometry results showed that the number of Annexin
V-PE-positive cells was increased by SESN2 knockdown after
treatment with Cis (20 pmol/L) and Dox (0.2 pg/mL); this
effect was reversed by rapamycin (100 nmol/L) (Figure 3C).
Ultrastructural analysis of autophagosomes using TEM also
showed that the number of intracellular autophagosomes
increased significantly after SESN2 knockdown (Figure 3D).
Similarly, autophagy flow was blocked in shRNA-transfected
cells after chemotherapeutic drug treatment compared with
control cells treated with the same drug (Figure 3F). As the
immunofluorescence results show in Figure 3E, we observed
that after chemotherapy treatment, knocking down SESN2
significantly reduced the recruitment of LC3 to the autophagy
membrane even after treatment with rapamycin (100 nmol/L).
These results suggest that SESN2 plays an important role
in the inhibition of apoptosis by regulating autophagy after
chemotherapeutic treatment.

Annexin V-PE staining revealed that the apoptosis of
SESN2-overexpressing osteosarcoma cells treated with Dox
(0.2 pg/mL) and 3-MA (3-methyladenine, 5 mM) was
significantly higher than that in cells treated with Dox
(0.2 pg/mL) alone and was close to the apoptosis of the
control cells (Figure 4A). Western blot analysis showed
that LC3 accumulation was significantly increased in
SESN2-overexpressing cells treated with Cis (20 pmol/L)
and Dox (0.2 ng/mL) (Figure 4B). In addition, we treated
HOS cells transduced with control or SESN2-overexpressing
pHBLV with 3-MA (5 mM) and found that autophagy
enhancement due to SESN2 overexpression was inhibited
by 3-MA (5 mM) (Figure 4C). To investigate the role of
SESN2 in autophagy-mediated apoptosis, we treated SESN2-
overexpressing and control cells with 3-MA (5 mM) and
chemotherapeutic agents and observed that apoptosis of the
SESN2-overexpressing HOS cells was increased and that
the protective effect of SESN2 on osteosarcoma cells was
decreased after 3-MA (5 mM) treatment (Figure 4D). The
submicroscopic structure of autophagosomes was observed
by TEM. The results indicated that the number and size of
autophagosomes in the SESN2 overexpression group were
significantly increased after Dox (0.2 pg/mL) treatment, but
this chemotherapy-induced autophagy was inhibited by 3-MA
(5 mM) (Figure 4E). The same results were confirmed by
immunofluorescence, which showed that the accumulation
of LC3 in HOS cells induced by chemotherapeutic drugs
in the SESN2 overexpression group was inhibited by 3-MA
(5 mM) (Figure 4F). In addition, we observed autophagic flux
through mRFP-GFP-LC3 adenovirus transfection and found
that the SESN2-mediated autophagic flux of HOS cells was
significantly enhanced after treatment with Cis (20 pmol/L)
and Dox (0.2 pg/mL) (Figure 4G). These experimental results
indicate that SESN2-mediated autophagy reduces the sensitivity
of osteosarcoma cells to chemotherapy drugs, leading to the
occurrence of drug resistance.

Sestrin2 Promotes Autophagy and
Inhibits Apoptosis of Osteosarcoma
Cells Through Endoplasmic Reticulum

Stress

We have previously shown that Cis (20 pmol/L), Dox
(0.2 pg/mL), and Mtx (50 pwmol/L) inhibit the growth of
human osteosarcoma cells, but the underlying mechanisms
have not been investigated. In addition, electron microscopy
revealed that these three chemotherapeutic agents induced
osteosarcoma cell vacuolation (Figure 5A). Compared
with cells in the control group, HOS cells in the SESN2
knockdown group were more exposed to expanded cytoplasmic

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2021 | Volume 9 | Article 722960


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tang et al. Autophagy Contributes to Drug Resistance

sestrin2 shRNA

control shRNA

B - Cis Dox
b 3 ] > O sestrin2 shRNA :
U“ H 150007 control ShRNA 6‘
ae E-] | S
A e ¢ L g .
sestrin2 shRNA 5 v\ H i ) g £ ==
3 2 H
K‘A\. \ 2 10000 o l—.—-
- 2 . s . E S
1023 10¢ 10% 1083 1023 10¢ 105 1083 102 104 1% 108 g .O..
Jecn pn s
: o B g —'g'
.;' /\ g | . § 5000
control shRNA ¢ || il i1 3
Fai | . f " 3
b ! ]
b o~ N 3 ¥ ) s T T T
W e W I I A 3 T = =
c - Dox Cis D

Cis Dox -
sestrin2 control sestrin2 control sestrin2 control pHBLV pHBLV pHBLV pHBLV pHBLV pHBLV

shRNA shRNA shRNA shRNA shRNA shRNA control _sestrin2 control_sestrin2 control_sestrin2

p-mTORl e e T e—

|—289 kd p.mTORI -_— - a —_— - *- |—289 kd

mTOR | !_-.-,i—ngkd mTOR I—- —_—

[~289 kd

B2 [ w26 kd Bol2 [ s -— —— |26 kd
PERK | > — — wmmw — |-140kd PERK | =—— — —— — —— — — |=140kd
pelF2a [——= - = —— == —— }-38kd p-elF2a [— — —— |38 kd
o> [ — ]k cvop [ 2710
GAPDH | «ue Qs enw @ e assp|-36 kd  GAPDH | [-36 kd
E Dox - # - He
4-PBA - - + * 30 o sestrin2 ShRNA
- = control ShRNA #o'
: 3 20 -
sestrin2 shRNA g ¥ =
=X §5
§ " g! - o
control shRNA T T T T
Dox - + - +
4PBA - -+ o+
F “‘.- - i — » £ O sestrin2 ShRNA
T T T i T i s
. . . y ? * = control ShRNA
sestrin2 shRNA |~ N ’ 2 -+
3| - | 2 2 - o0
ST |The e | B 2 o0y L
control shRNA |~ - i-‘ L =
R e el e Box -+ - &
Annexin V-PE v 4-PBA - - + *
Dox - + B +
4-PBA . - + +

FIGURE 5 | SESN2 promotes autophagy and inhibits apoptosis through endoplasmic reticulum (ER) stress. After cells were treated with Cis (20 wmol/L), Dox

(0.2 pg/mL), or Mtx (50 pmol/L) for 24 h, ER stress in SESN2-knockdown HOS cells was observed by TEM (A) (n = 3, scale bar = 2 um). After cells were treated
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vacuolation groups after chemotherapeutic treatment. The
expansion of cytoplasmic vacuolation is considered to
be an expanded endoplasmic cavity, indicating increased
endoplasmic stress. To further explain this phenomenon,
we evaluated chemotherapy-treated HOS cells using flow
cytometry. Calcium homeostasis is an important function
of the ER, and calcium dysregulation leads to ER stress. In
this study, Fura-Red-AM was used to indicate cytoplasmic
calcium. The results showed that the cytoplasmic calcium
level was significantly increased in the chemotherapy-treated
HOS cells, and the Ca*' content in the SESN2-knockdown
group was significantly higher than that in the control group
(Figure 5B). We further demonstrated that the ER stress
pathway PERK-elF2a-CHOP was significantly activated
by chemotherapy treatment, and western blot results also
demonstrated that low SESN2 expression led to activation
of PERK-elF2a-CHOP. Moreover, upregulated SESN2
expression decreased the expression of ER stress-related
proteins in osteosarcoma cells treated with chemotherapy
drugs (Figures 5C,D). These interesting findings strongly
suggest that chemotherapeutic agents can induce ER stress
in human osteosarcoma cell lines. To investigate whether
osteosarcoma cells inhibit apoptosis by regulating ER stress
to promote autophagy, we treated osteosarcoma cells with
chemotherapeutic agents and showed that these treated cells
had significant LC3 accumulation compared with that in
cells with SESN2 knockdown, and this gap was reduced by
5mM of 4-phenylbutyric acid (4-PBA) (Sigma Aldrich, St.
Louis, Missouri, United States) (Figure 5E). We then used
flow cytometry to investigate the relationship between ER
stress and apoptosis and found that 4-PBA (5 mM) reduced
chemotherapy-induced apoptosis in osteosarcoma cells with
SESN2 knockdown (Figure 5F).

Mouse Xenograft Models Demonstrate
That Inhibition of Sestrin2 Reduces
Autophagy to Increase Apoptosis and
Thus Increases the Sensitivity of
Osteosarcoma to Chemotherapeutic
Agents

To investigate the relationship between SESN2 and
chemotherapeutic sensitivity and the potential mechanism
in vivo, 143B cells transfected with SESN2 shRNA or control
shRNA were subcutaneously injected into NU/NU nude mice,
and tumour growth was observed periodically. The nude
mice were intraperitoneally injected with chemotherapeutic
agents twice every seven days, starting from day 8 until day
28. And tumour size was measured every 3 days until day
28. We found that SESN2 knockdown significantly slowed
tumour growth in response to chemotherapeutic agents
(Figure 6A); the tumour volume and weight are significantly
decreased in the SESN2 shRNA + Cis group compared with
those in the control shRNA + Cis group (Figures 6B,C).
TUNEL staining showed that SESN2 knockdown induced
more apoptosis in osteosarcoma cells after chemotherapy

treatment compared to that in control cells subjected
to chemotherapy treatment (Figure 6D). We also found
that compared to control cells, SESN2-knockdown cells
exhibited decreased autophagy and activated ER stress in
the presence of chemotherapeutic agents (Figure 6D). These
results also confirm that SESN2 regulates osteosarcoma
cell apoptosis through autophagy, thereby mediating their
drug resistance.

DISCUSSION

Osteosarcoma is a malignant tumour with a very high mortality
rate in adolescents, and available effective treatments are
very limited. Neoadjuvant chemotherapy can prolong the
survival of patients, but the resistance of osteosarcoma to
chemotherapy drugs is still a major problem today (Li and
Ma, 2021; Suetal., 2021). Cis, Dox, and Mtx are the current
routine chemotherapy drugs for osteosarcoma in clinical
practice, and the decreased sensitivity of osteosarcoma to
these drugs leads to the occurrence of drug resistance, which
is the main challenge to improve the overall survival of
patients (Wang Y. et al, 2018; Xiao et al., 2018; Chen R.
et al., 2019). In this paper, the occurrence of drug resistance
in osteosarcoma treated with Cis, Dox, and Mtx aroused our
interest in the potential molecular mechanism. Autophagy
is one of many mechanisms involved in the development
of drug resistance in tumours and is widely considered a
cellular response under stress conditions. However, it has
two sides—autophagy can protect cells from apoptosis caused
by external stress conditions, but excessive autophagy can
induce cell death. In a study of the mechanism of drug
resistance in osteosarcoma, we found that chemotherapy
drug treatment stimulated autophagy to protect cells
and reduce apoptosis, thus leading to drug resistance
(Niu et al., 2019).

Sestrin2 has been identified as a protein that induces
DNA damage and oxidative stress by inhibiting mammalian
targets of rapamycin complex 1 while accelerating autophagy
(Wangetal., 2017; Jeong et al, 2019). It has been reported
that SESN2 can cooperate with P62 to promote autophagy-
driven degradation (Hua et al., 2018). We found an association
between SESN2 and autophagy pathways and observed that
SESN2 inhibited the ER stress signalling pathway PERK-
elF2a-CHOP following treatment with chemotherapy,
thereby upregulating autophagy in osteosarcoma cells,
which was accompanied by a slight decrease in P62.
Consistent with these findings, we provided a schematic
diagram of signalling axis regulation that plays a role in
chemotherapy drugs-induced SESN2-dependent apoptosis in
osteosarcoma cells.

It has been reported that many antineoplastic drugs
activate various mechanisms of cell death and regulate ER
homeostasis by inducing undeveloped protein response (UPR)-
mediated ER stress in cancer cells (Chiu et al, 2015
Cheng et al, 2018). Endoplasmic reticulum homeostasis
is regulated by the maintenance of intracellular calcium
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(20 wmol/L) until they were killed on day 28. Tumour volume was measured on day

balance (Cheng et al, 2018). Depending on the severity
of stress, cancer cells decide to resume protein unfolding
or activate the cell death mechanism through autophagy or
apoptosis. ER stress is a double-edged sword that plays an
important role in regulating the pro-death or pro-survival
signals of solid tumour cells (White-Gilbertson et al.,, 2013).
In this paper, we found that failure to resolve ER stress
activates two interrelated biological processes: autophagy and
apoptosis. Inhibition of endoplasmic reticulum stress in the
presence of chemotherapeutic agents reduced PERK-mediated
phosphorylation of elF2a, thus further inhibiting the activation
of CHOP related transcription factors. On the one hand,
this leaded to the occurrence of autophagy, which degraded
the accumulation of misfolded proteins, played a protective
role in osteosarcoma cells and reduced the apoptosis of
osteosarcoma cells. This process is accompanied by an increase
in mTOR phosphorylation. On the other hand, the inhibition of
endoplasmic reticulum stress accompanied by the increase of Bcl-
2 lead to the inhibition of osteosarcoma cell apoptosis. Therefore,
we found that the mechanism of drug resistance in osteosarcoma
cells is bidirectional.

Consistent with recent data, the present study exerts
synergistic antitumour effects by activating ER stress-
mediated autophagy and apoptosis. Subsequent analysis

showed that chemotherapy treatment of SESN2-knockdown
osteosarcoma cells not only caused intracytoplasmic calcium
accumulation and ER swelling and vacuolisation but also
enhanced PERK-mediated phosphorylation of elF2a (Liu
et al, 2019). Through observation, we found that SESN2
leads to a decrease in p-mTOR protein levels by reducing
CHOP expression, which may be related to chemotherapy-
mediated autophagy. This suggestion was further substantiated
by the data, revealing that autophagy is associated with
dysregulated response to ER stress. The correlation between
the expression of mTOR and SESN2 was determined by
SESN2 knockout. We found that low SESN2 expression led to
upregulation of p-mTOR expression, autophagy inactivation
and downregulation of Bcl-2. We suggest that chemotherapeutic
agents induce autophagy in a SESN2-dependent manner
by downregulating mTOR phosphorylation, which further
promotes the inhibition of chemotherapeutic drug-induced
apoptosis of osteosarcoma cells. The ER stress inhibitor
4-PBA reduced the apoptosis of osteosarcoma cells after
chemotherapeutic treatment to reduce the sensitivity of
osteosarcoma cells to chemotherapy drugs. In addition,
treatment with 4-PBA showed that chemotherapy-induced
autophagy and apoptosis operated via the PERK-eIlF2a-CHOP
axis of the ER stress response.
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FIGURE 7 | Mechanistic model depicting the effects of SESN2 on the drug resistance of osteosarcoma. After chemotherapy drugs are applied to osteosarcoma
cells, SESN2 expression is increased, and the phosphorylation of elF2a by PERK during ER stress is inhibited. Finally, the expression of CHOP is suppressed, and
apoptosis and autophagy are regulated by Bcl-2 and mTOR, respectively, thus causing drug resistance in osteosarcoma cells.

CONCLUSION
In summary, our data show that SESN2 expression
in osteosarcoma cell lines is increased in response to

chemotherapeutic agents. SESN2 regulated autophagy and
reduced apoptosis via the PERK-elF2a-CHOP signalling
pathway of ER stress and eventually led to drug resistance.
In addition, knockdown of SESN2 decreased autophagy and
increased apoptosis, which corresponds to increased sensitivity
of osteosarcoma cells to chemotherapeutic agents (Figure 7).
Therefore, our results suggest that SESN2 is a novel therapeutic
target for drug resistance in osteosarcoma.
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Supplementary Figure 1 | After MG-63 cells were treated with Cis (20 umol/L),
Dox (0.2 wg/mL) or Mtx (50 wmol/L) for 24 h, the apoptosis of cells transfected
with pHBLV control or pHBLV sestrin2 and cultured in the presence or absence of
ZVAD-FMK (20 pwmol/L) was detected using the Caspase 3 kit (F) (n = 3).

Supplementary Figure 2 | After MG-63 cells were treated with Cis (20 pmol/L),
Dox (0.2 pg/mL) or Mtx (50 wmol/L) for 24 h, the expression of Cleaved-Caspase
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A Corrigendum on
Sestrin2-mediated autophagy contributes to drug resistance via
endoplasmic reticulum stress in human osteosarcoma

by Tang Z, Wei X, Li T, Wang W, Wu H, Dong H, Liu Y, Wei F, Shi L, Li X, Guo Z and Xiao X (2021).
Front. Cell Dev. Biol. 9:722960. doi: 10.3389/fcell.2021.722960

In the original article, there was a mistake in Figures 3D,E, 4E as published. The
transmission electron microscopy shown in Figures 3D, 4E, and immunofluorescence in
Figure 3E were mistakenly used.

The red arrows in the figure legends of Figures 3, 4 are autophagosomes.

The authors apologize for this error and state that this does not change the scientific
conclusions of the article in any way. The original article has been updated.
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FIGURE 3

(Continued). Knockdown of SESN2 resulted in inhibited autophagy and increased apoptosis of osteosarcoma cells treated with chemotherapy.
After treatment with Cis (20 pmol/L), Dox (0.2 pg/ml), or Mtx (50 pmol/L) for 24 h, SESN2-knockdown and control cells were subjected to western
blot to detect the expression of cleaved and total PARP, LC3, and P62 expression levels (A) (n = 3). SESN2-knockdown HOS cells were treated with Cis
(20 pmol/L) for 24 h with or without rapamycin (100 nmol/L) for 6 h. Proliferation was analysed by CCK-8 assay (B) (n = 3), apoptosis was
assessed by Annexin V-PE/PI staining (C) (n = 3), and LC3 puncta formation was analysed by immunofluorescence (E) (n = 3, scale bar = 20 pm).
Intracellular autophagosomes were observed by TEM (D) (n = 3, scale bar = 2 um), and autophagic flux was monitored by fluorescence microscopy
in HOS cells with transient expression of GFP-RFP-LC3 in HOS cells (F) (n = 3, scale bar = 10 pm). The data are presented as the mean + SD. *p <
0.05 vs. the Control shRNA group.
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FIGURE 4

(Continued). SESN2 regulates autophagy and reduces the sensitivity of osteosarcoma cells to chemotherapy. In the presence or absence of 3-

MA (5 mM), SESN2-overexpressing and control HOS cells were treated with Dox (0.2 pg/ml) for 24 h, and apoptosis was analysed by flow cytometry
(A) (n = 3). After treatment with Cis (20 pmol/L) or Dox (0.2 pg/ml), the expression levels of LC3 and P62 in SESN2-overexpressing and control HOS
cells were detected by western blot (B) (n = 3). The expression levels of LC3 and P62 in SESN2-overexpressing and control HOS cells treated

with 3-MA (5 mM) were detected by western blot (C) (n = 3). In the presence or absence of 3-MA (5 mM), SESN2-overexpressing and control HOS
cells were treated with Dox (0.2 pg/ml) for 24 h, cell activity was detected by CCK-8 (D) (n = 3), intracellular autophagosomes were observed by TEM
(E) (n = 3, scale bar = 2 um), and intracellular LC3 puncta formation was analysed by immunofluorescence (F) (n = 3, scale bar = 20 pym). After
treatment with Cis (20 pmol/L) or Dox (0.2 pg/ml), autophagosome formation in HOS cells with ectopic SESN2 expression was monitored by
immunofluorescence through transfection with RFP-GFP-LC3 lentivirus after upregulating SESN2 (G) (n = 3, scale bar = 10 pm). The data are
presented as the mean + SD. *p < 0.05 vs. the pHBLV control group.
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Diabetic osteoporosis is a common complication in diabetic patients, leading to increased
fracture risk and impaired bone healing. As a member of the peroxisome proliferator-
activated receptor (PPAR) family, PPARB/S agonist is suggested as a therapeutic target for
the treatment of metabolic syndrome, and has been reported to positively regulate bone
turnover by improving osteogenesis. However, its regulatory role in diabetic osteoporosis
has not been reported yet. Here, we explored the therapeutic effects and potential
mechanisms of PPARB/S agonist to the osteoporotic phenotypes of diabetic mice. Our
results indicated that the osteoporotic phenotypes could be significantly ameliorated in
diabetic mice by the administration of PPARB/8 agonists. In vitro experiments suggested
that PPARB/S agonist treatment could alleviate the abnormal increase of osteoclast activity
in diabetic mice by rectifying high glucose-mediated macrophage dysfunction instead of
directly inhibiting osteoclast differentiation. Mechanistically, Angpti4 may act as a
downstream target of PPARB/S to regulate macrophage polarization. In conclusion, our
study demonstrates the potential of PPARB/S agonist as a therapeutic target for the
treatment of osteoporosis and immune homeostasis disorder in diabetic patients.

Keywords: PPARp/S, diabetes mellitus, diabetic osteoporosis, macrophage polarization, inflammation

INTRODUCTION

Diabetes mellitus, a systemic metabolic disorder syndrome, is usually accompanied by hyperglycemia
and chronic tissue and organ damage. In the last decade, the incidence of diabetes mellitus has
increased rapidly worldwide with changes in diet and lifestyle (Unnikrishnan et al., 2016). The
imbalance of immune homeostasis is one of the main characteristics of diabetic complications.
Diabetes mellitus can lead to increased inflammatory infiltration, pro-inflammatory mediators
including TNF-q, IL-1p, IL-6 and IL-18, resulting in aggravated inflammatory response (Graves and
Kayal, 2008). ROS production in macrophages also increases under high glucose culture, resulting in
abnormal macrophage polarization and disordered immune response (Rendra et al., 2019). Skeletal
syndrome is an important complication of diabetic patients, including osteoporosis, increased
fracture risk, and impaired bone healing properties. The inflammatory environment in diabetes
mellitus suppressed the osteogenic differentiation and led to osteoblast apoptosis (Eller-Vainicher
et al, 2020). Current evidence also suggested that diabetic status could stimulate osteoclast
differentiation and bone resorption (Jiao et al., 2015). In diabetic patients, the circulating levels
of tartrate-resistant acid phosphatase (TRAP) increased, which indicated the enhanced osteoclast
activity (Suzuki et al., 2005). During the fracture healing process, diabetic rats showed increased

Frontiers in Cell and Developmental Biology | www.frontiersin.org 109

November 2021 | Volume 9 | Article 753194


http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.753194&domain=pdf&date_stamp=2021-11-26
https://www.frontiersin.org/articles/10.3389/fcell.2021.753194/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.753194/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.753194/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.753194/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.753194/full
http://creativecommons.org/licenses/by/4.0/
mailto:jianruyi@scu.edu.cn
mailto:zhzhao@scu.edu.cn
https://doi.org/10.3389/fcell.2021.753194
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.753194

Chen et al.

number of osteoclasts and the up-regulated expression of
inflammatory factors compared with healthy control (Kayal
al, 2007). Our previous study also found that
hyperglycemia increased M1 macrophage polarization and
osteoclast differentiation in diabetic rats, leading to the
accelerated progression of periodontitis (Zhang et al., 2021).

Peroxisome proliferators-activated receptors (PPARs) belong
to ligand-activated receptors in the nuclear hormone receptor
family, which can bind to the PPAR response element (PPRE) of
the target gene to regulate various intracellular processes (Khoo
et al, 2013). As a member of PPARs, PPARP/S activation could
alleviate osteoporosis by up-regulating Wnt signal pathway in
osteoblasts (Scholtysek et al., 2013). PPARB/S knockout-mice
were found to exhibit glucose intolerance and impaired bone
formation (Fu et al., 2014). In addition, the activation of PPARB/
accelerated osteoblast differentiation and increased peroxisome
number, which had the potential to improve oxidative stress
overload (Qian et al., 2015). PPARP/S agonist could effectively
reduce tissue damage caused by oxidative stress and promote
wound repair (Barlaka et al., 2015; Jimenez et al., 2018). Loss of
PPARP/S led to the failure of macrophages M2 polarization under
IL-4 induction (Odegaard et al., 2008). However, its effects on
diabetic osteoporosis and osteoclast differentiation have not been
reported yet.

Therefore, we speculate that PPARB/S activation may be a
possible therapeutic target for improving immune homeostasis
imbalance and osteoporosis under diabetic condition. In this
study, we explored the therapeutic effect of PPARB/S agonist
GW501516 on osteoporotic phenotype in diabetic mice, and
investigated the regulation effect of PPARB/S agonist on the
oxidative stress and macrophages polarization in high glucose
environment, as well as its regulatory effect on osteoclast
differentiation.

et

MATERIALS AND METHODS

Animal Model

The mice were purchased from Dashuo Company (Chengdu, China).
Mice were housed in box cages, maintained on a 12 h light/12 h dark
cycle, and fed a chow diet ad libitum (Sakai et al., 2019). The diabetes
mellitus model of mice was constructed as described previously
(Zhou X. et al., 2019). In brief, male C57BL/6] mice aged 8 weeks
were fasted for 12h and then injected intraperitoneally of 1%
streptozotocin dissolved in saline solution with a dose of 50 mg/kg
for 4 consecutive days. Tail vein blood was taken to test the fasting
blood glucose level on the 1% and 2™ week post-injection. The mice
with a fasting blood glucose higher than 16.7 mmol/L were regarded
as successful diabetes model (Jiang et al, 2021). The mice were
randomly divided into following three groups of eight mice each: 1)
normal mice (Control); 2) normal mice treated with PPARpB/S
agonist GW501516 (Control + GW); 3) diabetes mellitus group
(DM) and 4) diabetes mellitus group treated with PPARB/S agonist
GW501516 (DM + GW).

Control + GW and DM + GW groups were injected with
GW501516 (5 mg/kg/d, Sigma-Aldrich) dissolved in 0.1 ml
dimethyl sulfoxide (DMSO) every other day (Mosti et al,

PPARP/8 Agonist Alleviates Diabetic Osteoporosis

2014). Control group and DM group were injected with 0.1 ml
DMSO every other day. The mice were sacrificed after 4 and
8 weeks of injection. The femurs were collected for subsequent
histomorphological analysis.

Micro-Computed Tomography Analysis

The femurs were dissected and fixed in 4% paraformaldehyde for
2 days and then stored in 70% ethanol at 4°C. Micro-computed
tomography (uCT) analysis was performed (uCT50, SCANCO
Medical) with a spatial resolution of 10 um (55kV, 114 mA,
500 ms integration time). The regions of interest (ROI) were
defined as the trabecular bone and cortical bone at the distal
femur (Bouxsein et al., 2010). Bone mineral density (BMD), bone
volume/total volume (BV/TV), trabecular number (Tb.N),
trabecular separation (Tb.Sp), trabecular thickness (Tb.Th),
cortical bone thickness (Ct.Th), and cortical bone porosity
(Ct.Po) were evaluated within the delimited ROI (Wang et al.,
2020).

Histomorphological Analysis

The mouse femurs were fixed and decalcified, and then embedded
in paraffin. Sections of 4.5 pum were prepared. H&E staining
(Solarbio, Beijing, China) was performed as the manufacturer’s
instruction. The stained sections were observed using an inverted
microscope (IX81, Olympus).

TRAP staining was performed according to the procedure
described previously (Liu et al., 2016). TRAP staining solution
(Sigma) was added to cover the tissue sections. After incubating at
37°C for 40 min, the sections were stained with 0.1% methyl green
solution (Sigma) for 10s. The stained sections were observed
using an inverted microscope (IX81, Olympus).

Bone Marrow-Derived Macrophage Culture
Eight-week-old C57BL/6] mice were sacrificed to separate the femur
and tibia. The bone marrow was flashed into a petri dish and
centrifuged. The supernatant was discarded, and the red blood cell
lysate was added. The cells were seeded in a 10 cm diameter petri
dish, cultured in DMEM medium with 10% fetal bovine serum
(FBS), and supplied with 50 ng/ml m-CSF (R&D). After 4 days, the
suspension cells were discarded and bone marrow-derived
macrophages (BMDMs) were obtained for subsequent experiment.
DEME medium with 5.6 or 30 mM glucose were used for
normal glucose (NG) or high glucose (HG) culture, and 5 puM
GW501516 was added to HG + GW group. After 3 days of
culture, different macrophage culture supernatants were
obtained. To avoid the inhibition of osteoclast differentiation
by high glucose concentration, DMEM medium without glucose
was used to mix with the culture supernatant. Osteoclast-induced
BMDMs are divided into three groups: NG Supernatant group,
HG Supernatant group, and HG + GW Supernatant group.

Osteoclast Induction

For osteoclast induction, BMDMs (4x10* cells/well) were seeded
in 24-well plates. 50 ng/ml RANKL (R&D) was added to the
BMDM culture medium, and the medium was changed every
2 days. After 3 days of culture, mature osteoclasts could be
observed and subsequent experiments were performed.
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TRAP staining (Sigma-Aldrich) was performed according to
the previously described procedure (Liu et al., 2016). The cells
were fixed with 4% paraformaldehyde for 10 min, added with
TRAP staining solution, and incubated at 37°C for 40 min. TRAP-
positive cells containing three or more nuclei were considered
osteoclasts.

Reverse Transcription Polymerase Chain

Reaction

The total RNA of BMDMs and osteoclasts was extracted using
Trizol reagent (Invitrogen, Carlsbad, CA, United States), and
then reversely transcribed to obtain stable c¢cDNA using
PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa Bio,
Otsu, Japan). The RT-PCR was performed using SYBR Premix Ex
Taq II (TaKaRa Bio) in Quant Studio™ three real-time
fluorescent PCR instrument (ThermoFisher Scientific, China).
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was used as
an internal reference to normalize the gene expression (Wang
et al,, 2020). The result was calculated using the 27**“* method
and expressed as a multiple change relative to Gapdh. The primer
sequences are summarized in Supplementary Table S1.

ROS Detection

The detection of ROS levels in BMDMs was carried out in
accordance with the recommended protocol (Pang et al,
2019). In brief, BMDMs (2x10° cells/well) were seeded in 6-
well plates under NG, HG, or HG + GW culture. Then, the ROS
fluorescent probe DCFH-DA (Beyotime Biotechnology) was
diluted with serum-free DMEM medium at a ratio of 1:1,000.
After culturing for 72 h, the culture medium was removed and
then DMEM medium containing DCFH-DA was added. After
incubation at 37°C for 20 min, the cells were washed three times
with serum-free DMEM medium without phenol red and
digested by trypsin. The fluorescence intensity was analyzed
on a flow cytometer (ThermoFisher).

Flow Cytometry

For flow cytometry analysis, the mouse femur was cut into pieces,
digested in 1 mg/ml collagenase I, 1 mg/ml dispase II at 37°C for
30 min, centrifuged. After lysis of red blood cells on ice, the
samples were passed through a 70-pm filter, centrifuged, and
ready for staining. Anti-mouse CD45, anti-mouse CD11b, anti-
mouse CD86, and anti-mouse CD206 were purchased from BD
Biosciences, and the permeabilization/fixation kit was purchased
from eBioscience. All staining processes were performed in 100 pl
PBS. The cells were stained on ice for 30 min and then analyzed
by flow cytometry (BD Biosciences).

ELISA

The expression levels of TNF-a and IL-1p were measured by
mouse ELISA kits (Cusabio) according to the recommended
protocol. Briefly, 100 ul of culture supernatant was added to a
96-well plate with high binding capacity and incubated for 2 h,
and the absorbance was measured with a microplate reader.
Serum concentration of PINP, CTX and ANGPTL4 were
measured using ELISA kits (CUSABIO). Mice were fasted for

PPARP/8 Agonist Alleviates Diabetic Osteoporosis

4h and then we collected the blood samples by puncturing the
cheek pouch and allowed the blood to coagulate on ice for 1h
before centrifugation to obtain the serum.

Gene Knockdown

siRNA sequence for Angptl4 and Ppard were designed and
synthesized by Sangon Biotech (Shanghai, China). BMDMs
were transfected with Lipofectamine® RNAimax (Invitrogen)
in serum-free DMEM medium followed by the manufacturer’s
instructions. In all experiments using siRNA, control siRNA and
Lipofectamine® RNAimax were added to other group to
eliminate other potential influence.

Immunofluorescence Staining

For immunofluorescence staining, sodium citrate solution was
used for antigen retrieval. After blocking by 5% BSA at 37°C for
1 h, primary antibodies (anti-CD86, anti-CD206, Abcam) were
incubated overnight at 4°C. Then the fluorescent secondary
antibodies (Abcam) were incubated for 1h at room
temperature. DAPI was used to mark the nucleus with 15 min
of staining. The stained sections were observed under a
fluorescent microscope (Olympus BX53).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) assay was performed
according to the manufacturer’s instructions with EZ-Zyme
Chromatin Preparation Kit (Millipore) and Magna Chip
HiSens (Millipore). Rabbit IgG (Sigma) was used as the
control, and antibody against PPARP/S (Santa Cruz) was set
as the experimental group. The DNA-protein complex was
dissociated, PCR primers were designed to detect the target
area, and then the pull-down DNA and input DNA were
tested by PCR analysis with the primers flanking the PPRE
region of Angptl4.

For ChIP-seq analysis, we downloaded the ChIP-seq data of
PPARP/S in GEO database, with the accession number GSE50144
(Inoue et al,, 2014). The binding peak of PPARB/S in ANGPTL4
gene segment was visualized via integrative genomics viewer
(IGV) software.

Statistical Analysis

All quantified data were expressed as mean + standard deviation
(SD). Statistical differences were performed via unpaired two-
tailed Student’s ¢ test for comparison between two groups and by
one-way or two-way analysis of variance (ANOVA) followed by
the Tukey’s post hoc test for multiple comparisons. p values <
0.05 were considered to be statistically significant.

RESULTS

PPARp/d Agonist Alleviates the
Osteoporotic Phenotypes of Diabetic Mice
in Vivo

First, we explored the effect of PPARP/S agonist on the
osteoporotic phenotypes of diabetic mice (Figure 1A).
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treatment. (B) Representative images of uCT of distal femoral tissue at the 4™ and 8" week. Scale bar = 500 um. (C) Quantitative UCT analyses of bone mineral density
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cortical bone porosity (Ct.Po) of distal femoral tissue (n = 8). (D) Serum levels of PINP and CTX in each group. Data were expressed as mean + SD. The p values
were calculated by two-way ANOVA. (ns, not statistically significant, “p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).
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Through pCT analysis of the distal femur, we found that both
trabecular bone and cortical bone were affected by the diabetic
condition and manifested as bone loss. PPARB/$ agonist could
partially relieve the diabetic osteoporosis. In addition, PPARp/S
agonist treatment had no significant influence on bone
phenotype in healthy control mice (Figures 1B,C). H&E
staining results showed the number and thickness of
trabecular bone and the thickness of cortical bone decreased
in DM group, while in the DM + GW group, the osteoporotic
phenotype was restored (Figure 2A). Through TRAP staining,
we found that osteoclast activity in DM group was significantly
increased, and PPARP/S agonist treatment could reduce the

activation of osteoclasts under diabetic condition (Figures
2B,C). Also, bone resorption marker CTX decreased after
PPARP/S agonist treatment (Figure 1D). Overall, we found
that at the 4™ week and 8™ week, the bone mass of the DM
group was significantly lower than that of the control group, and
PPARP/S agonist alleviated the diabetic bone loss.

PPARp/§ Agonist has no Direct Effect on

Osteoclast Differentiation in Vitro
Seizing the evidence that PPAR/S agonist alleviated the diabetic
osteoporosis phenotypes and reduced osteoclast activity in vivo,
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FIGURE 2 | PPARp/8 agonist reduces the bone loss and osteoclast activation in diabetic mice. (A) Representative images of H&E staining of distal femoral tissue
sections. Scale bar = 500 um (top), scale bar = 100 um (bottom). (B) Representative images of TRAP staining of distal femoral tissue sections. TRAP positive cells were
indicated by arrows. Scale bar = 100 um. (C) Statistics for the number of osteoblasts and osteoclasts. Data were expressed as mean + SD. The p values were calculated
by one-way ANOVA. (ns, not statistically significant, **p < 0.001). N. Ob/B.Pm = osteoblast number/bone perimeter, N. Oc/B.Pm = osteoclast number/bone

we speculated that PPARP/S might directly inhibit osteoclast
differentiation. Considering that high glucose environment
inhibited osteoclast differentiation in vitro (Wittrant et al.,
2008), we explored the regulatory effect of PPARP/S agonist
on osteoclast differentiation under normal glucose culture.

However, PPARP/S agonist exhibited no effect on osteoclast
differentiation in wvitro (Figures 3A,B). RT-PCR results
showed there is no significant difference in osteoclastogenesis-
related genes before and after PPARP/S agonist treatment
(Figure 3C).
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PPARp/8 Agonist Improves High
Glucose-Mediated Macrophage

Inflammation

Given that immune homeostasis imbalance was an important
factor leading to diabetic complications, we explored the effect of
PPARp/S agonist one the ROS level and pro-inflammatory
polarization of macrophages induced by high glucose. The
results showed that PPARP/S agonist effectively reduced the
high glucose-induced ROS production (Figures 4A,B) and the
expression of MI signature genes (iNOS, IL-18, and TNF-a),
while improved the expression of M2 signature genes (CD206,
Arg-1, and IL-10) (Figure 4C).

Our previous studies proved that the macrophage polarization
could affect osteoclast differentiation (Zhang et al., 2021). Therefore,
we supposed that the reduced inflammatory phenotypes of
macrophage might be the key mechanism for PPARB/S agonist to
alleviate diabetic osteoclast activity. After adding macrophage culture
supernatant of NG, HG, and HG + GW groups, the differentiation
levels of osteoclasts were different (Figure 4E). The macrophage
culture supernatant from HG group could significantly increase both
the number and size of osteoclasts, while supernatant from HG + GW
group reversed the stimulating effect on osteoclast differentiation
(Figures 4F,G). The results of RT-PCR showed that the macrophage
culture supernatant from HG group could significantly increase the
expression of osteoclastogenesis-related genes, which were partially
reduced by HG + GW Supernatant group (Figure 4H). To clarify
which factor in the culture supernatant affected the osteoclast
differentiation, we extracted the macrophage culture supernatant
and measured the protein levels of IL-13 and TNF-a by ELISA.
We found that high-glucose culture increased the expression level of
IL-1p and TNF-a, and PPARP/S agonist treatment significantly
decreased IL-1p and TNF-a level, and the reduction of TNF-a
was the most significant (Figure 4D). In addition, after

neutralizing antibodies treatment, we found that TNF-a blockade
had the most obvious effect on inhibiting osteoclast differentiation,
and IL-1B blockade also inhibited the osteoclast differentiation
(Supplementary Figure S1). We speculate that TNF-a is the
most important inflammatory factor that stimulates osteoclast
differentiation under high glucose, and PPARP/S agonist
treatment can reduce osteoclast differentiation by reducing the
level of TNF-a.

Abnormal M1/M2 Polarization is Restored

by PPARp/§ Agonist in Diabetic Mice

To validate that PPARB/S agonist could reduce the inflammatory
phenotypes of macrophage in vivo, immunofluorescence staining
(Figures 5A-C) and flow cytometry analysis (Figures 5D,E) of bone
marrow tissue were performed to detect the expression of CD86 (M1
marker) and CD206 (M2 marker). The CD86" cells in the DM group
significantly increased compared to control group, while the number
of CD206" cells decreased, indicating that M1 polarization of
macrophages increased while the M2 polarization decreased in
DM group. PPARB/S agonist reduced the proportion of CD86"
cells and enhanced the proportion of CD206" cells, indicating that
PPARP/S agonist treatment in vivo could effectively rectify the
macrophage dysfunction in skeletal system under diabetic condition.

PPARp/d Agonist Treatment Restored the
M1/M2 Polarization via Up-Regulating
Angpti4

After determining the regulatory effect of PPARP/S agonists on
macrophage polarization in vivo and in vitro, we hope to explore
the regulatory mechanism and downstream signaling pathways of
PPARP/S agonist. As an important transcription factor, PPARB/S
had been reported to bind to the PPRE region of genes and activate
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analysis of ROS levels detected by fluorescent probe in different groups. (B) Statistics for the ROS levels. (C) RT-PCR results regarding the expression levels of
macrophage polarization-related genes in different groups. (D) Expression level of IL-1 and TNF-a detected by ELISA. (E) Schematic illustration of experimental design
for regulating osteoclast differentiation through macrophage culture supernatant. (F) Representative images of TRAP staining for osteoclast differentiation in
different groups. Scale bar = 100 pm. (G) Statistics for the number and size of osteoclasts. (H) RT-PCR results of the expressions of the osteoclastogenesis-related
genes in different groups. Data were expressed as mean + SD. The p values were calculated by one-way ANOVA. (ns, not statistically significant, *p < 0.05, *p < 0.01,
**p < 0.001, ***p < 0.0001).
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FIGURE 5 | PPARB/S agonist improves the abnormal macrophage polarization in skeletal system of diabetic mice. (A) Representative images of
immunofluorescence staining of the M1/M2 macrophage polarization at the 4™ and 8™ week is in control, DM and DM + GW group. Red-CD86, Green-CD206, Blue-
DAPI. Scale bar = 50 pm. (B) Quantitative analysis of CD86 and CD206 fluorescence intensity at the 4 week. (C) Quantitative analysis of CD86 and CD206 fluorescence
intensity at the 8" week. (D) Flow cytometry analysis of CD86* and CD206* macrophage proportion in each group. (E) Statistics for CD86* and CD206*
macrophage proportion. Data were expressed as mean + SD. The p values were calculated by one-way ANOVA. ("o < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001).
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FIGURE 6 | Angptl4 is a downstream target of PPARB/S agonist to exert an anti-inflammatory effect in macrophage. (A) ChiP-seq analysis of the binding peak of
PPARB/S in Angptl4 gene segment. (B) RT-PCR result of the expression level of Angpt/4 after PPARB/S agonist treatment in macrophage. (C) ChIP-PCR validation of the
binding of PPARB/S to the PPRE region of Angpti4. (D) RT-PCR results of PPARB/S knockdown on the expression of macrophage polarization-related genes. (E) The
mechanism diagram of PPARP/S agonist alleviating diabetic osteoporosis. Data were expressed as mean + SD. The p values were calculated by two-tailed
Student’s t test or one-way ANOVA. (ns, not statistically significant, *p < 0.05, **p < 0.01, **p < 0.001, **p < 0.0001).
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gene transcription. By analyzing ChIP-seq data in GEO database, we
found that there is a binding peak at the intronic region of Angptl4,
which is reported to coincide with the PPRE region (Inoue et al,
2014) (Figure 6A). Based on the above evidence, we speculated that
Angptl4 could serve as a potential downstream gene of PPAR/S.
In mice BMDM, PPARP/S agonist treatment also up-regulated
the expression level of Angptl4 (Figure 6B). Through ChIP assay, we
proved that PPARB/S had a binding site in the gene segment of
Angptl4 in BMDM (Figure 6C). Knockdown of Angptl4 by siRNA in
BMDM eliminated the protective effect of PPARB/S agonist on the
inflammatory phenotypes of macrophages under high-glucose
culture (Figure 6D). We evaluated the expression level of
ANGPTLA in serum of diabetic mice by ELISA test and verified
ANGPTL4 expression in bone marrow tissue through
immunohistochemical staining. We found that after PPARP/S

agonist treatment, ANGPTL4 was significantly up-regulated
(Supplementary Figure S2). However, as for the effect of secreted
ANGPTL4, blockade of ANGPTL4 by neutralizing antibody in
culture supernatant did not significantly affect osteoclast
differentiation, which suggested that the regulation of osteoclast
differentiation by PPARP/S agonist seemed to be independent of
secreted ANGPTL4 (Supplementary Figure S3). Therefore, we
believed that Angptl4 could serve as an important downstream
gene of PPARP/S to regulate macrophage polarization (Figure 6E).

DISCUSSION

Diabetes mellitus disturbs bone metabolism, leading to diabetic
osteoporosis and increased fracture risk (Schwartz, 2017).
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Successful glycemic control can reduce the incidence of diabetes
osteoporosis (Paschou et al., 2017). Agonists of the PPAR family
were developed to treat metabolic syndrome. However, for the
skeletal system, PPAR a and PPAR y agonists had been shown to
exert a negative impact on osteoblast differentiation and promote
adipogenesis (Hauner, 2002; Patel et al., 2014). Different from the
other two members, PPARP/S agonist was believed to be
beneficial to the skeletal system and could promote osteogenic
differentiation (Scholtysek et al., 2013). Therefore, PPARP/S
agonist seemed to be a promising target for protecting skeletal
health.

Abnormal activation of the immune system is one of the main
manifestations of diabetes mellitus, leading to the inflammatory
damage. Increased polarization of M1 macrophages under diabetic
status enhanced the secretion of inflammatory factors such as TNF-
a, which further promoted the differentiation of osteoclasts (Jiao
et al, 2015). Treatment with LPS-induced M1 macrophage culture
supernatant stimulated the osteoclastogenesis (Zhang et al., 2021).
PPARP/S agonist has been found to reduce the expression of
inflammatory factors such as IL-1p and IL-6 by inhibiting NF-«xB
signaling (Rival et al., 2002; Bishop-Bailey and Bystrom, 2009; Coll
et al,, 2010), and promote the recruitment of M2 macrophages to
accelerate the injury repair process (Tobita et al., 2020). However, its
role in diabetic osteoporosis has not been reported yet. In the current
study, we proved that PPARB/S agonist could alleviate the oxidative
stress response and inflammatory products of macrophages induced
by high glucose in vitro. Moreover, PPARB/8 agonist could also
reduce the stimulating effect of high glucose-induced macrophage
culture supernatant on osteoclast differentiation. Through
immunofluorescence staining and flow cytometry, we confirmed
that PPARP/S agonist could improve the diabetes-mediated
imbalance of macrophage polarization in vivo. Based on the
above evidence, we believe that PPARP/S agonist can alleviate
osteoclast differentiation and bone loss by reducing the M1
macrophage polarization under diabetic condition. In addition to
inhibiting osteoclast differentiation, PPARB/S agonists could also
promote bone formation (Scholtysek et al., 2013), but the bone
resorption markers decreased more obviously after PPARB/S agonist
treatment. Therefore, the inhibition of bone resorption and
osteoclast differentiation might play a major role in PPARP/S
agonist-mediated bone loss protection.

PPARB/S, a transcription factor, could regulate the transcription
of downstream genes via a ligand-activated manner (Liu et al., 2018).
Among them, Angptl4 was considered to be an important
downstream target of PPARP/§ transcriptional regulation
(Legrand et al, 2019). Angptl4 had been reported to affect
immune response and macrophage polarization (Cho et al., 2019).
Angptl4 knockout mice showed a large number of macrophage
infiltration and high expression of TNF-a, IL-13 and other
inflammatory factors (Oteng et al., 2019). During in vitro culture,
the level of TNF-a in the supernatant of Angptl4 —/— macrophages
was higher than that of wild-type macrophages (Ding et al.,, 2020). By
administering recombinant human ANGPTLA4 protein in vitro, Zhou
et al. proved that ANGPTL4 could promote the M2 macrophage
polarization and facilitate cardiac repair (Zhou et al., 2020). Hence,
we supposed that Angptl4 could act as a downstream gene of PPARp/
§ in macrophages to exert an anti-inflammatory effect. PPARB/S

PPARP/8 Agonist Alleviates Diabetic Osteoporosis

agonist increased the expression of Angptl4 and ChIP assay proved
that PPARB/S could bind to the Angptl4 gene segment. Knockdown
of Angptld could eliminate the improvement to abnormal
polarization of macrophages by PPARP/0 agonist. Therefore,
activating the transcription of Angptl4 might be a downstream
target for PPARB/S agonist to regulate macrophage polarization.

In conclusion, our study proves that PPARP/S agonist can
effectively reduce the osteoporotic phenotype of diabetic mice.
PPARP/S agonist ameliorates macrophage polarization
imbalance and osteoclast abnormal activation under diabetic
condition. Angptl4 is considered as a key downstream factor
for the biological effects of PPARB/S to regulate macrophage
polarization. However, it should be noted that GW501516 has
been reported to have potential pro-oncogenic effect, which
affected its clinical application (Zhou D. et al.,, 2019; Liu et al,,
2019). We believe that PPARB/S agonists without pro-oncogenic
effect could be developed, and PPAR agonist treatment may serve
as a promising therapeutic target for diabetic osteoporosis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care
and Ethics Committee of West China Hospital of Stomatology,
Sichuan University.

AUTHOR CONTRIBUTIONS

JY and ZZ designed the study. MC, WL, and RY performed the
experiments and were involved in data analyses and
interpretation. MC, JY, and ZZ wrote and revised the
manuscript. All authors read and approved the final manuscript.

FUNDING

This work was supported by the grants from National Natural
Science Foundation of China (Grant no. 81801018, 81771048 and
81400522), Research and Development Program, West China
Hospital of Stomatology Sichuan University (RD-03-202012),
and Sichuan Science and Technology Program (Grant no.
2020YFS0170).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2021.753194/
full#supplementary-material

Frontiers in Cell and Developmental Biology | www.frontiersin.org

118

November 2021 | Volume 9 | Article 753194


https://www.frontiersin.org/articles/10.3389/fcell.2021.753194/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.753194/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Chen et al.

REFERENCES

Barlaka, E., Gorbe, A., Gaspar, R., Példczi, J., Ferdinandy, P., and Lazou, A. (2015).
Activation of PPARP/S Protects Cardiac Myocytes from Oxidative Stress-
Induced Apoptosis by Suppressing Generation of Reactive Oxygen/nitrogen
Species and Expression of Matrix Metalloproteinases. Pharmacol. Res. 95-96,
102-110. doi:10.1016/j.phrs.2015.03.008

Bishop-Bailey, D., and Bystrom, J. (2009). Emerging Roles of Peroxisome
Proliferator-Activated Receptor-p/§ in Inflammation. Pharmacol. Ther. 124,
141-150. doi:10.1016/j.pharmthera.2009.06.011

Bouxsein, M. L., Boyd, S. K., Christiansen, B. A., Guldberg, R. E., Jepsen, K. J., and
Miiller, R. (2010). Guidelines for Assessment of Bone Microstructure in
Rodents Using Micro-Computed Tomography. J. Bone Miner Res. 25,
1468-1486. doi:10.1002/jbmr.141

Cho, D. I, Kang, H. J., Jeon, J. H.,, Eom, G. H., Cho, H. H., Kim, M. R,, et al. (2019).
Antiinflammatory Activity of ANGPTL4 Facilitates Macrophage Polarization
to Induce Cardiac Repair. JCI Insight 4, €125437. doi:10.1172/jci.insight.125437

Coll, T., Barroso, E., Alvarez-Guardia, D., Serrano, L., Salvado, L., Merlos, M., et al.
(2010). The Role of Peroxisome Proliferator-Activated Receptor Beta/delta on
the Inflammatory Basis of Metabolic Disease. PPAR Res. 2010, 368467.
doi:10.1155/2010/368467

Ding, S., Wu, D., Lu, Q,, Qian, L., Ding, Y., Liu, G,, et al. (2020). Angiopoietin-Like
4 Deficiency Upregulates Macrophage Function Through the Dysregulation of
Cell-Intrinsic Fatty Acid Metabolism. Am. J. Cancer Res. 10, 595-609.

Eller-Vainicher, C., Cairoli, E., Grassi, G., Grassi, F., Catalano, A., Merlotti, D., et al.
(2020). Pathophysiology and Management of Type 2 Diabetes Mellitus Bone
Fragility. J. Diabetes Res. 2020, 7608964. doi:10.1155/2020/7608964

Fu, H., Desvergne, B., Ferrari, S., and Bonnet, N. (2014). Impaired Musculoskeletal
Response to Age and Exercise in PPARB-/— Diabetic Mice. Endocrinology 155,
4686-4696. doi:10.1210/en.2014-1585

Graves, D. T., and Kayal, R. A. (2008). Diabetic Complications and Dysregulated
Innate Immunity. Front. Biosci. 13, 1227-1239. doi:10.2741/2757

Hauner, H. (2002). The Mode of Action of Thiazolidinediones. Diabetes Metab.
Res. Rev. 18 Suppl 2, S10-S15. doi:10.1002/dmrr.249

Inoue, T., Kohro, T., Tanaka, T., Kanki, Y., Li, G., Poh, H.-M,, et al. (2014). Cross-
enhancement of ANGPTL4 Transcription by HIF1 Alpha and PPAR Beta/delta
Is the Result of the Conformational Proximity of Two Response Elements.
Genome Biol. 15, R63. doi:10.1186/gb-2014-15-4-r63

Jiang, Y., Xie, F.,, Lv, X, Wang, S., Liao, X,, Yu, Y., et al. (2021). Mefunidone
Ameliorates Diabetic Kidney Disease in STZ and Db/db Mice. Faseb j 35,
€21198. doi:10.1096/£}.202001138rr

Jiao, H., Xiao, E., and Graves, D. T. (2015). Diabetes and its Effect on Bone and
Fracture Healing. Curr. Osteoporos. Rep. 13, 327-335. d0i:10.1007/s11914-015-
0286-8

Jimenez, R., Toral, M., Gomez-Guzmén, M., Romero, M., Sanchez, M., Mahmoud,
A. M, et al. (2018). The Role of Nrf2 Signaling in PPAR/S-Mediated Vascular
Protection against Hyperglycemia-Induced Oxidative Stress. Oxid. Med. Cel.
Longev. 2018, 5852706. doi:10.1155/2018/5852706

Kayal, R. A, Tsatsas, D., Bauer, M. A,, Allen, B., Al-Sebaei, M. O., Kakar, S., et al.
(2007). Diminished Bone Formation during Diabetic Fracture Healing Is
Related to the Premature Resorption of Cartilage Associated with Increased
Osteoclast Activity. J. Bone Miner Res. 22, 560-568. doi:10.1359/jbmr.070115

Khoo, N. K. H., Hebbar, S., Zhao, W., Moore, S. A., Domann, F. E., and Robbins, M.
E. (2013). Differential Activation of Catalase Expression and Activity by PPAR
Agonists: Implications for Astrocyte protection in Anti-glioma Therapy. Redox
Biol. 1, 70-79. doi:10.1016/j.redox.2012.12.006

Legrand, N., Bretscher, C. L., Zielke, S., Wilke, B., Daude, M., Fritz, B., et al. (2019).
PPARP/S Recruits NCOR and Regulates Transcription Reinitiation of
ANGPTLA4. Nucleic Acids Res. 47, 9573-9591. doi:10.1093/nar/gkz685

Liu, W., Zhou, L., Zhou, C., Zhang, S., Jing, J., Xie, L, et al. (2016). GDF11
Decreases Bone Mass by Stimulating Osteoclastogenesis and Inhibiting
Osteoblast Differentiation. Nat. Commun. 7, 12794. doi:10.1038/ncomms12794

Liu, Y., Colby, J. K., Zuo, X, Jaoude, J., Wei, D., and Shureigi, I. (2018). The Role of
PPAR-$ in Metabolism, Inflammation, and Cancer: Many Characters of a
Critical Transcription Factor. Int. J. Mol. Sci. 19, 3339. doi:10.3390/
ijms19113339

PPARP/8 Agonist Alleviates Diabetic Osteoporosis

Liu, Y., Deguchi, Y., Tian, R., Wei, D., Wu, L., Chen, W., et al. (2019). Pleiotropic
Effects of PPARD Accelerate Colorectal Tumorigenesis, Progression, and
Invasion. Cancer Res. 79, 954-969. doi:10.1158/0008-5472.can-18-1790

Mosti, M. P., Stunes, A. K., Ericsson, M., Pullisaar, H., Reseland, J. E., Shabestari,
M., et al. (2014). Effects of the Peroxisome Proliferator-Activated Receptor
(PPAR)-0 Agonist GW501516 on Bone and Muscle in Ovariectomized Rats.
Endocrinology 155, 2178-2189. doi:10.1210/en.2013-1166

Odegaard, J. I, Ricardo-Gonzalez, R. R., Red Eagle, A., Vats, D., Morel, C. R,,
Goforth, M. H., et al. (2008). Alternative M2 Activation of Kupffer Cells by
PPARS Ameliorates Obesity-Induced Insulin Resistance. Cel Metab. 7,
496-507. doi:10.1016/j.cmet.2008.04.003

Oteng, A.-B., Ruppert, P. M., Boutens, L., Dijk, W., Van Dierendonck, X. M. H.,
Olivecrona, G., et al. (2019). Characterization of ANGPTL4 Function in
Macrophages and Adipocytes Using Angptl4-Knockout and Angptl4-
Hypomorphic Mice. J. Lipid Res. 60, 1741-1754. doi:10.1194/jlr.m094128

Pang, D,, Li, C, Yang, C., Zou, Y., Feng, B, Li, L., et al. (2019). Polyphyllin VII
Promotes Apoptosis and Autophagic Cell Death via ROS-Inhibited AKT
Activity, and Sensitizes Glioma Cells to Temozolomide. Oxid. Med. Cel.
Longev. 2019, 1805635. doi:10.1155/2019/1805635

Paschou, S. A, Dede, A. D., Anagnostis, P. G., Vryonidou, A., Morganstein, D., and
Goulis, D. G. (2017). Type 2 Diabetes and Osteoporosis: A Guide to Optimal
Management. J. Clin. Endocrinol. Metab. 102, 3621-3634. doi:10.1210/jc.2017-
00042

Patel, J. J., Butters, O. R,, and Arnett, T. R. (2014). PPAR Agonists Stimulate
Adipogenesis at the Expense of Osteoblast Differentiation while Inhibiting
Osteoclast Formation and Activity. Cell Biochem Funct 32, 368-377.
doi:10.1002/cbf.3025

Qian, G., Fan, W., Ahlemeyer, B., Karnati, S., and Baumgart-Vogt, E. (2015).
Peroxisomes in Different Skeletal Cell Types during Intramembranous and
Endochondral Ossification and Their Regulation during Osteoblast
Differentiation by Distinct Peroxisome Proliferator-Activated Receptors.
PL0S One 10, e0143439. doi:10.1371/journal.pone.0143439

Rendra, E., Riabov, V., Mossel, D. M., Sevastyanova, T., Harmsen, M. C.,, and
Kzhyshkowska, J. (2019). Reactive Oxygen Species (ROS) in Macrophage
Activation and Function in Diabetes. Immunobiology 224, 242-253.
doi:10.1016/j.imbi0.2018.11.010

Rival, Y., Benéteau, N., Taillandier, T., Pezet, M., Dupont-Passelaigue, E.,
Patoiseau, J.-F., et al. (2002). PPARa and PPARS Activators Inhibit
Cytokine-Induced Nuclear Translocation of NF-kB and Expression of
VCAM-1 in EAhy926 Endothelial Cells. Eur. J. Pharmacol. 435, 143-151.
doi:10.1016/s0014-2999(01)01589-8

Sakai, S., Yamamoto, T., Takabatake, Y., Takahashi, A., Namba-Hamano, T.,
Minami, S., et al. (2019). Proximal Tubule Autophagy Differs in Type 1 and 2
Diabetes. J. Am. Soc. Nephrol. 30, 929-945. doi:10.1681/asn.2018100983

Scholtysek, C., Katzenbeisser, J., Fu, H., Uderhardt, S., Ipseiz, N., Stoll, C., et al.
(2013). PPARP/S Governs Wnt Signaling and Bone Turnover. Nat. Med. 19,
608-613. doi:10.1038/nm.3146

Schwartz, A. V. (2017). Efficacy of Osteoporosis Therapies in Diabetic Patients.
Calcif Tissue Int. 100, 165-173. doi:10.1007/s00223-016-0177-8

Suzuki, K., Kurose, T., Takizawa, M., Maruyama, M., Ushikawa, K., Kikuyama, M.,
et al. (2005). Osteoclastic Function Is Accelerated in Male Patients with Type 2
Diabetes Mellitus: the Preventive Role of Osteoclastogenesis Inhibitory Factor/
osteoprotegerin (OCIF/OPG) on the Decrease of Bone mineral Density.
Diabetes Res. Clin. Pract. 68, 117-125. doi:10.1016/j.diabres.2004.08.006

Tobita, Y., Arima, T., Nakano, Y., Uchiyama, M., Shimizu, A., and Takahashi, H.
(2020). Peroxisome Proliferator-Activated Receptor Beta/Delta Agonist
Suppresses Inflammation and Promotes Neovascularization. Int. J. Mol. Sci.
21, 5296. doi:10.3390/ijms21155296

Unnikrishnan, R., Anjana, R. M., and Mohan, V. (2016). Diabetes Mellitus and its
Complications in India. Nat. Rev. Endocrinol. 12, 357-370. doi:10.1038/
nrendo.2016.53

Wang, Y., Deng, P., Liu, Y., Wu, Y., Chen, Y., Guo, Y., et al. (2020). Alpha-
ketoglutarate Ameliorates Age-Related Osteoporosis via Regulating Histone
Methylations. Nat. Commun. 11, 5596. doi:10.1038/s41467-020-19360-1

Wittrant, Y., Gorin, Y., Woodruff, K., Horn, D., Abboud, H. E., Mohan, S., et al.
(2008). High D(+)glucose Concentration Inhibits RANKL-Induced
Osteoclastogenesis. Bone 42, 1122-1130. doi:10.1016/j.bone.2008.02.006

Frontiers in Cell and Developmental Biology | www.frontiersin.org

November 2021 | Volume 9 | Article 753194


https://doi.org/10.1016/j.phrs.2015.03.008
https://doi.org/10.1016/j.pharmthera.2009.06.011
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1172/jci.insight.125437
https://doi.org/10.1155/2010/368467
https://doi.org/10.1155/2020/7608964
https://doi.org/10.1210/en.2014-1585
https://doi.org/10.2741/2757
https://doi.org/10.1002/dmrr.249
https://doi.org/10.1186/gb-2014-15-4-r63
https://doi.org/10.1096/fj.202001138rr
https://doi.org/10.1007/s11914-015-0286-8
https://doi.org/10.1007/s11914-015-0286-8
https://doi.org/10.1155/2018/5852706
https://doi.org/10.1359/jbmr.070115
https://doi.org/10.1016/j.redox.2012.12.006
https://doi.org/10.1093/nar/gkz685
https://doi.org/10.1038/ncomms12794
https://doi.org/10.3390/ijms19113339
https://doi.org/10.3390/ijms19113339
https://doi.org/10.1158/0008-5472.can-18-1790
https://doi.org/10.1210/en.2013-1166
https://doi.org/10.1016/j.cmet.2008.04.003
https://doi.org/10.1194/jlr.m094128
https://doi.org/10.1155/2019/1805635
https://doi.org/10.1210/jc.2017-00042
https://doi.org/10.1210/jc.2017-00042
https://doi.org/10.1002/cbf.3025
https://doi.org/10.1371/journal.pone.0143439
https://doi.org/10.1016/j.imbio.2018.11.010
https://doi.org/10.1016/s0014-2999(01)01589-8
https://doi.org/10.1681/asn.2018100983
https://doi.org/10.1038/nm.3146
https://doi.org/10.1007/s00223-016-0177-8
https://doi.org/10.1016/j.diabres.2004.08.006
https://doi.org/10.3390/ijms21155296
https://doi.org/10.1038/nrendo.2016.53
https://doi.org/10.1038/nrendo.2016.53
https://doi.org/10.1038/s41467-020-19360-1
https://doi.org/10.1016/j.bone.2008.02.006
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Chen et al.

Zhang, B., Yang, Y., Yi, J., Zhao, Z., and Ye, R. (2021). Hyperglycemia Modulates
M1/M2 Macrophage Polarization via Reactive Oxygen Species Overproduction
in Ligature-Induced Periodontitis. J. Periodontal Res. 56, 991-1005.
doi:10.1016/j.bone.2008.02.006

Zhou, D, Jin, J,, Liu, Q,, Shi, J., and Hou, Y. (2019a). PPARS Agonist Enhances
Colitis-Associated Colorectal Cancer. Eur. J. Pharmacol. 842, 248-254.
doi:10.1016/j.jphar.2018.10.050

Zhou, X., Zhang, P, Wang, Q., Ji, N,, Xia, S., Ding, Y., et al. (2019D).
Metformin ~ Ameliorates  Experimental = Diabetic ~ Periodontitis
Independently of Mammalian Target of Rapamycin (mTOR) Inhibition
by Reducing NIMA-Related Kinase 7(Nek7) Expression. J. Periodontol. 90
(9), 1032-1042. doi:10.1002/JPER.18-0528

Zhou, S., Tu, J., Ding, S., Lu, G., Lin, Z, Ding, Y., et al. (2020). High
Expression of Angiopoietin-like Protein 4 in Advanced Colorectal
Cancer and its Association with Regulatory T Cells and M2
Macrophages. Pathol. Oncol. Res. 26, 1269-1278. do0i:10.1007/s12253-
019-00695-0

PPARP/8 Agonist Alleviates Diabetic Osteoporosis

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Chen, Lin, Ye, Yi and Zhao. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

120

November 2021 | Volume 9 | Article 753194


https://doi.org/10.1016/j.bone.2008.02.006
https://doi.org/10.1016/j.ejphar.2018.10.050
https://doi.org/10.1002/JPER.18-0528
https://doi.org/10.1007/s12253-019-00695-0
https://doi.org/10.1007/s12253-019-00695-0
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

'.\' frontiers

in Cell and Developmental Biology

REVIEW
published: 04 January 2022
doi: 10.3389/fcell.2021.788773

OPEN ACCESS

Edited by:

Andrea Del Fattore,

Bambino Gesu Children Hospital
(IRCCS), Italy

Reviewed by:

Jormay Lim,

National Taiwan University, Taiwan
Hiroshi Nishina,

Tokyo Medical and Dental University,
Japan

*Correspondence:
Martine Cohen-Solal
martine.cohen-solal@inserm.fr

Specialty section:

This article was submitted to
Molecular and Cellular Pathology,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 03 October 2021
Accepted: 23 November 2021
Published: 04 January 2022

Citation:

Zarka M, Hay E and Cohen-Solal M
(2022) YAP/TAZ in Bone and
Cartilage Biology.

Front. Cell Dev. Biol. 9:788773.
doi: 10.3389/fcell.2021.788773

Check for
updates

YAP/TAZ in Bone and Cartilage
Biology

Myléne Zarka™2, Eric Hay"? and Martine Cohen-Solal "-?*

TINSERM UMR 1132 BIOSCAR, Hépital Lariboisiére, Paris, France, 2Faculté de Santé, Université de Paris, Paris, France

YAP and TAZ were initially described as the main regulators of organ growth during
development and more recently implicated in bone biology. YAP and TAZ are regulated by
mechanical and cytoskeletal cues that lead to the control of cell fate in response to the
cellular microenvironment. The mechanical component represents a major signal for bone
tissue adaptation and remodelling, so YAP/TAZ contributes significantly in bone and
cartilage homeostasis. Recently, mice and cellular models have been developed to
investigate the precise roles of YAP/TAZ in bone and cartilage cells, and which appear
to be crucial. This review provides an overview of YAP/TAZ regulation and function, notably
providing new insights into the role of YAP/TAZ in bone biology.

Keywords: osteocyte, bone, cartilage, YAP, TAZ, hippo signaling, biomechanic, mechanotransduction

1 INTRODUCTION

YAP (yes associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif) were
identified in mammals in 1995, and 2000, respectively (Sudol et al., 1995; Kanai et al., 2000). YAP/
TAZ are transcriptional cofactors considered important cellular mediators that define the cell fate,
such as differentiation, proliferation or apoptosis. Because of this central role, YAP/TAZ regulate
numerous physiological cellular processes and thereby act as major protagonists in the maintenance
of tissue homeostasis but also represent a target in different pathological contexts.

Bone and cartilage are two tissues particularly regulated by mechanical cues because tissue
adaptation and remodelling in response to loading are essential to maintain their integrity.
Dysregulation of this mechanoadaptive mechanism leads to osteoarticular pathogenesis such as
osteoporosis or osteoarthritis. Hence, YAP/TAZ signaling may represent a central mediator that
maintains constant adaptation of bone and cartilage tissues in response to modification of the
mechanical environment. For this reason, numerous recent studies have aimed to improve our
knowledge of YAP/TAZ regulation in bone and cartilage.

2 BONE AND CARTILAGE
2.1 Bone Biology

Bone is a dynamic tissue characterized by a permanent remodeling allowing adaptation to
mechanical environment. Bone integrity is maintained by its composition, its quality and its
quantity. These characteristics are tightly regulated by different soluble factors whose actions is
finely coordinated spatially and temporally by bone cells (osteoblasts, osteoclasts, and osteocytes).
The major component of bone is the extracellular matrix that is composed principally by the collagen
type I. This matrix was synthetised by osteoblasts that come from the differentiation of mesenchymal
stem cells that expressed Prx1 (Figure 1A). Young osteoblasts are characterised by the expression of
early markers such as the transcription factors Osterix (Osx), while more matures osteoblasts
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FIGURE 1| Bone and cartilage cells differentiation (A) Osteoblasts differentiation are characterized by the expression of different markers according to the stage of
differentiation. Pre-osteoblasts expressed early osteoblastic genes such as Osterix while old osteoblasts/osteocytes expressed late osteoblastic genes such as DMP-1.
(B) Chondrocytes differentiates from proliferating chondrocytes expressing Col2at in the surface layer through an hypertrophic phenotype characterized by the

Proliferating
chondrocytes

Col2a1,
Aggrecan

Pre-hypertrophic  |hh, Pthr1
chondrocytes

l

Hypertrophic Col 10, MMP-13
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expressed the Osteocalcin (Ocn). The osteoblasts differentiation
is regulated by different factors notably Runx2 and principally by
the Wnt/B-catenin pathway. Osteocytes represents the ultimate
stage of differentiation for osteoblasts that have been included in
the bone matrix during the process of bone mineralization. Late
osteoblasts/osteocytes expressed late markers such as the Dentin
Matrix Protein 1 (DMP1). The third bone cell types are the
osteoclasts that was originated from the hematopoietic stem cells
lineage and that is responsible for bone degradation. Three mains
soluble factors are essential for osteoclastogenesis, the RANK-L,
the M-CSF, and Osteoprotegerin (OPG). These factors are
particularly important for the coupling of osteoblasts and
osteoclasts during the bone remodeling process. The renewal
of bone matrix is allowed by bone remodeling which is divided in
different phases: 1) the initiation of bone remodeling; 2) the bone
resorption; 3) the bone formation; and 4) the matrix
mineralisation. The coordinated action of osteoblasts and

osteoclasts in time and space are partly regulated by the
RANK-L/OPG. RANK-L, and its antagonists OPG, are two
ligands synthetised by osteoblasts, and whose expression is
modulated by the Wnt/B-catenin pathway in order to
maintain a balanced between formation and resorption.

The bone remodeling is regulated by systemic factors
principally hormones such as oestrogen and parathormone,
but also by growth factors that are included in the bone matrix
or by cytokines synthetized locally. TGF-B and BMPs are
released by bone matrix during resorption and allow the
regulation of osteoblastogenesis and osteoclastogenesis.
TGF-p are able to induced the recruitment and the
proliferation of osteoclasts and osteoblasts precursors. It
also regulates the expression of RANK-L/OPG by
osteoblasts and inhibits terminal differentiation of
osteoblasts. BMPs could also regulates osteoblastogenesis
by inducing the expression of Osx and Runx2, or two

Frontiers in Cell and Developmental Biology | www.frontiersin.org

122 January 2022 | Volume 9 | Article 788773


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zarka et al.

antagonists of the Wnt/B-catenin pathway, Dkkl, and
sclerostin.

2.2 Cartilage Homeostasis

Cartilage is an avascular tissue composed by chondrocytes and
extracellular matrix. Cartilage matrix is composed mostly by
the collagen type II and by proteoglycans which allow their
mechanical properties. The extracellular matrix protects
chondrocytes from mechanical loading, represents a storage
area for cytokines and growth factors, and controls nutriments
diffusion and contribute to the transmission of extracellular
signals to chondrocytes. Chondrocytes at the cartilage surfaces
are characterized by a strong expression of the collagene type
I, while hypertrophic chondrocytes in the mineralized
compartment are expressing the collagen type X
(Figure 1B). The early stage of chondrocytes differentiation
is mainly modulated by the Sox9 transcription factors that
regulates the collagen type II expression, while the late stage of
hypertrophic chondrocytes is mostly controls by Runx2.
Different signaling pathway are essential for chondrogenesis
such as the Wnt/B-catenin pathway, the TGF-B/BMPs
pathway, and the sonic hedgehog pathway (Shh). TGF-f
stimulates the chondrocytes at early stage of differentiation
while it inhibits terminal differentiation. The role of the
canonical Wnt/p-catenin pathway chondrocytes is
complex since it could inhibit chondrogenesis and
stimulates chondrocytes hypertrophy.

in

3 YAP AND TAZ BIOLOGY

The YAP/TAZ complex is a downstream effector of the Hippo
signaling pathway, discovered in Drosophila and described as a
main regulator of organ growth during development (Dong et al.,
2007; Pan, 2007). Several studies identified the main actors of
Hippo signaling in Drosophila: Warts (Justice et al., 1995; Xu
et al., 1995), Salvador (Kango-Singh et al., 2002; Tapon et al.,
2002), Hippo (Harvey et al., 2003; Jia et al., 2003; Pantalacci et al.,
2003; Udan et al., 2003; Wu et al.,, 2003), and Mats (Lai et al.,
2005). The mutation of each of these proteins leads to a hyper-
proliferative phenotype that allowed for identifying Hippo
signaling as a regulator of tissue homeostasis. Yorki, the YAP/
TAZ ortholog, identified in 2005 as a downstream effector of this
pathway and can negatively regulate apoptosis, and induce
cellular proliferation (Huang et al., 2005). The discovery and
functional description of Hippo signaling in Drosophila allowed
for considerable progress in understanding the mechanisms in
mammals.

3.1 YAP/TAZ Functions

YAP/TAZ functions are numerous and are coordinately fine-
tuned at the cellular and nuclear level. Mostly, YAP/TAZ are
transcriptional co-factors acting directly on their target genes via
their co-factors, and notably TEAD family members. YAP/TAZ
are also signaling molecules implicated in the communication
between Hippo signaling and other signaling pathways.

YAP/TAZ in Bone and Cartilage

3.1.1 Transcriptional Co-activation

YAP/TAZ are transcriptional co-activators without a DNA
binding domain and therefore require interaction with
molecular partners. This interaction allows for the expression
of target genes that control proliferation, growth, and cell
survival. Among those genes, the most described are CYR61,
CTGF, ANKRDI, REG, AXL, and MYC. Several transcription
factors have been described to interact with YAP/TAZ, mostly
members of the TEAD family. This family consists of four
homologous transcription factors, TEAD1-4, and which share
the same structural domain (Kaneko and DePamphilis, 1998).
The TEAD family facilitates the tumorigenic effect induced by
YAP in wvivo and induces gene expression required for
proliferation and cellular growth (Zhao et al, 2008; Zhao
et al, 2009; Liu-chittenden et al., 2012). The expression of
some TEAD family members is strongly increased in a large
number of cancer types and so could be used as prognosis
markers of disease progression (Zhou et al, 2016). Finally,
YAP/TAZ can interact with other transcriptional cofactors
such as p73, the RUNX family and SMAD to induce
apoptosis, and differentiation or proliferation (Kim et al., 2018).

3.1.2 Interaction of YAP/TAZ With Others Signaling
Pathways

YAP/TAZ interacts with different signaling pathways such as the
Notch, Wnt/p-catenin, TGF-B, and BMP pathways. The Wnt/
[B-catenin pathway, which is crucial for osteoblastogenesis, is
closely related to YAP/TAZ, and Hippo signaling (Figure 2).
Therefore, inhibiting YAP/TAZ via Hippo signaling could
represent a negative regulation of the Wnt canonical pathway.
Indeed, the phosphorylation of YAP/TAZ inhibits the
phosphorylation of Dvl by CK16/e and subsequently the
binding between Dvl, and LRP5/6-Frizzled induced by Wnt
(Varelas et al, 2010a). Also, the Wnt ligand could activate
YAP/TAZ via the non-canonical Wnt pathway by the FZD/
Gai2/13/Rho axis to induce target genes such as DKK1, BMP4,
and IGFBP4 (Park et al., 2015). Different studies demonstrated a
direct interaction between [-catenin and YAP in the
transcriptional complex B-catenin/TCF4/YAP (Heallen et al,
2011; Konsavage et al, 2012; Deng F. et al, 2018). Finally,
YAP/TAZ could be degraded into the cytoplasm by the
proteasome whereby YAP/TAZ interacts with P-catenin to
allow for binding to the ubiquitin ligase B-TrCP (Imajo et al,
2012; Azzolin et al., 2014).

Many studies also demonstrated that YAP/TAZ could interact
with Smads signaling, mainly TGF-p and BMP signaling, and
implicated in osteoblastogenesis (Chen et al., 2012; Moon et al.,
2016). Indeed, YAP/TAZ are required for the TGF-f3 response by
interacting with phospho-Smad2/3 to translocate into the nucleus
(Hiemer et al.,, 2014; Mahoney et al., 2014). In response to high
cellular density, phosphorylated YAP/TAZ could be retained in
cytoplasm with Smad 2/3, and which inhibits the TGF-{ response
(Varelas et al., 2010b). Finally, YAP and TAZ act in synergy after
BMP stimulation because YAP interacts with Smad1/5 to induce
target genes, and whereas TAZ induces BMP4 expression
(Alarcon et al., 2009; Lai and Yang, 2013).
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FIGURE 2 | Levels of regulation of YAP and TAZ YAP/TAZ regulation is fine-tuned and mediated by external stimuli or soluble factors via LATS1/2 (in green: 1, 2,

and 3) that phosphorylates YAP/TAZ (in yellow: 4). YAP/TAZ localization and degradation could be also modulated at different levels (in blue: 5, 6, 7, and 8).
Phosphorylated inactive YAP/TAZ can induce cytoplasmic sequestration of $-catenin and inhibit Wnt/p-catenin signaling by inhibiting Dvl translocation to LRP5/6-
Frizzled complex. Phosphorylated YAP/TAZ are also present in the p-catenin proteosomal degradation complex. YAP/TAZ could also be a transcriptional co-factor

for B-catenin and its interaction with TCF/LEF. Finally, non-canonical Wnt/p-catenin signaling inhibits YAP/TAZ phosphorylation via LATS1/2.

3.2 YAP/TAZ Regulation consists of two enzymatic complexes, LATS1/2-MOB1A/B and
YAP/TAZ regulation is tightly modulated and occurs at multiple =~ MST1/2-SAV1. The kinase MST1/2, associated with its

levels, notably by YAP/TAZ inactivation via phosphorylation  regulatory protein SAV, activates LATS1/2-MOBIA/B via
leading to their degradation and/or cytoplasmic sequestration to  phosphorylation (Chan et al, 2005; Praskova et al, 2008).
avoid YAP/TAZ nuclear translocation (Figure 2). YAP/TAZ  This active complex can phosphorylate YAP/TAZ, with effects
regulation could depend on Hippo signaling or be  depending on the targeted serine (Zhao et al., 2010). YAP/TAZ
independent, via direct modulation of YAP/TAZ cellular  phosphorylation induces the cytoplasmic sequestration, nuclear
localization. The cellular microenvironment is really important  exclusion, and/or proteasomal degradation (Zhao et al., 2007,
to take in consideration since it could restrain YAP/TAZ to  2010; Lei et al,, 2008; Liu et al., 2010). Among the different sites of
nucleus or the cytoplasm, which can totally modify the  phosphorylation, Ser127 (Ser89 for TAZ), and Ser381 (Ser311 for
modality of YAP/TAZ molecular regulation. In fact, for = TAZ) are the most decisive for protein inactivation. In fact, the
example, large surface area, and stiff matrix or the presence of = phosphorylation of Ser381 by LATS1/2 allowed for recruitment
mechanical forces lead to the nuclear translocation of YAP/TAZ.  of the ubiquitin complex SCFF"™®PE3 leading to YAP/TAZ
In vitro study which are performed on stiff plastic support, is  degradation by the proteasome (Liu et al, 2010; Zhao et al,
associated with a basal activation state of YAP/TAZ due to the =~ 2010). Moreover, Ser127 phosphorylation induced YAP/TAZ

stiff properties of the matrix. recognition by 14-3-3 protein and their cytoplasmic
sequestration (Lei et al., 2008).
3.2.1 YAP/TAZ Regulation via Hippo signaling Regulation of LATS1/2 phosphorylation is an indirect

Hippo signaling pathway regulates a number of biological  regulation of YAP/TAZ activity and could be modulated by
processes such as cellular proliferation, cell fate, cellular  both soluble factors and/or cellular contact. Many soluble
differentiation, organ size, and tissue homeostasis. The  extracellular factors can regulate YAP/TAZ via Hippo
pathway is composed of a complex cascade of serine/  signaling to promote cellular migration and proliferation.
threonine-protein kinase including the Hippo kinase core that ~ Members of the epidermal growth factor family,
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lysophosphatidic acid or sphingosine-1-phosphate, can inhibit
LATS1/2, and subsequent YAP/TAZ nuclear translocation
(Komuro et al., 2003; Omerovic et al.,, 2004; Fan et al., 2013;
Reddy and Irvine, 2013; Haskins et al., 2014). G protein-coupled
receptors can also modulate YAP/TAZ differentially depending
on the subunit and ligand. Indeed, RCPGal2/13 are mostly
activated by ligands such as LPA, and S1P or thrombin to
activate YAP/TAZ dependent on Rho GTPase (Miller et al,
2012; Mo et al, 2012; Yu et al, 2012). However, G protein-
coupled receptors associated with the Ga/s subunit can activate
Hippo signaling via cAMP/protein kinase A signaling (Kim et al.,
2013; Yu et al., 2013).

Cellular contacts can also facilitate the YAP/TAZ axis activation
indirectly by modulating LATS1/2 activation. This activation
involves three major complexes associated with the cellular
membrane: NF2/KIBRA, SCRIB, and a-catenin/AMOT/AJUBA/
NE2 (see Figure 2 from Totaro et al., 2018 and Meng et al., 2016 for
review). KIBRA protein was identified upstream of Hippo signaling
and can activate LATS1/2 (Baumgartner et al., 2010; Genevet et al,
2010; Yu et al,, 2010). KIBRA can restrain proliferation notably on
polarized cells because it negatively regulates YAP/TAZ via
LATS1/2 phosphorylation (Xiao et al, 2011). Also in response
to cellular polarity, SCRIB protein, described as a scaffold protein
involved in this process, regulates Hippo signaling (Doggett et al.,
2011; Verghese et al.,, 2012). For example, the SCRIB membrane
delocalization observed during the epithelial-mesenchymal
transition of cancer stem cells leads to YAP/TAZ activation by
inhibiting Hippo signaling (Cordenonsi et al., 2011). The third
major complex, a-catenin/AJUBA/NF2/AMOT, regulates cellular
proliferation following adhesion, and cellular contacts. This
situation may restrain YAP/TAZ activation via LATS1/2
phosphorylation in response to adherents junctions and
cytoskeletal tension (Das Thakur et al., 2010; Kim et al,, 2011;
Rauskolb et al., 2014).

3.2.2 Direct Regulation of YAP/TAZ Cellular
Localization
YAP/TAZ regulation via membrane or cytoplasmic sequestration
may occur by a distinct mechanism. YAP/TAZ sequestration at
the cellular membrane that abolishes any transcriptional activity
could be regulated by AMOT (Wang et al., 2011; Zhao et al,,
2011). AMOT can also modulate YAP nuclear localization to
facilitate its interaction with the transcriptional co-factor TEAD
and promote YAP-dependant proliferation (Moleirinho et al.,
2017). At adherents junctions, a-catenin interacts with YAP/
TAZ/14-3-3 complexes to inhibit epidermal stem cell
proliferation induced by nuclear translocation of YAP
(Schlegelmilch et al, 2011). The WW domain of YAP/TAZ
allows for direct interaction with PTPN14, which leads to
YAP/TAZ cytoplasmic sequestration, and prevents their
nuclear translocation (Liu et al., 2013; Michaloglou et al., 2013).
Cytoplasmic sequestration is not the only mechanism of YAP/
TAZ inhibition independent of Hippo signaling because YAP/
TAZ can also be inhibited at the nuclear level. This mechanism
involves direct competition between YAP/TAZ and VGGL4
protein for fixation on the transcriptional cofactor TEAD (Jiao
et al., 2014; Zhang et al., 2014).

YAP/TAZ in Bone and Cartilage

3.3 Effect of the Cellular Microenvironment
on YAP/TAZ

YAP/TAZ localization and activity are also regulated by different
physical constraints that occur at the cellular level. These
environmental constraints depend on matrix properties, the
presence of a cellular contact or tension forces such as shear
stress.

3.3.1 YAP/TAZ Regulation via Cellular Junctions and
Adhesion

Matrix rigidity and adhesion surfaces regulate YAP/TAZ
localization and allow for modulation of cellular behaviours to
adapt to the cellular microenvironment. Indeed, a stiff matrix or
large adhesive area is associated with YAP/TAZ nuclear
translocation (Dupont et al, 2011; Aragona et al, 2013;
Totaro et al, 2017). Conversely, high cellular density inhibits
YAP/TAZ translocation (Zhao et al., 2007; Wada et al., 2011;
Hsiao et al., 2016). Therefore, YAP/TAZ are regulated by both the
presence of a matrix contact that promotes their nuclear
translocation and by the presence of a cellular contact that
inhibits this process. In this context, integrin signaling is
crucial for YAP/TAZ regulation by the organization of actin
filaments and PI3K/PDK1 signaling, and which inhibits Hippo
signaling. Indeed, the structural organization of the actin network
and the formation of stress fibres are required to activate YAP/
TAZ, independent of the ratio of G to F actin (Connelly et al,,
2010; Dupont et al, 2011; Aragona et al., 2013). Hence, the
inhibitors of actin polymerization and inhibitors of the
actomyosin network reduce YAP/TAZ activity. This regulatory
mechanism is independent of the Hippo pathway because
LATS1/2 inhibition is not sufficient to restore YAP/TAZ
activity in the presence of actin polymerization inhibitors
(Dupont et al., 2011). In recent years, different studies have
highlighted the integrin/FAK/CFC42/PP1A axis as a regulator
of YAP/TAZ nuclear translocation (Elbediwy et al., 2016; Hu
et al,, 2017; Xiang et al., 2018). Notably, integrins f1 and a3 are
upstream of YAP/TAZ activation in epithelial cells and transit-
amplifying cells (Elbediwy et al., 2016; Hu et al.,, 2017). Also,
integrin a5 controls osteoblast mechano-sensing and is required
to induce YAP/TAZ nuclear translocation in osteoblasts under
shear stress (Kaneko et al., 2014).

The activation of integrin and focal adhesion kinase by
fibronectin stimulates PDK1 via PI3K to inhibit LATS1/2 and
promote YAP/TAZ nuclear translocation (Kim and Gumbiner,
2015). All of these studies demonstrate that integrins are part of
the cellular perception of the microenvironment and are thus
capable of regulating YAP/TAZ.

3.3.2 YAP/TAZ and Mechanical Forces

The YAP/TAZ regulatory mechanisms described above allow for
the modulation of cellular responses to the different forces
applied from the environment, notably shear stress. For
example, mechanical stress regulates cellular proliferation, and
as shown in quiescent epithelial cells. In these cells, stress activates
the expression of anti-apoptotic genes (Birc5, AREG) as well as
proliferative genes (c-Myc, Cyclin D1) via YAP and p-catenin
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nuclear translocation (Benham-pyle et al., 2015). Shear stress also
regulates YAP/TAZ cellular localization, mainly described during
atherosclerosis, and in which the hemodynamic environment
regulates endothelial cells. Hence, the modification of shear stress
induces an inflammatory response and the emergence of YAP/
TAZ-dependant lesions, and homogenous shear stress inhibits
this process (Wang K.-C. et al,, 2016; Wang et al,, 2016 L.). In
zebrafish, YAP/TAZ activation resulted from actin filament
reorganization in response to shear stress, and YAP/TAZ
consecutive interaction with AMOT protein (Nakajima et al,
2017). Shear stress facilitates osteoblastogenesis from
mesenchymal stem cells (MSCs) via RhoA activation and
YAP/TAZ nuclear translocation (Kim et al., 2014).

It was also demonstrated in vitro that increasing the stiffness of
a mineralized collagen glycosaminoglycan matrix allow
osteoblastogenesis from bone marrow-derrived hMSCs
through YAP/TAZ activation (Zhou et al, 2021). This result
was elegantly confirmed during in situ bone regeneration in a
bone defect model with a self-mineralizable matrix inducing
osteoblastogenesis from MSC across time according to the
level of mineralization (Li J. et al., 2021). It was demonstrated
that stiffness could modulate YAP/TAZ through RAP2
downstream of the phospholipase Cyl (Meng et al, 2018).
Indeed, at low stiffness, active RAP2 could act on LATS1/2
activation which lead to YAP/TAZ inhibition.

Interestingly, Major and its collaborators demonstrated that
cellular volume should be more relevant than just stiffness of the
matrix. Indeed, they shown opposite effect of stiffness in 2D vs 3D
since 3D soft matrix favours osteoblastogenesis from adipose-
derived stem cells (Major et al., 2019).

All of these results highlight the fact that all of forces emanating
from the microenvironment are integrated at cellular level and affect
YAP/TAZ activation states. In the context of bone, osteoblast lining
cells and osteocyte matrix-embedded cells have different 3-
dimensional mechanical environment which necessarily lead to a
different regulation of YAP/TAZ.

In degenerative diseases, modifications of the matrix
properties could also lead to the modification of YAP/TAZ
activation that could contributes to the pathogenesis (Fearing
et al., 2019). For example, in the adult nucleus pulposus (NP),
cells are embedded in a soft matrix that becomes fibrotic and
stiffness with age. Modifications of mechanical cues emanating
from this altered matrix modify the cell shape and activate YAP
that is normally sequestered in the cytoplasm.

4 YAP/TAZ AND BONE BIOLOGY

Bone is a dynamic tissue associated with permanent remodelling
that is required to adapt the bone structure and density to
maintain physical integrity upon mechanical loading. Different
studies have highlighted a role for YAP/TAZ in this process.
Hence, YAP/TAZ regulates chondrogenesis and osteoblast
differentiation from MSCs to late osteoblast stage/osteocytes.
Recently, our lab and others have characterised the role of
YAP/TAZ in osteocyte perilacunar/canalicular remodeling and
in mechanotransduction.

YAP/TAZ in Bone and Cartilage

4.1 Role of YAP/TAZ in Craniofacial and

Dental Development
YAP/TAZ and the Hippo pathway are known to be implicated
in development especially in organ size. Different works aims
to elucidated their roles on craniofacial and dental
development such as the work of Wang and its
collaborators that demonstrates the role of YAP/TAZ in
neural crest-derived craniofacial development (Wang et al,,
2016a). Deletion of YAP/TAZ in cranial neural crest using
Wnt1¢ and Wnt1“***%R Jead to embryonic lethality with
vascular defect probably causing haemorrhage. This work
indicates that YAP/TAZ regulate vascular development that
is known to be essential for bone development. It was also
demonstrated that YAP/TAZ modulates the secondary palate
development notably by regulating genes involved in
mineralization such as Phex, which could lead to the
regulation of collagen cross-linking in the palate shelf
mesenchyme (Goodwin et al., 2020). This suggest that YAP/
TAZ could themselves influence their matrix stiffness by
modulating gene implicated in bone mineralization.
YAP/TAZ was also study in the context of the generation of
transit-amplifying cell (TAC) populations during growth of
mouse incisor (Hu et al., 2017). It was shown in vivo that this
process is modulated by the ITGA3-FAK-CDC42 signaling axis
in order to activate YAP in a LATS-independent manner. This
regulation led to nuclear accumulation of YAP and the
maintenance of a high proliferation rate necessary to maintain
organ renewal. Interestingly, Li and its collaborators
demonstrates that the a-E catenin are able to inhibit YAP in
the mouse incisor (Li et al, 2016). This regulation allows the
establishment of non-dividing cells for dental mesenchymal
condensation and epithelial invagination.

4.2 Role of YAP/TAZ in Bone and Cartilage

Stem Cells Differentiation
YAP/TAZ allow for the MSC commitment toward an
osteoblastic lineage while inhibiting adipogenesis and
chondrogenesis  (Figure 3) (Hong et al, 2005
Lorthongpanich et al., 2019). This differentiation process is
regulated by different mechanisms such as
metalloproteinase (MMP) synthesis, cellular contact and
shear stress. MSCs produce MT1-MMP (MMP-14) to
induce remodelling responsible for nuclear
translocation of YAP/TAZ via the activation of integrin 1/
RhoA axis in vivo (Tang et al., 2013). Thus, the matrix
remodelling triggers the differentiation of MSCs toward an
osteoblastic lineage rather than chondrogenesis or
adipogenesis. In addition, the absence of cellular contact
induces morphological changes in MSCs such as a large
adhesion surface, thereby promoting osteoblastogenesis, and
inhibiting adipogenesis (McBeath et al., 2004). Snail/Slug
signaling also participates in vivo in the differentiation
process via YAP/TAZ activation and subsequent expression
of osteoblastic genes such as Runx2 (Tang and Weiss, 2017).
Dupont and collaborators demonstrated that the osteogenic
differentiation normally induced in MSCs on stiff matrix was

matrix
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FIGURE 3 | YAP/TAZ in bone and cartilage biology YAP/TAZ regulates mesenchymal stem cell commitment toward an osteoblastic lineage and inhibits
adipogenesis and chondrogenesis by inhibiting PPARy, and BMP, respectively. This process allows for osteoblast differentiation in relation to microenvironment
modifications such as shear stress, absence of cellular contact, and/or a stiff matrix that promotes YAP/TAZ activation. YAP/TAZ regulate osteoblastogenesis by

modulating Runx2 and the Wnt/p-catenin pathway.

TABLE 1 | Partners of YAP/TAZ in bone and cartilage.

Bone Cellular consequences References
partners
a-catenin Cytoplamic retention of YAP to establish a group of non-dividing and specialized cells for formation of the tooth Li et al. (2016)
signalling centre, the enamel knot (EK)
Snail/Slug Interaction inside the complex Snail/Slug-YAP/TAZ-Runx2 to stimulate MSC differentiation Tang et al. (2016)
Runx2 Stimulate Osteocalcin gene expression and osteoblastogenesis Cui et al. (20083), Hong et al. (2005)
PPARy Inhibit adipogenesis Hong et al. (2005)
B-catenin Stimulate osteoblastogenesis Pan et al. (2018)
Smad1/5/8 Stimulate osteoblastogenesis in response to BMP-2 Wei et al. (2020)

YAP/TAZ, interacts in protein complex with different signaling pathway such as TGF/BMPs, and the Wnt/B-catenin pathway. YAP/TAZ, also interacts as DNA, and binding partners with

Runx2.

inhibited in vitro by YAP/TAZ small interfering RNA (siRNA)
(Dupont et al, 2011). YAP/TAZ silencing enabled adipogenic
differentiation even on a stiff matrix that inhibited this process,
thus imitating a soft environment. Moreover, shear stress induced
the nuclear translocation of YAP/TAZ and the differentiation of
MSCs in vitro via the osteoblastic lineage associated with the
increased expression of Runx2, DIx5, and Msx2 (Zhong et al.,
2013; Kim et al., 2014). This mechanism involves RhoA because
RhoA inhibition abolished the nuclear translocation of YAP/TAZ
and the concomitant to activate target genes.

Recently, a role of YAP/TAZ in subchondral bone stem/
progenitor cells (SCP-SPC) was described ex vivo in the
context of the radial extracorporeal shockwave (Zhao et al,
2021). They demonstrated that radial shockwave influences the
self-renewal of SCB-SPC through modulation of YAP.

4.3 Role of YAP/TAZ in Osteoblastogenesis
Several studies have highlighted the role of YAP and TAZ in
regulating osteoblastogenesis and their proteins partners
(Table 1). Mostly, TAZ was described as a transcriptional co-
activator interacting with Runx2, and the master regulator gene of

osteoblastogenesis (Cui et al., 2003; Byun et al., 2014). The growth
factors FGF-2 and IGF-1 were described in vitro as inducers of
osteoblast differentiation by increasing TAZ expression and its
nuclear translocation involving ERK signaling (Xue et al., 2013;
Byun et al, 2014). Hence, the inhibition of TAZ by siRNA
abolished osteogenic differentiation induced by FGF-2 and
IGF-1 in vitro in cultures of rat bone marrow and C3H10 cell
lines. In contrast to TAZ, YAP inhibited Runx2 activity in the
osteoblast-like cells ROS 17/2.8 (Zaidi et al., 2004). Pan and
collaborators demonstrated that YAP regulates
osteoblastogenesis via Wnt/B-catenin signaling in vitro and in
vivo (Pan et al, 2018). Finally, microgravity decreased the
osteogenic differentiation induced by downregulation of TAZ
activity on MSCs isolated from rat long bones (Chen et al., 2015).
TAZ activation by lipophosphatidic acid blocked the inhibitory
effect of gravity on osteoblast differentiation by inducing ROCK
signaling.

Recently, mouse models were used to explore the role of YAP/
TAZ in bone (Table 2). These works highlighted the differential
role of YAP/TAZ according to stage of osteoblast differentiation.
YAP/TAZ double knockout in the osteoprogenitors Osx+ or
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TABLE 2 | Bone phenotype induced by YAP and TAZ modulation.

Genotype Stage of

differentiation

YAPY! TAZVA: pry1Cre Mesenchymal stem
cells

Young osteoblasts

edema)
YAPﬂ/ﬂ, TAZfI/fI. OSXCre

Bone structure

Lethality (severe hemorrhage and

Lethality (neonatal asphyxiation due to
ribcage malformation, fracture)

YAPV* TAZV: pry1Cre Mesenchymal stem BV/TV + Ct. Th +
cells

YAPV+; TAZV+; 0sxCeYAPY™: TAZ*: Young osteoblasts BV/TV- Ct. Th —

OSXCre TAZﬂ/ﬂ; YAPﬂ/+; OSXCre

YAP"; Ocn© Osteoblasts BV/TV - Ct. Th =

YAPY. TAZVE, DMP1CTe Mature osteoblasts/ BV/TV - Ct. Th -
osteocytes

YAPY, TAZY, DMP1(8 kb)©™ Mature osteoblasts/ ~ BV/TV — Ct. Th -

osteocytes

YAP/TAZ in Bone and Cartilage

Histo- Age References
morphometric
parameters
— Embryonic Xiong et al. (2018)
lethality
— Neonatal Kegelman et al.
lethality (2018)
Ob. N/BS + 12-week-old- Xiong et al. (2018)
Oc. N/BS = female
MS/BS +
MAR =
BFR/BS +
Ob. N/BS - 8-week-old Kegelman et al.
Oc. N/BS + male (2018)
MS/BS =
MAR —
BFR/BS =
Ob. N/BS - 3-month-old Pan et al. (2018)
MAR - male
BFR/BS -
Ob. N/BS - 12-week-old- Xiong et al. (2018)
Oc. N/BS + male
MS/BS -
MAR —
BFR/BS -
Ob. N/BS - Post-natal- Kegelman et al.
Oc. N/BS + day 84 (2020)
MS/BS -
MAR —
BFR/BS -

Synthesis of the bone phenotype observed in different mouse models invalidated for YAP, and/or TAZ, at different stages of differentiation. YAP/TAZ, deletion in osteoprogenitors results in
lethality, and later invalidation using Osx, and Ocn or DMP1-Cre decreases bone volume. Obl.S/BS, osteoblast surface, Oc.S/BS, osteoclast surface, MS/BS, mineralized surface/bone

surface, MAR, mineral apposition rate, and BFR/BS, bone formation rate/bone surface.

Prx1+ led to a lethality induced by ribcage malformation and the
occurrence of haemorrhage, respectively, and during embryonic
development (Kegelman et al., 2018; Xiong et al., 2018). The
inducible double deletion of YAP/TAZ in Osx+ osteoprogenitors
promoted osteoblastogenesis and bone formation in compact
bone of 12-week-old mouse vertebrae. In parallel, a reduced
mineral apposition rate resulted in the absence of any
modified bone formation rate. Of note, YAP"*, and TAZ"";
Prx1°™ mice featured a bone mass owing to increased bone
formation, and which suggests that YAP/TAZ have distinct roles
depending on the stage of differentiation (Xiong et al., 2018).
Thus, conditional deletion of YAP in fully differentiated
osteoblasts from YAPY%, Ocn“™ mice resulted in bone loss
associated with decreased osteoblast proliferation and
differentiation. Moreover, bone marrow from YAPY*, TAZYf,
Prx1" and YAPM, TAZ" Osx“™ mice showed increased
osteogenic differentiation, notably with increased levels of
bone formation markers such as Osx, osteocalcin, and collagen
I (Xiong et al,, 2018). This double deletion in osteoprogenitors
was associated with increased Wnt/B-catenin signaling and
Runx2 expression. Hence, single deletion of YAP or TAZ in
Osx + cells (YAP ¥ 0sx™, and TAZ"; 0sx°™) or double
deletion of YAP/TAZ at the mature osteoblast/osteocyte stage
(YAPY, TAZVY, DMP1°") decreased bone mass, which was
associated with increased osteoclast activity, and decreased

osteoblastogenesis (Kegelman et al., 2018; Xiong et al., 2018).
YAPY, TAZY; DMP1°" mice showed decreased osteoblast
number and bone formation rate resulting from decreased
mineralized surface and apposition mineral rate. Together,
these data show that YAP/TAZ could promote the
commitment toward an osteoblastic lineage but inhibit the
activity of fully differentiated osteoblasts/osteocytes.

The role of each co-factor was also assessed. TAZ
overexpression in osteoblasts or the administration of TAZ
lentivirus in a model of bone loss promoted the increase in
bone mass and density associated with increased levels of
osteoblast markers such as Runx2 and osteocalcin (Yang et al.,
2013; Zhang et al., 2016). Overexpression of TAZ in the osteoblast
cell line C3H10 upregulated Runx2 transcriptional activity
associated with increased TGF-P response and decreased Wnt-
[-catenin signaling (Yang et al., 2013).

Finally, YAP/TAZ could contribute to bone fracture healing
because YAP/TAZ deletion in adult mice impaired bone
formation in the callus (Kegelman et al, 2021). Thus, YAP/
TAZ accelerated bone fracture healing via the expansion and
differentiation of periosteal osteoblast precursors.

4.4 YAP/TAZ and Osteocytes
Recent studies highlighted the implication of YAP/TAZ in
osteocytes with a role in bone quality and adaptative
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TABLE 3 | Cartilage phenotype induced by YAP and TAZ modulation.
Genotype or model

Mob1a™ Mob1b™~; Col2a1CreERT
nis-YAP5SAK*; Col2a1°r®

Tg-Col2a1-YAP

Mst1"; Mst2™Col2a1°®

Intra-articular injection of YAP siRNA
Intra-articular injection of YAP inhibitor, Verteporfin
YAPWﬂ; 00‘231 CreERT

Yap"/ﬂ; Tazﬂ/ﬂ; Col2a1 Cre

YAP overexpression
YAP overexpression

YAP silencing
YAP/TAZ silencing

YAP/TAZ silencing

YAP/TAZ status

YAP/TAZ overexpression from PO

YAP/TAZ overexpression

YAP silencing from 8 week-old

YAP/TAZ in Bone and Cartilage

Effect on cartilage and OA References

Chondrodysplasia phenotype
Chondrodysplasia phenotype
Protects from OA
Protects from OA
Protects from OA
Protects from OA
Protects from OA
Neonatal lethality

Goto et al. (2018)

Vanyai et al. (2020)
Deng et al. (2018a)
Deng et al. (2018b)
Gong et al. (2019)
Zhang et al. (2020)
Zhang et al. (2020)
Vanyai et al. (2020)

Synthesis of cartilage phenotypes induced by YAP, or YAP/TAZ, silencing, and upregulation in vivo found in the literature. OA, osteoarthritis.

mechanical features. Two roles of YAP/TAZ were described in
osteocytes with specific functions in perilacunar/canalicular
remodeling and in mechanotransduction. Kegelman and
collaborators investigated the role of YAP/TAZ in osteocyte-
mediated bone remodeling by the conditional deletion of YAP
and TAZ in DMP1“"® mice (Kegelman et al, 2020). The
invalidation of YAP/TAZ in osteocytes resulted in lower bone
mass and dysregulated matrix collagen content and organization,
thereby reducing bone mechanical properties. The authors also
showed that YAP/TAZ is crucial for TGF-B-induced matrix
protease gene expression and osteocyte perilacunar/canalicular
remodeling. In line with these findings, we assessed the
implication of YAP/TAZ in osteocyte mechanotransduction
and showed that YAP/TAZ translocated to the nucleus and
activated their target genes in a 3D in vitro culture model of
the MLO-Y4 osteocyte-like cell line under mechanical
compression (Zarka et al., 2021). YAP/TAZ silencing by short
hairpin RNA partially blocked the increased M-csf and Cxcl3
gene expression induced by osteocyte loading, which suggests
their role as mediators of mechanically induced chemokine
expression in MLO-Y4 osteocytes. Moreover, transcriptomic
analysis of YAP/TAZ-deleted osteocytes under compression
strain revealed the regulation of several factors that initiate the
formation of dendrites. This observation suggests the central role
of YAP/TAZ in the formation of a perilacunar/canalicular
network and in osteocyte-mediated bone remodeling.

4.5 Role of YAP/TAZ in Chondrocyte

Function
The involvement of YAP was mostly analysed in
chondrogenesis given that YAP induces chondrocyte

proliferation and inhibits their differentiation (Karystinou
et al,, 2015; Yang et al., 2017). Chondrocyte proliferation is
controlled by YAP, which induces the expression of Sox6
required for the proliferation while inhibiting the expression
of collagen type X, a marker of hypertrophic chondrocytes
in vitro and in vivo (Deng et al.,, 2016). Hence, inhibition of
YAP activity is necessary to allow chondrocyte differentiation
because YAP inhibits the BMP response that is essential for
chondrocyte differentiation in vitro (Karystinou et al., 2015).
Also, YAP inhibits chondrocyte differentiation in vitro by
reducing Wnt/B-catenin signaling, whereas chondrocyte de-

differentiation was found associated with increased YAP/TAZ
level induced by RhoA signaling (Yang et al, 2017).
Consistently, YAP is mostly localised in the nucleus of pre-
hypertrophic chondrocytes, and hypertrophic chondrocytes
show decreased YAP nuclear localization  during
embryogenesis (Goto et al., 2018).

These data suggest that YAP/TAZ promote the commitment
of chondrocyte differentiation while blocking the final
hypertrophic differentiation as a compensatory mechanism.
These was confirmed by a recent study demonstrating the role
of TAZ during chondrogenesis in vivo (Li Y. et al., 2021). They
show that TAZ expression increased during chondrogenic
differentiation and that TAZ deletion using Col2al“" mice
inhibits growth plate and articular cartilage development. TAZ
was found to promote chondroprogenitors cell proliferation
while inhibiting chondrocyte maturation.

Overexpression of YAP/TAZ in chondrocytes induced by
MOBI1A/B and constitutive activation of YAP in cartilage resulted
in a phenotype of chondrodysplasia (Table 3) (Goto et al,, 2018;
Vanyai et al, 2020). MOB1A/B deletion in mice revealed a low
growth plate length and long bones, associated with altered
proliferation, differentiation, and endochondral ossification.
Primary chondrocytes isolated from these mice showed decreased
proliferation related to decreased Sox9 expression induced by YAP/
TAZ overexpression. In addition, Deng and collaborators
demonstrated that YAP-specific overexpression in chondrocytes,
in transgenic Col2al-YAP mice or by Mst1/2 deletion under Cre-
recombinase Col2al, protected articular cartilage against
osteoarthritis (Deng Y. et al, 2018). YAP overexpression
attenuated NF-kB signaling and protected against extracellular
matrix degradation by inhibiting matrix-degrading enzymes.

Recently, Vanyai and collaborators demonstrated that YAP/
TAZ conditional deletion in chondrocytes from Col2al Cre mice
(Yapﬂ/ fl. Tazfl’; Col2a1°™*) resulted in neonatal lethality due in
part to a cleft palate (Vanyai et al., 2020). The authors highlighted
the phenotype inconsistency between in vitro and in vivo because
YAP/TAZ are not required for cell proliferation in the cartilage
growth plate in vivo. However, this study showed that modulating
YAP/TAZ levels does not impair cell proliferation but rather
induces skeletal deformities in vivo probably via the expression of
matrix remodelling genes.

The ubiquitous expression of YAP/TAZ and the tissue-specific
regulation of the complex are clues for interactions with several other
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cell signaling pathways. The Hippo pathway interacts with NF-«xB
signaling to regulate protease expression and cartilage degradation
during osteoarthritis. Conversely, the related effect was investigated
by the use of intra-articular injection of YAP siRNA or the YAP
inhibitor verteporfin: YAP inhibition protected against osteoarthritis
(Gong et al, 2019; Zhang et al, 2020). Indeed, intra-articular
injection of verteporfin or deletion of YAP by using YAP"";
Col2a1“"***" maintained cartilage homeostasis in osteoarthritic
mice (Zhang et al, 2020). Silencing YAP by siRNA inhibited
interleukin-1B-induced chondrocyte apoptosis and catabolic gene
expression (Gong et al,, 2019). Of note, osteoarthritic mice treated
with YAP siRNA showed reduced subchondral bone attrition. More
studies are needed to fully elucidate and clarify the role of YAP/TAZ
in chondrocytes and environmental cells within the joints.

5 CONCLUSION

YAP and TAZ are regulators of bone and cartilage homeostasis that
allows for structural and cellular adaptation in response to the
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microenvironment. YAP/TAZ contribute significantly in bone
and cartilage by feeding into the regulation of master
orchestrators such as Runx2, Osx, and Sox9. Biomechanical
components have a crucial impact on the development of bone
and cartilage diseases, so YAP/TAZ are central players for the
initiation and progression of the diseases. Therefore, members of
YAP/TAZ signaling are potential targets in treating bone and
cartilage disorders.
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Background: Preaxial polydactyly (PPD) is one of the most common developmental
malformations, with a prevalence of 0.8-1.4% in Asians. PPD is divided into four types,
PPD I-IV, and PPD I is the most frequent type. Only six loci (GL/T, GLI3, STKLD1, ZRS, pre-
ZRS, and a deletion located 240 kb from SHH) have been identified in non-syndromic PPD
cases. However, pathogenesis of most PPD patients has never been investigated. This
study aimed to understand the genetic mechanisms involved in the etiology of PPD | in a
family with multiple affected members.

Methods: We recruited a PPD | family (PPD001) and used stepwise genetic analysis to
determine the genetic etiology. In addition, for functional validation of the identified GLIS7
variant, in vitro studies were conducted. GLIST variants were further screened in additional
155 PPD cases.

Results: We identified a GLIST variant (NM_147193: ¢.1061G > A, p.R354H) in the
PPDO01 family. In vitro studies showed that this variant decreased the nuclear
translocation of GLIS1 and resulted in increased cell viability and migration. RNA
sequencing revealed abnormal TBX4 and SFRP2 expression in 293T cells transfected
with mutant GLIS1. Additionally, we identified a GLIST variant (c.664G > A, p.D222N) in
another PPD case.

Conclusion: We identified two GLIS7 variants in PPD | patients and first linked GLIS7 with
PPD I. Our findings contributed to future molecular and clinical diagnosis of PPD and
deepened our knowledge of this disease.

Keywords: Glis1, PPD I, SFPR2, stepwise genetic analysis, nuclear localization signal, preaxial polydactyly

Jin J-Y, Wu P-F, Luo F-M, Guo B-B,
Zeng L, Fan L-L, Tang J-Y and Xiang R
(2022) GLIS Family Zinc Finger 1 was
First Linked With Preaxial Polydactyly |
in Humans by Stepwise

Genetic Analysis.

Front. Cell Dev. Biol. 9:781388.

doi: 10.3389/fcell.2021.781388

INTRODUCTION

Preaxial polydactyly (PPD) is one of the most common developmental malformations, occurring in
0.8-1.4% of Asians (Evanson et al., 2016). PPD is phenotypically divided into four types: PPD I-IV,
and PPD I (OMIM_174400) is the most common type in many populations (Handforth, 1950). PPD
I is characterized by the duplication of one or more of the skeletal components of biphalangeal
thumbs. The severity varies from a mere broadening of the distal phalanx with a slight bifurcation at
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GLIS1 First Linked with PPD
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FIGURE 1 | Pedigree, symptoms, and stepwise genetic analysis of the PPD001 family. (A) Pedigree of PPDO01 family with seven patients. The black symbols
represent the affected members, and the arrow indicates the proband. Genotypes are identified by letters and a slash, with red letters representing variants. Question
marks represent unknown data or symptoms. (B-D) The proband was affected by PPD I. (E) The stepwise genetic analysis strategy. (F) Sanger sequencing results of the

the tip to a full duplication of the thumb, including the
metacarpals (Lange and Muller, 2017). Currently, six loci have
been identified in nonsyndromic PPD cases, including GLII,
GLI3, STKLDI1, the zone of polarizing activity (ZPA)
regulatory region (ZRS), which is a limb-specific enhancer of
SHH that is located within intron five of LMBRI, the pre-ZRS
region (a noncoding evolutionary conserved sequence 500 bp
upstream of the ZRS), and a deletion located 240 kb from the
SHH promotor. Genetic etiologies in most PPD patients have
never been evaluated (Petit et al., 2016; Potuijt et al., 2018; Ullah
et al., 2019; Umair et al., 2019; Xu et al., 2020; Baas et al., 2021).

GLISI encodes GLIS family zinc finger protein 1, a
transcriptional activator and repressor, though it primarily
functions as a transcriptional activator. GLISs, together with
GLIs and ZICs, constitute the Kriippel-like zinc finger family,
which is characterized by classical Cys2-His2 zinc fingers (Lee
et al., 2017). In situ hybridization of mouse embryos showed that
Glisl is expressed primarily in tissues with mesodermal lineages,
including limb buds. Glisl was first observed in the anterior-
proximal mesenchyme during early limb bud development in
mice (E9.5) and then extends along the entire apical ectodermal
ridge (AER) at E11.5 (Kim et al., 2002). The expression pattern is

similar to Gli3 expression, suggesting that Glis] may play an
important role in mouse limb patterning. However, Glisl
function in limb development remains ambiguous. In addition,
GLIS1 is commonly used to generate human induced pluripotent
stem cells (iPSCs), where GLIS1 can replace c-MYC and interact
with OCT3/4, SOX2, and KLF4 to markedly enhance iPSC
generation and promote multiple pro-reprogramming
pathways,  including NANOG, WNT, and the
mesenchymal-epithelial transition (Maekawa et al., 2011). In
breast cancers, GLIS1 and CUX1 cooperate to stimulate the
WNT signaling pathway (Vadnais et al.,, 2014). GLISI confers
susceptibility to mitral valve prolapse (MVP). The single
nucleotide polymorphism (SNP), rs1879734, which is located
in the first intron of GLISI, is specifically associated with MVP
(Yu et al., 2019).

Thus far, no study has reported a correlation between GLISI
and PPD in humans. In this study, we identified a heterozygous
missense variant in GLISI (NM_147,193: c.1061G > A, p.R354H)
responsible for PPD I in a large Chinese family by stepwise
genetic analysis and functional verification. This correlation was
verified in other PPD cases. In summary, our study was the first to
link GLISI variants with PPD and contributed to genetic

Frontiers in Cell and Developmental Biology | www.frontiersin.org

135

January 2022 | Volume 9 | Article 781388


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Jin et al.

screening for PPD patients, thereby deepening our knowledge
of PPD.

MATERIALS AND METHODS

Patients and Subjects

This research was approved by the Review Board of Xiangya
Hospital of Central South University. We recruited a five-
generation Chinese family (PPD001) with PPD I (Figure 1A).
Additional 155 PPD families or sporadic cases were recruited to
screen the candidate gene. Written informed consent was
obtained from the patients and their guardians. Blood was
collected from the probands and blood relations. Genomic
DNA (gDNA) was extracted using DNeasy Blood & Tissue Kit
(Qiagen).

Polymerase Chain Reaction and Sanger

Sequencing

The sequences of ZRS regulatory region and pre-ZRS region were
obtained from NCBI (https://www.ncbi.nlm.nih.gov/gene/
105804841). Primers were designed by IDT (http://sg.idtdna.
com/Primerquest/Home/Index) (Supplementary Table S1I).
Target sequences were amplified using polymerase chain
reaction (PCR) and detected by Biosune Company Limited
(Shanghai China).

Chromosomal Microarray Analysis
Chromosomal microarray analysis (CMA) was conducted in two
affected individuals (V:1 and V:2 of the PPD001 family) as
described by Jin et al. (2019), with slight modifications where
necessary (Jin et al., 2019).

Exome Sequencing and Co-Segregated

Analysis

Berry Genomics Company Limited (Chengdu, China) performed
exome capture, high-throughput sequencing, and common
filtering, as described previously (Jin et al, 2020). After
filtering common variants (allele frequency >0.05) from the
1000G (https://www.genome.gov/27528684/1000-genomes-
project/) and GnomAD (http://gnomad.broadinstitule.org),
unique SNPs and insertions/deletions (indels) were identified.
MutationTaster (http://www.mutationtaster.org/), PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/), and SIFT (http://
provean.jcvi.org/index.php) were used to predict variant
pathogenicity. Gene function, inheritance pattern, and clinical
phenotype were annotated according to OMIM (https://www.
omim.org). Pathogenicity was classified according to the
American College of Medical Genetics classification (Richards
et al., 2015).

Eight subjects of the PPD001 family (III:3-4, III.7, IV:3-5, and
V:1-2) were subjected to exome sequencing. First, we screened
unique SNPs that were predicted to be disease-causing. Then, we
selected variants in patients (IIL:3, III.7, IV:5, V:1, and V:2) and
IV:4, which were absent in III:4 and IV:3. We determined

GLIS1 First Linked with PPD

whether these overlapping variants were PPD causative or
candidate genes (classical limb bud pattern-related genes).
Finally, we selected variants that may be associated with PPD
and conducted PCR and Sanger sequencing in all family members
for co-segregation analysis.

Mutagenesis of GLIS1-1061G > A
pcDNA3.1-flag-GLIS1 plasmids were obtained from WZ
Biosciences Inc. (Jinan, China). Mutagenesis of GLIS1-1061G
> A (pcDNA3.1-flag-mGLIS1) was performed using Fast
Mutagenesis Kit V2 (Vazyme). GLIS1 mutant and wild-type
plasmids were validated using Sanger sequencing.

Cell Culture, Transfection, Transwell, and
CCK8 Test

293T cells were obtained from the National Collection of
Authenticated Cell Cultures. Cells were seeded in 6-well
plates (5 x 10°> cells per well) and transfected with
pcDNA3.1-flag-GLIS1 vectors or pcDNA3.1-flag-mGLISI
vectors (2pug per well) using Lipofectamine 3,000
(Invitrogen) for 24 h, or seeded in 24-well plates (1 x 10°
cells per well) with 0.4 ug vectors per well. Transwell assays
using 3,000 cells were performed 24 h after transfection using
transwell chambers (Costar). Five thousand transfected cells
were seeded into a 96-well plate and cultured for 24 h. Then,
CCKS8 assays were performed using CCK-8 Cell Proliferation
and Cytotoxicity Assay Kit (Solarbio).

Protein Extraction and Western Blot

Nuclear and cytosolic proteins from 293T cells were extracted
using Nuclear Protein Extraction Kit (Solarbio). SDS-PAGE
was performed using a 12.5% PAGE Gel Rapid Preparation Kit
(Yeasen). Lysates were mixed with SDS-gel sample buffer and
heated at 90°C for 10 min. Then, the protein samples were
loaded onto the PAGE gels. After electrophoresis, the bands
were electrophoretically transferred onto a nitrocellulose
membrane. After blocking with 1% bovine serum albumin
(BSA) in Tris-buffered saline, the membranes were incubated
with anti-FLAG primary antibody (Proteintech, 20543-1-AP,
1:5,000), anti-GAPDH primary antibody (Proteintech, 10494-
1-AP, 1:5,000), and anti-Histone-H3 polyclonal antibody
(Proteintech, 17168-1-AP, 1:1,000). Chemiluminescent
signals were scanned, and integrated density values were
calculated with a chemiluminescent imaging system (Alpha
Innotech).

Immunofluorescence

Immunofluorescence was performed on cells 48h after
transfection. Cells were fixed with 4% paraformaldehyde for
15min and blocked in 5% BSA in PBS for 30 min at room
temperature. The samples were permeabilized with Triton X-
100 (0.15%) and incubated overnight at 4°C with anti-FLAG
primary antibody (Proteintech, 20543-1-AP, 1:1,000) in PBS
containing 5% BSA. The cells were then incubated with mouse
Alexa 488-conjugated secondary antibody (Invitrogen, A-11094,
1:400) for 1h at room temperature. Nuclei were stained with
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TABLE 1 | Phenotypes of parts family members in PPD001 family.

Family I:2 1:3 1:3
member

Gender F M M

Age (years) Unknown 73 57

Preaxial polydactyly + Left hand Left hand
Triphalangeal thumb Unknown Unknown -

Other phenotypes of upper lambs Unknown -

Lower limbs - - -

Other Unknown Unknown Hypertension

F, female; M, male; +, observed phenotype; -, no symptoms.

DAPI (Solarbio), and the cells were examined using Leica SP5
confocal microscope (Leica).

Total RNA Extraction, Transcriptome
Sequencing, and Real-Time PCR

Total RNA was extracted from cells 24 h after transfection using
RNA Extraction Kit (Qiagen) and stored at —80°C. Transcriptome
sequencing was performed by Berry Genomics Company Limited
using Ilumina HiSeq 4,000 sequencing platform (Illumina).
Genes with p < 0.05 and -1 < log2 fold change >1 were
considered differentially expressed genes.

Total RNA was reverse transcribed using RevertAid First
Strand ¢cDNA Synthesis Kit (Thermo) and then subjected to
real-time PCR by 2xSYBR Green qPCR Mix (Thermo).

Mutant Modeling

The GLISI1 protein structure (Q8NBF1) was downloaded from
SWISS-MODEL  database  (https://swissmodel.expasy.org/).
PyMol was used to build mutant models according to the
wide-type structure.

Statistical Analysis

Statistical analyses were conducted using SPSS (version 18.0;
IBM, Inc.). The data were first tested for normal distribution
using the Kolmogorov-Smirnov test. Differences between groups
were identified using Student’s f-test or analysis of variance
(ANOVA) if the data were normally distributed, and the
Mann-Whitney U test or Kruskal-Wallis test was used for
non-normally distributed data. Categorical data were
compared using the chi-squared test.

RESULTS

Clinical Features of the Five-Generation

PPD | Family

We identified a five-generation Chinese family with PPD I
(PPDO001, Figure 1A). The proband (V:2) was a 3-year-old
boy, who was diagnosed with PPD I (Figures 1B-D). Tracing
his family history, we found seven PPD I patients (including two
deceased individuals) across five generations. All affected
members (IIL:3, III:7, IV:5, V:1, and V:2) had PPD I (Table 1).

GLIS1 First Linked with PPD

1n:7 Iv:5 Vv:1 V:2 v:4 Iv:9
F F M M F F
51 28 8 3 32 23
Left hand Left hand Left hand Left hand - -
Diabetes - - - - Arrhythmia

No conspicuous phenotypes were observed in the fingers or toes
of other subjects.

Genetic Analysis of the PPD001 Family
Stepwise strategies were used to identify the genetic etiology of the
PPDO001 family (Figure 1E). We screened variants in ZRS and
pre-ZRS regions by Sanger sequencing, but did not detect variants
in the proband. CMA results of the proband and his brother (V:1)
showed an unfavorable copy number variation (CNV;
Supplementary Table S2). Then, we conducted exome
sequencing to detect known PPD-related genes in the
proband, but did not identify variants in these genes,
indicating that there was a novel gene variant causing PPD in
this family.

To further identify pathogenic variants, we selected five
affected (II:3, IIL:7, IV:5, V:I, and V:2) and three normal
family members (III:4, IV:3, and IV:4) for exome sequencing.
Based on the family pedigree, we hypothesized that PPD in this
family was transmitted via autosomal dominant inheritance and
that IV:4 was a carrier. Thus, we screened overlapping variants in
several patients and IV:4. Finally, variants in six genes were
identified (Table 2). After co-segregation of all subjects, a
GLIS1 variant (NM_147193: ¢c.1061G > A, p.R354H) was
retained (Figures 1A,F). Thus, we reasoned that the GLISI
variant could be the major etiological factor in this family.

Functional Analysis of the GLIS1 p.R354H

Variant

Amino acid sequence alignment analysis showed that p.R354 in
GLIS1 was highly conserved throughout evolution (Figure 2A).
We used UniProtKB database (https://www.uniprot.org/uniprot/
Q8NBF1) to predict that the variant p.R354H occurred in a
bilateral nuclear localization signal (BNLS, Figure 2B). We
hypothesized that the mutant BNLS hampered GLIS1
transportation to the nucleus and damaged GLIS1 function as
a transcription factor. Wild-type GLIS1 plasmids (pcDNA-flag-
GLIS1) were mutated into GLIS1-1061G > A plasmids (pcDNA-
flag-mGLIS1, Figure 2C). Both wild-type and mutant plasmids
transfected into 293T cells. Subsequent
immunofluorescence and Western blot analysis demonstrated
that compared with wild-type, the mutant GLIS1 had increased
cytoplasmic retention, which reduced its proportion in the

were
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TABLE 2 | Overlapping variants identified in PPD001 family by WES.

Gene Variant Mutation  PolyPhen- SIFT MUpro
taster 2

GLIST NM_147193: ¢.1061G D D/B D Decrease
> A, p.R354H stability

PCK1 NM_002591: ¢. 15676C D D/D D Decrease
> T, p.L526F stability

PODN NM_001199080: D D/D T Decrease
c.781G > A, p.V261M stability

RECK NM_021111: D —/- -
€.789delT, p.C263fs

SLC13A3 NM_022829: c.857T > D D/D D Decrease
C, p.M286T stability

SLC4A4 NM_003759: ¢.1435C D D/D D Mildly
> G, p.L479V decrease

stability

D, disease causing; T, tolerated; B, benign; AR, autosomal recessive.
PolyPhen-2, results showed the prediction of HumDiv and HumVar in turn.

nucleus (Figures 2D,E). CCK8 and transwell assays showed that
mutant GLIS1 promoted cell viability and migration (Figures
2F,G). Transcriptome sequencing data showed abnormal TBX4
and SFRP2 expression in 293T cells expressing mutant GLISI,
and these results were verified by real-time PCR (Figures 2LJ).
TBX4 and SFRP2 play important roles in limb
development(lkegawa et al, 2008; Jain et al, 2018).
Furthermore, p.R354H also led to alterations in the expression
of other 237 genes, including BMP3, BMPER, PCDHBI15, WISP1,
HOXDI, and FGF3 (Figures 2LK). Thus, we confirmed that the
GLISI variant decreased nuclear translocation, resulting in an
increase in cell viability and migration.

Screening GLIS1 Variants in Sporadic or

Familial Cases

We recruited additional 155 sporadic or familial cases with PPD
to further verify the correlation between GLISI variants and PPD.
Two GLISI variants (c.449C > T, p.A150V and c.664G > A,
p.D222N) were identified in two PPD families (PPD087 and
PPD141; Figures 3A-D; Table 3). The variant (c.449C > T,
p-A150V) was identified in two patients of the PPD087 family,
with a minor allele frequency (MAF) of 0.00043. p.A150 was
highly conserved and located in zinc finger domains (ZFDs), but
bioinformatics analysis predicted that p.A150V was benign
(Figures 3E,F; Table 3). Thus, it was considered a
polymorphism. The variant (c.664G > A, p.D222N) arose de
novo and was detected in a baby with PPD I that was conceived
in vitro. The variant was predicted to be disease-causing
(Table 3). p.D222 was located in ZFDs with high evolutionary
conservation (Figures 3E,F). According to three-dimensional
modeling of GLIS1 protein, p.D222N caused surface charge
modifications that may impact the ability to bind target DNA
sequences (Figure 3G). We reasoned that the GLISI variant
(c.664G > A, p.D222N) may be the genetic etiology in the

GLIS1 First Linked with PPD

GnomAD OMIM
clinical

phenotype

American
College
of medical
genetics
classification

0.00009 - Likely pathogenic
(PS3, PP1, PP3, PP5)
Uncertain significance
(PP3, PP5, BS4)
Uncertain significance
(PP3, PP5, BS4)
- Uncertain significance
(PM2, PP3, PP5, BS4)
Uncertain significance
(PP3, PP5, BS4)

0.00005 AR, Phosphoenolpyruvate
carboxykinase deficiency, cytosolic

0.00001

0.00011 AR, Leukoencephalopathy, acute
reversible, with increased urinary alpha-
ketoglutarate

AR, Renal tubular acidosis, proximal,

with ocular abnormalities

Uncertain significance
(PM2, PP3, PP5)

PPD141 family, and GLISI may be a novel causative gene of
PPD L

DISCUSSION

PPD I is a frequent developmental defect worldwide, while
disease-causing variants have only been identified in a few
patients (Ullah et al., 2019; Umair et al.,, 2019; Xu et al., 2020).
Genetic etiologies of most cases remain to be studied. In this
study, we aimed to understand the genetic mechanisms involved
in the etiology of PPD I in the PPD001 family through stepwise
genetic analysis, a classic variant screening strategy. Six variants
in six genes were detected, including GLISI, PCK1, PODN, RECK,
SLC13A3, and SLC4A4. The PODN and SLCI3A3 variants were
derived from II:4. II:2 and her normal descendants (III:1, IV:1,
and IV:2) harbored the PCKI and RECK variants, but these
individuals did not have limb malformations. Thus,
excluded these four candidate genes from the analysis.
Moreover, five members (III:6, II:9, IV:4, IV:7, and V:3)
presented with a heterozygous variant of SLC4A4, which is
responsible for isolated proximal renal tubular acidosis, an
autosomal recessive disease (Igarashi et al., 1999). In contrast,
only two normal members carried the GLISI variant (c.1061G >
A, p.R354H). Given that PPD is associated with environmental
effects, gender differences, and genetic factors, we speculated that
the GLISI variant carriers without PPD (IV:4 and IV:9) may be
due to individual differences, the lower possibility of PPD in
females, and the variant being the main cause of PPD rather than
the only cause. Hence, we determined that the GLISI variant was
more likely to cause PPD in this family. Subsequent genetic
screening in 155 cases further verified that GLISI was
associated with PPD.

GLIS1 contains a DNA-binding domain (DBD) consisting of
five Cys2-His2 ZFDs, a BNLS, and a transcription activation

we
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FIGURE 2 | Functional analysis of variant p.R354H in vitro. (A) Species conservation analysis of the mutant amino acid of GLIS1. (B) Schematic diagram of GLIS1
structure. Red arrow indicates variant p.R354H. (C) Sequencing results of GLIS1-1061G > A mutagenesis plasmids. (D) Immunofluorescence results demonstrating
that mutant GLIS1 had increased cytoplasmic retention and reduced the proportion of nuclear protein. (E) Western blot showed that compared with wild-type, nuclear
protein of the mutant GLIS1 was reduced, and cytosolic protein was increased. (F) The transfection efficiency of GLIS1/mGLIS1 plasmids in 293T cells. (G, H)
CCK8 and transwell results showing that mutant GLIS1 promoted cell viability and migration. “p < 0.05” presents data with statistical significance, “p > 0.05” presents
represents the number of cell samples. (I) A volcano plot based on RNA sequencing data. (J, K) Validation of RNA
sequencing data by the real-time PCR. “p < 0.05” presents data with statistical significance, and “p > 0.05” presents data without statistical significance.

GLIs1 BMPER BMP3 FGF3 WISP1 PCDHB15  HOXD1

293T

domain (TAD) (Jetten, 2018). Variant p.R354H was located in the
BNLS and affected GLISI translocation to nucleus, causing
cytoplasmic retention. We speculated that p.R354H may
decrease GLIS1 nuclear translocation efficiency and may
impede GLIS1 function as a transcription factor. Variant
p-D222N occurred in ZFDs and caused the substitution of an
acidic amino acid with a basic residue. Based on the three-
dimensional modeling results, the variant would change
surface charge, which may affect the capacity of DNA binding.

GLIS1 is a regulator of mesenchymal multipotency in vitro and
plays a crucial role in cell reprogramming (Scoville et al., 2017;
Gerard et al., 2019). Several studies showed that GLISI acted on

multipotent stem cells. In mouse embryos, GLISI is expressed
primarily in the mesodermal lineages, including craniofacial
regions, branchial arches, myotomes, and limb buds (Kim
et al., 2002). We hypothesized that GLIS1 participated in the
development of mesoblast-derived embryonic structures. PPD
occurrence is accompanied by an increase in cell proliferation and
migration in the anterior-proximal region of limb buds (Crick
etal,, 2003). Variants in GLI3 and ZRS cause PPD by inducing the
anterior ectopic expression of SHH (Deng et al,, 2015; Xu et al,,
2020). SHH promotes cell proliferation and migration in vivo and
in vitro (Hayes et al.,, 2001; Wang et al,, 2019). We confirmed
increased 293T cell viability and migration after transfection with
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FIGURE 3| GL/S1 variants identified in PPD | cases. (A, C) Pedigrees of PPD | families. The black symbols represent affected members, and the arrow indicates the
proband. Genotypes are identified by letters and a slash, with red representing variants. (B, D) Sanger sequencing results of GLIS7 variants. (E) Species conservation
analysis of mutant amino acid sites of GLIS1. (F) Schematic diagram of GLIS1 structure. The red arrows indicate variants. (G) Protein models of GLIS1 with or without the
variant (p.D222N). The red circle indicates the variant site.

TABLE 3 | Phenotypes and genotypes of PPD patients with GLIST (NM_147193) variants.

Patient Phenotype GLIS1 MutationTaster PolyPhen- SIFT MUpro GnomAD American
variant 2 college
of medical
genetics

classification

PPDO87-I:1 PPD | on the right hand ~ ¢.449C > T, P B/B T Decrease 0.00043 Uncertain significance (PP1, BP4)
PPDO87- Bilateral PPD | p.A150V stability

I1:2

PPD141- PPD | on the right hand  ¢.664G > A, D D/B D Decrease 0.00000 Likely pathogenic (PS2, PM2, PP3)
11:1 p.D222N stability

PPD |, preaxial polydactyly type I; D, disease causing; T, tolerated; P, polymorphism; B, benign.
PolyPhen-2, results showed the prediction of HumDiv and HumVar in turn.

the variant p.R354H. However, we did not observe SHH  interact with target genes with GLIS-binding sites (GLISBS). GLISBS
overexpression. Additionally, there is no report on the  isa G-rich DNA sequence, (G/C)TGGGGG(A/C). The GLI and ZIC
correlation between GLIS1 and SHH. We speculated that  binding sites are G-rich DNA response elements similar to GLISBS
GLIS1 may be downstream of SHH, analogous to GLI1 and  (Jetten, 2018). In fact, ZFDs are highly homologous among GLISs and
SFRP2; however, this hypothesis should be further validated  GLIs (Kang et al, 2010). Therefore, GLISs, GLIs, and ZICs might
(Ikegawa et al, 2008 Jeon and Seong, 2016). Sfrp2  compete for these binding sites. For example, GLIS2 can compete with
inactivation can inhibit apoptosis in the central interdigital =~ GLI1 for the same binding site as WNT4, making antagonistic action
spaces of mice (Ikegawa et al., 2008). Decreased SFRP2 against GLI1 (Vasanth et al., 2011). Moreover, these Kriippel-like zinc
expression induced by mutant GLIS1 may better protect cells  finger proteins might interact and form heterodimers, such as the GLI
from apoptosis and may be responsible for increased cell viability ~ and ZIC subfamilies (Koyabu et al., 2001). We speculated that GLIS1
in mGLIS1 293T cells. can interact with GLIs or act on genes activated by GLIs during limb

GLIS1, GLIS2, and GLIS3 constitute a subfamily of Kriippel-like =~ development. GLIs are downstream proteins of SHH in SHH
zinc finger proteins (Kang et al,, 2010). As transcription factors, GLISs  signaling pathway and deeply involve in finger developments.
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SFRP2, a known SHH/GLIs target gene, was downregulated in
293T cells with mutant GLIS1 (p.R354H), hinting at the effect of
GLISI on the SHH/GLIs signaling pathway (Milla et al., 2012). A
single Sfrp2 deletion triggered syndactyly and preaxial synpolydactyly
in mice, and a loss of Sfrp2 function resulted in brachy-syndactyly in
mice through the Wnt signaling pathway (Ikegawa et al, 2008;
Morello et al., 2008). The GLISI variants (c.1061G > A, p.R354H;
664G > A, p.D222N) identified in the present study may lead to PPD
by downregulating SFRP2, although there is no report about GLIS1
regulating SFPR2.

In cancers and during cellular reprogramming, GLISI activates the
WNT signaling pathway, especially several WNTs (Maekawa et al,,
2011). In this study, mutant GLIS1 upregulated BMPER, TBX4, and
FGF3, while downregulating PCDHB15, BMP3, WISP1, and
HOXDI1. Tbx4 triggers the initiation of vertebrate limb
development through activation of the Wnt/Fgf signaling cascade
(Takeuchi et al., 2003). PCDHB15, WISP1, and FGF3 are involved in
the WNT or FGF signaling pathways (Wong et al., 2020). BMPER
regulates BMP2/4, and BMP3 antagonizes BMP2 to induce
osteoprogenitor differentiation and ossification (Daluiski et al,
2001; Moser et al,, 2003). BMP2 is crucial for finger outgrowth,
and its variants lead to finger deformities (Dathe et al, 2009).
Although WNTs did not show prominent differences in our RNA
sequencing data, the expression of many WNT signaling pathway-
related genes was altered in 293T cells with mutant GLIS1. This may
be because different cell lines have distinct expression profiles and
GLISI target genes may be variable in different cell lines.

In this study, we detected GLISI variants only in two PPD I
families (PPD001 family and PPD141 family). There was no
evidence of a correlation between GLISI and other PPD types,
though this conclusion required further study. The PPD001 family
followed an incomplete autosomal dominant inheritance pattern, in
which two GLISI variant carriers (IV:4 and IV:9) had no apparent
limb malformations. These findings suggested that genetic factors
acted in concert with environmental effects. Genome-wide
association studies (GWAS) had identified GLISI as a
susceptibility gene for MVP, but none of carriers with GLIS1
variants in this study had MVP (Yu et al,, 2019).

CONCLUSION

In summary, we first associated GLISI with PPD I in humans by
stepwise genetic analysis and examined the pathogenic potential
of GLISI variants (c.1061G > A, p.R354H; c.664G > A,
p.D222N) in vitro or by three-dimensional modeling. There
are only a few known causative genes or enhancers of PPD in
humans, and our research further helped us understand this
disease and contributed to future molecular and clinical
diagnosis of PPD. Further study should be performed to
determine the potential mechanism by which GLIS1 defects
cause PPD, which will be beneficial for future treatments. Given
that Sfrp2 deletion is associated with limb defects in mice, and
that our in vitro experiments suggested that GLIS1 can mediate
SFRP2, we hypothesized that GLIS1 upregulated SFRP2
expression. Our findings hinted that GLIS1 defects may
trigger reduction in SFRP2 levels to lead to PPD.

GLIS1 First Linked with PPD
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Background: Gout is a common inflammatory arthritis, and its exact pathogenesis
remains unclear. Multiple studies have demonstrated that genetic factors play
important roles in the development of gout. This study aims to investigate the genetic
basis of gout in a three-generation pedigree of affected individuals.

Methods: Whole-exome sequencing (WES), comprehensive variant analyses, and co-
segregation testing were performed. The effects of candidate variants on protein
localization and cellular expression were analyzed, as were interactions with gout-
related genes.

Results: After comprehensive bioinformatic analysis, Sanger sequencing validation, and
pedigree co-segregation analysis, we identified a rare heterozygous missense variant
(c.1891C > T, p.R631C) in CPT2. Although no associated changes in localization were
observed, the fluorescence intensity of p.R631C mutants was obviously reduced in
comparison to the wild-type protein, suggesting that protein degradation is induced by
the mutant. Furthermore, our results also indicate that the ¢.1891C > T variant influences
the ability of CPT2 to bind UCP2.

Conclusion: This study identified a rare CPT2 mutation in a large Chinese pedigree with
gout. Functional studies were used to define the effect of this mutant. This study provides
novel insight into the genetic etiology of gout.

Keywords: whole-exome sequencing, novel mutation, gout, CPT2 gene, pedigree

INTRODUCTION

Gout is a common inflammatory arthritis caused by the deposition of monosodium urate crystals in
and around the joints following longstanding hyperuricaemia (Richette and Bardin, 2010). As the
aging population grows, the global burden of gout continues to rise. Although the exact pathogenesis
of gout remains unclear, rapid expansion in our knowledge of genetic factors over recent years has
expanded our understanding of its etiology (Major et al., 2018). Evidence from genome-wide
association studies (GWAS) has demonstrated important roles for a genetic basis of gout. Multiple
genetic loci have been reported to be associated with gout, including ABCG2, ALDH16A1, ATXN2,
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TABLE 1 | Clinical information and genotypes

Novel CPT2 Mutation in Gout

Individual Gender Age Genotypes Uric Hyperuricemia  Arthritis Tophi Comorbidity

1D acid /) Hyper Hyper Hyper Obesity Hyper
(n:;;/ tension lipermia glycemia (BMI) bilirubinaemia

11:1 M 67 +/— 617 + + + + - + +

11:2 F 62 /- 347 - - + + + + N/A

11:3 M 64 +/— 474 + + + - - + -

11:4 F 60 /- N/A - - N/A N/A - N/A

11:5 M 57 +/— 472 +/— - + - + + -

1:7 M 51 +/— 580 + + + + - - + +

11:8 F 47 —/- 350 - - - N/A - + N/A

11:11 F 68 /- 364 - - - - + -

I:3 F 36 +/— 451 + + - - - -

l:5 M 25 —/- 378 - - - - - -

1I:6 M 34 +/— 610 + + - - - +

1:9 M 33 —/- 325 - - - - - - -

1:11 M 45 /- 249 - - - +

BCAS3, CUX2, GCKR, KCNQI, PDZK1, RFX3, and SLC2A9
(Sulem et al, 2011; Kottgen et al, 2013; Li et al, 2015a;
Matsuo et al, 2016; Phipps-Green et al, 2016; Nakayama
et al,, 2017). Of note, previous GWAS studies were insufficient
to report associations between rare variants and gout, due to
methodological limitations.

Whole-exome sequencing (WES) has proven to be a powerful
tool for discovering rare mutations, and this approach has been
successfully applied to a wide range of disorders (Huang et al.,
2018; Huang et al., 2019). However, only a few reports have been
made concerning patients with gout. Recently, our group
performed WES in a pedigree with early-onset gout (Huang
et al., 2020). After comprehensive variant analyses and co-
segregation testing, a novel missense variant (c.277C > A,
p-L93M) in SLCI6A9 was identified (Huang et al., 2020). This
study indicates that WES can be used to provide new insight into
the genetic etiology of gout.

The CPT2 gene encodes carnitine palmitoyltransferase II, an
enzyme that participates in fatty acid oxidation. Together with
carnitine palmitoyltransferase I, the encoded protein oxidizes
long-chain fatty acids in the mitochondria. Defects in this gene
are associated with mitochondrial long-chain fatty-acid (LCFA)
oxidation disorders, known as CPT II deficiency (Bonnefont
et al., 1996). However, the association between CPT2 gene and
gout has never been reported.

In this study, we aimed to investigate the genetic basis of gout
in a three-generation affected pedigree. Ultimately, we identified a
rare missense variant in the CPT2 gene (c.1891C > T, p.R631C).
Evidence from further functional experiments supports a role for
this mutation in the pathogenesis of gout.

MATERIALS AND METHODS

Participant Recruitment
This study was approved by the Ethics Committee of the First
Affiliated Hospital of Wenzhou Medical University (Wenzhou,
China; approval 2018-020). All participants

no. were

administered according to the principles of the Declaration of
Helsinki. All subjects provided informed consent. Diagnosis of
gout was performed by physicians in accordance with the 2015
gout classification criteria defined by the American College of
Rheumatology/European =~ League  Against  Rheumatism
Collaborative Initiative (Neogi et al., 20152015). Patients with
inherited metabolic disorders, including glycogen storage diseases
and Lesch-Nyhan syndrome, were excluded in this study. Patient
information is provided in Table 1. Patients reported suffering
monoarthritis in the first metatarsophalangeal joint (MTP1),
ankles, or knees, which was relieved within 1 week.

Whole Exome Sequencing and Variant
Calling

Genomic DNA was isolated from peripheral blood according to
standard procedures using a Qiamp Blood DNA mini Kit
(Qiagen, Hilden, Germany). About 2pg of genomic DNA
sample was randomly sheared to 200-250 bp in size using a
Covaris S220 System, after which the fragments of DNA were
ligated to attach A-tails and adapters to both ends. After
amplification, purification, and hybridization of adapter-ligated
DNA, as well as the removal of nonhybridized fragments, capture
and enrichment of exome regions were conducted using an
Agilent SureSelect Human All Exon V6 kit (Agilent
Technologies, Palo Alto, CA, United States) according to the
manufacturer’s protocol. High-throughput library sequencing
was performed on an Illumina HiSeq4000 Analyzer (Illumina,
San Diego, CA, United States).

Raw sequencing data obtained from the sequencer was
processed according to a customized bioinformatics pipeline as
previously described (Liu et al., 2018). Briefly, raw reads were
filtered to remove sequence adapters and low-quality reads based
on Phred-scaled quality scores <30 and read lengths <80 bp using
FastQC software (version 1.11.4). After quality control testing,
remaining reads were aligned to the human reference genome
(GRCh37/hgl19) using the Burrows-Wheeler alignment tool (Li

and Durbin, 2010) and further visualized using the
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SplicingViewer software (Liu et al., 2012). The Genome Analysis
ToolKit (GATK; version 4.0.10.0) was used to remove duplicated
reads, perform local realignment, and recalibrate map quality
scores. SNV and Indel variant calling were performed using
GATK Unified Genotype (version 4.0.10.0).

Variant Annotation and Prioritization

All variants were functionally annotated as previously described
(Li et al, 2015b) using mirTrios with integrated ANNOVAR.
Variants were then prioritized by allele frequency, evolutionary
conservation, and predicted effect on protein function, as well as
based on segregation testing for disease phenotype. Variants were
discarded if the base on allele frequency was present at more than
0.01% in any publicly available databases (Chen et al., 2019),
including Genome Aggregation Database (http://gnomad.
broadinstitute.org/), Exome Aggregation Consortium (ExAC,
http://exac.broadinstitute.org/), 1,000 Genome (http://www.
1000genomes.org), and NHLBI Exome Sequencing Project
(ESP, http://evs.gs.washington.edu/EVS/). The effects of
detected variants were assessed by four in silico prediction
programs: SIFT, Polyphen-2, CADD, and MutationTaster.
Variants were considered pathogenic if they were predicted to
be deleterious or damaging by all prediction tools. Sanger
sequencing (primers: CPT2-5F, GCTTTGACCGACACTTGT
TTG; CPT2-5R, TGGTCTCAAACTCCTGACCT) was used to
confirm family screening of identified candidates and segregation
testing.

Expression Vector Construction and

Mutagenesis

The full-length coding sequences of wild-type CPT2 and UCP2
were synthesized in vitro by Jiangxi Zhonghong Boyuan
Biological Technology Company and cloned into the
pcDNA3.1 vector. Site-directed mutagenesis was performed on
wild-type CPT2 to create the c.1891C > T variant in the
pcDNA3.1 vector using specific primers according to the
standard procedures of the KOD-Plus-Mutagenesis Kit
(Toyobo Life Science). Green fluorescent protein (GFP) and a
His tag were then fused to the N terminus of wild-type CPT2 in
the pcDNA3.1 vector, via dual-enzyme digestion with HindIII
and Notl (New England Biolabs). Similarly, red fluorescent
protein (RFP) and a His tag were fused to the N terminus of
mutant CPT2 mutant in the pcDNA3.1 vector using the same
dual-enzyme digestion approach. In addition, a Flag tag was fused
to the N terminus of UCP2 in the pcDNA3.1 vector using the
same dual-enzyme digestion approach.

Cell Culture and Transfection

Human embryonic kidney (HEK)-derived 293T cells were
purchased from ATCC (ATCC; Manassas, VA, United States)
and grown in Dulbecco’s modified Eagle medium/GlutaMaxTM
medium (GIBCO, 15140-122) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, and 10 U/ml Penicillin-
Streptomycin at 37°C in a 5% CO, incubator. The HEK cells
were transiently transfected with 2 pg of plasmid DNA of wild-
type or mutant CPT2 constructs using Lipofectamine 2000

Novel CPT2 Mutation in Gout

B

O
|:1||:z
mOe LML OO O O O

1 12 03 04 ne nie N7 s e l:10 11 12

CPT2:c.C1891T:p.R631C

ACCC “L.‘E].“\:H,H cecaTTec@cccTG66 GGCA r.«B;m CGG
ol o,
1:1 1:2 n:3
GGCA ¢c@eccreeeT GG <-<vu GGG GG CA "‘E];“ —

. :4 11:5 :7
GGCA GCcEBcCcTC6GT G ( 6C@GCCTCGE G m@.m GGG
| | | l
:8 :11 n:3
GGCAT L;xuu.m,x;, GG ME]vmmm, GGCA ('[T(" Reen
Sty
:5 111:6 1:9

GGCATTGC

Mt

:11

FIGURE 1 | Identification of CPT2 missense in the gout family. (A).
Representative photographs of the proband in gout family reveal multiple
tophi, indicating long disease duration and a severe disease burden. (B).
Pedigree and co-segregation results. Affected individual is represented

as a filled square. Normal individuals are shown as empty symbols. (C).
Sanger sequencing confirmed the segregation of the rare missense variant,
c.1891C > T, (p.R631C).

according to the standard protocol from the manufacturer
(Invitrogen, Grand Island, NY, United States).

Fluorescence Microscopy

24 h after transfection, transfected HEK cells were washed three
times with PBS for 3 min per wash, then fixed for 15 min in PBS
containing 4% paraformaldehyde. For nuclear DNA
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visualization, cell samples were mounted with ProLong Gold
antifade reagent containing 1:600 DAPI for 5 min while being
sheltered from light. Samples were then blocked with 50% normal
glycerinum for microscopic observation. All confocal images
were captured using a laser scanning confocal microscope
(LSM710, Zeiss). Subcellular localization of wild-type or
mutant CPT2, as well as quantitation of fluorescence signal
intensity, was assessed using Image] software.

Immunoprecipitation Assays

To validate the interaction between UCP2 and CPT2, we
performed an immunoprecipitation assay using SureBeads
Protein A/G (Bio-Rad). HEK cells were transfected with wild-
type or mutant CPT2 constructs as well as the UCP2 construct in
different combinations. According to the standard protocols
provided by the manufacturer, cells were harvested 24 h after
transfection and lysed for 30 min at 4°C in lysis buffer containing
20 mM HEPES (pH 7.4), 100 mM KCI, 2 mM MgCl2, 1 mM
PMSEF, 1% Triton X-100, and supplemental protease inhibitors.
Lysates were then centrifuged at 14,000xg for 10 min at 4°C, after
which the supernatants were mixed with antibody (anti-flag)-
conjugated magnetic beads and incubated overnight at 4°C on a
rotating wheel with end-over-end mixing. Next, beads were
collected from the supernatants by centrifugation and washed
four times in lysis buffer. Finally, bound protein was eluted in SDS
loading buffer onto a 10% acrylamide gel, resolved by SDS-PAGE,
and analyzed by Western blot with the following primary
antibodies: anti-flag at 1:1,000 dilution and anti-his at 1:1,000
dilution.

RESULTS

Characteristics of the Patient Cohort

All patients suffered acute monoarticular arthritis in the MTP1
and/or knee. Acute gouty arthritis is painful and unbearable, even
occasionally accompanied by fever. All symptoms could be
completely relieved within 1week of treatment with a
nonsteroidal anti-inflammatory drug and colchicines. Palpable
tophi were observed in some of the patients (Figure 1A). The
metabolic conditions of all patients were evaluated, and clinical
data are presented in Table I. All patients have normal
intelligence, and antinuclear antibody, rheumatoid factor, and
HLA-B27 tests were negative for all patients.

Detection of Rare Deleterious Variants
From Proband Whole-Exome Sequencing
Data

To determine the genetic etiology of gout, we performed WES on
the proband (family member II:1) from a three-generation
pedigree with early-onset gout. After the removal of low-
quality and duplicated reads from the raw sequencing data, we
identified a total of 541,954 single nucleotide variations (SNVs)
and 84,415 indels using the GATK tool, of which 67,707 coding
SNVs and 2,200 indels were located within splicing regions.
Further application of variant filtration against variants found

Novel CPT2 Mutation in Gout

that at a frequency <0.001% in multiple public databases, the
numbers of novel SNVs and indels potentially associated with
gout were reduced to 228 and 29, respectively. To further
prioritize these SNVs, we subjected the variants to functional
assessment by multiple prediction tools, including SIFT,
Polyphen2, MutationTaster and CADD, and retained variants
predicted as deleterious by all prediction tools. Following these
analyses, two SNV in the coding regions of two gout-associated
genes (CPT2 and ABCC4) were retained.

These candidate variants were submitted for Sanger
sequencing validation and co-segregation analysis in the
pedigree. Following this analysis, one variant remained
promising: a rare heterozygous missense variant (c.1891C > T,
p-R631C) in CPT2. Segregation analysis confirmed that the
presence of this heterozygous variant was shared by all
patients, while unaffected individuals did not exhibit the
nucleotide change; in other words, R631C co-segregates with
the disease phenotype in this pedigree (Figures 1B,C).
Additionally, in  silico  predictive  algorithms  for
nonsynonymous variation in all prediction tools suggested
strong pathogenicity for this variant based on effects on
protein function. By querying against multiple public
databases, we found that this variant is extremely rare
(rs74315293) in gnomAD and ExAC databases, with respective
allele frequencies of 0.002475% (7 in 282,810) and 0.002471% (3
in 121,398), but is not present in 1,000 genomes or ESP6500
(Table 2). The heterozygous missense variant causes an arginine
(Arg) to cysteine (Cys) substitution at amino acid 631, adjacent to
the C terminus. Meanwhile, multiple orthologous sequence
alignment revealed that the arginine at position 631 is highly
conserved among different vertebrate and invertebrate species
(Figure 2). According to the standards and guidelines of ACMG,
the missense variants were classified as likely pathogenic.
Specifically, the interpretation for pathogenesis of variant
c.1891C > T is rated as pathogenic by the ClinVar database.

Effects of CPT2 Variants on Protein

Localization and Expression in Cells

To assess the effects of missense variant p.R631C on the
subcellular localization of CPT2 protein in affected individuals,
we constructed vectors driving expression of the wild-type
protein in association with a GFP protein tag (WT-CPT2-
GFP), as well fusions of the mutant variant with RFP for
identification (Mut-CPT2-GFP). After transfection of wild-type
and mutant CPT2 constructs into HEK293 cells, cell morphology
did not differ noticeably between cells overexpressing the wild-
type protein or p.R631C mutant and those transfected only with
GFP, RFP, or an empty vector (Figure 3A). In addition, we found
that the CPT2 protein is mainly localized to the nucleus but is
partially distributed in the cytoplasm. Further analysis of
fluorescence signal indicated that there was no overt
subcellular mislocalization of the p.R631C mutant compared
to wild-type CPT2 (Figure 3A). However, the fluorescence
intensity of p.R631C mutants was obviously compared to that
of the wild-type protein, which could be the result of protein
degradation caused by the mutations (Figure 3B).
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TABLE 2 | In silico analysis of the missense variant in CPT2

Variants AA gnomAD ExAC 1,000
conservation (%) (%) genomes
p.(R631C)  Highly conserved  0.002475  0.002471

ESP6500

Novel CPT2 Mutation in Gout

SIFT PolyPhen-2 CADD Mutation
Taster
Damaging probably Damaging Disease-
(0.004) damaging (1.0) (28.4) causing (1.0)

Abbreviations: AA, amino acid; CADD, combined annotation dependent depletion; EXAC, exome aggregation consortium; gnomAD, genome aggregation database; PolyPhen-2,

polymorphism phenotyping v2; SIFT, sorting intolerant from tolerant.

CPT2

Homo sapiens

Bos taurus

Canis lupus familiaris
Danio rerio

Macaca fascicularis
Mus musculus

Pan troglodytes
Rattus norvegicus
Sus scrofa
Xenopus laevis
Xenopus tropicalis

p.(R631C)
IGCNVSSYPGRNAREFLQCVE
IGCNVSAYQSRNAREFLQCVE
IGCNVSSYPGRNAREFLQCVE
IGCNVSSYPARDVHEFLRCVH
IGCNVSSYPGRNAREFLQCVE
IGCNVSSYSGRNAREFLHCVQ
IGCNVSSYPGRNAREFLQCVE
IGCNVSSYSGRNAREFLHCVQ
IGCNVSAYQSRNAREFLQCVE
IGCNVSSYPARDVRQFVQCVH
IGCNVSSYQTRDVRQFVECVH

FIGURE 2 | Conservation analyses. Conservation analyses of the mutated residues 631 in CPT2 across different species.

Functional Analyses of CPT2

It has been previously suggested that the interaction between
CPT2 and UCP2 is associated with gout or hyperuricemia. To
further evaluate the possible role of CPT2 in gout, we first
assessed the interaction between UCP2 and wild-type CPT2,
then determined the effect of the p.R631C mutation on this
interaction. Therefore, we performed an in vitro
immunoprecipitation assay by constructing expression
vectors with His tags fused to the N termini of CPT2 (His-
WT-CPT2) and ¢.1891C > T mutants (His-mu-CPT2) and
FLAG tags fused to the N terminus of UCP (Flag-UCP). These
constructs were transfected into HEK293 cells alone or in
combination. Immunoprecipitation with anti-FLAG beads
coupled with Western blot analysis with histone antibodies
showed a strong physical interaction between CPT2 and UCP2
(Figure 4). Of note, no obvious interaction signal was observed
between the CPT2 mutant and UCP2, indicating that the
c.1891C > T variant influences the ability of CPT2 and
UCP?2 to bind (Figure 4).

DISCUSSION

In the present study, we recruited a multi-generational pedigree
with gout and comprehensively performed WES and co-
segregation testing to investigate the genetic basis of gout in

this family. Ultimately, this study identified a rare mutation
(c.1891C > T, p.R631C) in the CPT2 gene.

The CPT2 gene encodes carnitine palmitoyltransferase II, an
enzyme that participates in fatty acid oxidation. Britton et al.
distinguished CPT I and CPT II (Britton et al., 1995). Mutations
in the CPT2 gene can cause Carnitine Palmitoyltransferase II
Deficiency (Demaugre et al., 1991; Taroni et al., 1992; Bonnefont
et al, 1996). Of note, the R631C mutation was previously
reported in a  patient with infantile  carnitine
palmitoyltransferase II deficiency (Taroni et al, 1992). Taken
together, these findings highlight the genetic and clinical
heterogeneity of defects in CPT2.

In addition to the evidence from WES and genetic analyses,
this study also provides evidence from functional experiments.
We constructed vectors driving expression of the wild-type
protein in association with a GFP protein tag (WT-CPT2-
GFP), as well as of the mutant variant fused to RFP for
identification (Mut-CPT2-GFP). Although no change in
localization was observed, the results showed that the
fluorescence intensity of p.R631C mutants was obviously
reduced compared to the wild-type protein, suggesting that the
mutation leads to protein degradation.

The effect of the CPT2 mutant was further defined by
studying the interaction between UCP2 and CPT2. UCP2 has
been reported to be associated with serum urate concentrations,
as well as with hyperuricemia (Yang et al., 2016). To assess the
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FIGURE 3| Missense variant p.R631C on the subcellular localization of CPT2 protein under confocal microscopy. (A). The vectors drove the expression of the wild-

type protein in association with GFP protein tag (WT-CPT2-GFP) as well as the mutant variants fusion with RFP fusion protein for identification (Mut-CPT2-GFP). The
CPT2 protein was mainly localized in the nucleus, partly distributed in the cytoplasm. The fluorescence signal showed that there was no overt subcellular mislocalization
of the p.R631C mutant with respect to wild-type CPT2. (B). The fluorescence intensity of p.R631C mutants was obviously reduced than wild-type protein.
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FIGURE 4 | Immunoprecipitation assay of the interaction between CPT2 protein with UCP2 protein. Results of a co-immunoprecipitation assay between the CPT2-
his and UCP2-flag proteins. Immunoprecipitation with anti-FLAG beads coupled with Western blot analysis by histone antibody showed a strong physical interaction
between CPT2 and UCP2. No obvious interacted signal was observed between mutant CPT2 and UCP2.

effects of the R631C mutation, we performed an in vitro

immunoprecipitation assay by constructing expression
vectors with His tags fused to the N termini of CPT2 (His-
WT-CPT2) and ¢.1891C > T mutants (His-mu-CPT2) and
FLAG tags fused to the N terminus of UCP (Flag-UCP).
Interestingly, while our results showed a strong physical

interaction between wild-type CPT2 and UCP2, no obvious
interaction signal was observed between the CPT2 mutant and
UCP2. These results indicate that the ¢.1891C > T variant
influences the ability of CPT2 to bind UCP2. Taken as a
whole, evidence from functional experiments further supports
the pathogenicity of the R631C mutation.
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Interestingly, our previous study reported an association
between SLCI6A9 and gout, and SLCI6A9 is known to
be associated with carnitine levels et al,
2015). Thus, it is reasonable to speculate that the carnitine-
related pathway may play an important role in gout
development.

In conclusion, this study identifies a rare CPT2 mutation in a
large Chinese pedigree with gout. Functional studies were used to
determine the effect of this mutant. This study provides novel
insight into the genetic etiology of gout.
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Background: The standard treatment for osteosarcoma comprises complete surgical
resection and neoadjuvant chemotherapy, which may cause serious side effects and
partial or total limb loss. Therefore, to avoid the disadvantages of traditional treatment, we
developed self-assembling imageable silk hydrogels for osteosarcoma.

Methods: We analysed whether iodine induced apoptosis in MG-63 and Saos-2 cells by
using CCK-8 and flow cytometry assays and transmission electron microscopy. Western
blotting was used to analyse the pathway of iodine-induced apoptosis in osteosarcoma
cells. PEG400, silk fibroin solution, polyvinylpyrrolidone iodine (PVP-I), and meglumine
diatrizoate (MD) were mixed to produce an imageable hydrogel. A nude mouse model of
osteosarcoma was established, and the hydrogel was injected locally into the interior of the
osteosarcoma with X-ray guidance. The therapeutic effect and biosafety of the hydrogel
were evaluated.

Results: lodine treatment at 18 and 20 uM for 12 h resulted in cell survival rate reduced to
50 = 2.1% and 50.5 + 2.7% for MG-63 and Sao-2 cells, respectively (p < 0.01). The
proportion of apoptotic cells was significantly higher in the iodine-treatment group than in
the control group (p < 0.05), and apoptotic bodies were observed by transmission electron
microscopy. lodine could regulate the death receptor pathway and induce MG-63 and
Saos-2 cell apoptosis. The hydrogels were simple to assemble, and gels could be formed
within 38 min. A force of less than 50 N was required to inject the gels with a syringe. The
hydrogels were readily loaded and led to sustained iodine release over 1 week. The
osteosarcoma volume in the PEG-iodine-silk/MD hydrogel group was significantly smaller
than that in the other three groups (p < 0.001). Caspase-3 and poly (ADP-ribose)
polymerase (PARP) expression levels were significantly higher in the PEG-iodine-silk/
MD hydrogel group than in the other three groups (p < 0.001). Haematoxylin and eosin
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Self-Assembling Imageable Hydrogels Treated Osteosarcoma

(H&E) staining showed no abnormalities in the heart, liver, spleen, lung, kidney, pancreas or

thyroid in any group.

Conclusions: Self-assembling imageable silk hydrogels could be injected locally into
osteosarcoma tissues with X-ray assistance. With the advantages of good biosafety, low
systemic toxicity and minimal invasiveness, self-assembling imageable silk hydrogels
provide a promising approach for improving the locoregional control of osteosarcoma.

Keywords: iodine, minimally invasive, osteosarcoma, imageable hydrogel, silk fibroin

INTRODUCTION

Osteosarcoma (OS), a malignant and highly metastatic cancer, is
the most common type of primary malignant bone tumour in
children and adolescents (Ottaviani and Jaffe, 2009; Arndt et al.,
2012; Whelan et al., 2012; Cersosimo et al., 2020; Yang et al., 2020;
Jiang et al., 2021). Conventional treatments for OS include
neoadjuvant chemotherapy and a combination of complete
surgical resection and adjuvant chemotherapy with drugs such
as doxorubicin, cisplatin, methotrexate or ifosfamide (Muscolo,
Ayerza, Aponte-Tinao, & Ranalletta, 2005; Anninga et al., 2011;
Marec-Berard et al., 2020; Chen et al., 2021; Lin et al.,, 2021).
However, chemotherapy often causes severe adverse systemic
reactions and drug resistance. In addition, although limb salvage
surgery is often performed, the resection surgery can still result in
partial or total limb loss (Simon, Aschliman, Thomas, & Mankin,
1986; Rhodes, 1987; Bacci et al., 2002; Muscolo et al., 2005;
Takeuchi et al., 2019). Therefore, the development of a new
treatment for OS is critical.

Polyvinylpyrrolidone iodine (PVP-I) can effectively kill
bacteria, viruses, fungi, and protozoa (Cunliffe and Fawcett,
2002; Lepelletier et al., 2020; Stathis et al., 2021). As a broad-
spectrum antibacterial agent, it is routinely used to disinfect the
skin and clean wounds. PVP-I can release free iodine, which has a
strong antimicrobial effect. Similarly, free iodine is an effective
tumoricidal agent and is becoming increasingly popular as an
antitumour treatment in clinical practice. PVP-I has been widely
used as an irrigation fluid during percutaneous endoscopic
gastrostomy and in head, neck, and colorectal cancer surgery
to eliminate free cancer cells to prevent implantation, metastasis
and recurrence (Wu et al., 1998; Basha et al., 2000; Pattana-arun
and Wolff, 2008; Hah et al, 2012; Chang et al, 2014).
Furthermore, in a rat model study, researchers found that
tumour formation can be impeded by the presence of iodine.
These results indicate that iodine can prevent early cancer
progression by exerting an inhibitory effect on cancer-
initiating cells (Ghent et al, 1993; Funahashi et al, 1996;
Kessler, 2004; Garcia-Solis et al., 2005). However, few studies
have been conducted on the use of iodine as a treatment for OS,
and the mechanism underlying the anti-OS effect of iodine is still
unclear.

Cell death is divided into four types according to the
appearance of the dead cells: type I cell death (apoptosis), type
IT cell death (autophagy), type III cell death (necrosis) and type IV
cell death (pyroptosis) (Arndt et al., 2012). Apoptotic cell death is
triggered by two main signalling pathways: the extrinsic pathway

(the death receptor pathway) and the intrinsic pathway (the
mitochondrial pathway) (Green and Llambi, 2015; Yuan et al.,
2018). The death receptor pathway involves classical ligand-cell
surface receptor interactions. Apoptotic cell death is mainly
caused by either death receptors (DRs) or the mitochondrial
pathway, although additional pathways exist. DRs, such as factor-
associated suicide (Fas), cluster of differentiation 95 (CD95), trail
receptor (TRAIL-R), and TNFR1, induce apoptosis by directly
recruiting a caspase-activation platform upon binding to their
respective ligand (Green and Llambi, 2015; Krishnan et al., 2019).
The association of the receptor Fas with its ligand FasL triggers
the DR pathway, which plays an important role in the immune
regulation, development, and progression of cancers (Suda et al.,
1993; Lee and Ferguson, 2003). Receptor clustering upon
stimulation induces FADD and caspase-8 oligomerization,
activating the caspase signalling pathway. Cleaved caspase-3 is
a critical executioner of apoptosis, as it is either partially or totally
responsible for the proteolytic cleavage of many key proteins,
such as the nuclear enzyme Poly (ADP-ribose) polymerase
(PARP) (Fernandes-Alnemri, Litwack, & Alnemri, 1994).
PARP and cleaved PARP ultimately trigger apoptosis.

Meglumine diatrizoate (MD) is a water-soluble contrast
agent, it is a colourless or faint yellow liquid. MD has a short
half-life and is rapidly metabolized in the kidneys, and it has
been widely used for imaging the digestive system,
cardiovascular ~ system, urinary system, and female
reproductive system as well as for myelography but is
mainly used for auxiliary diagnosis(White et al., 1993;
Mercadante et al.,, 2004; Arndt et al., 2012; Khasawneh
et al., 2013; Khaleel et al, 2019; Barret et al,, 2020; Wu
et al., 2020).

Silk fibroin is the major structural protein in silkworm
cocoons. Due to their hypoimmunogenicity, biocompatibility
and biodegradability, silk biomaterials have been widely used
in tissue engineering and for drug delivery. A silk fibroin solution
can form hydrogels after physical and chemical treatment, for
example, treatment by sonication, vortexing, electrical fields,
inorganic ions and macromolecular compounds (Wang et al,
2008; Yucel et al.,n, 2009; Leisk et al., 2010; Wang et al., 2015; Ma
et al., 2016; Gholipourmalekabadi et al., 2020). Polyethylene
glycol (PEG) is an organic compound that can be mixed with
silk fibroin to form silk hydrogels. The gel formed by PEG and silk
fibroin can be used as a sustained-release system to deliver
biological factors and drugs (Seib et al, 2013; Wang et al,
2015; Ma et al,, 2016; Turkkan et al., 2017; Boni et al., 2020).
In addition, silk fibroin hydrogels can be delivered through
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FIGURE 1 | solution, analyse the proportion of OS cells that undergo
O&e%s_‘z'gos‘:zs‘_’%ls apoptosis, observe the apoptotic bodies and investigate the mechanism of
? i apoptosis. Step 4: Construct a subcutaneous OS model and inject hydrogel
- into the QS .to analyse the therapeutic effect and systemic toxicity of self-
assembling imageable silk hydrogels on OS. (OS: osteosarcoma. ICsq: the
median inhibitory concentration).
Step 1: Validate apoptosis in OS
cells
syringes, allowing silk hydrogels to be delivered to the required
site in a minimally invasive manner to deliver drugs or biological
Inj“t;‘r’;:irg‘ﬁgﬁdr"gd factors to the target area (Seib et al., 2013; Wang et al., 2015; Ma
, et al, 2016; Liang et al, 2019; Farokhi et al, 2020). Many
N researchers have used silk fibroin for sustained-release drug
» delivery to tumours. Silk fibroin was used in several forms in

Step 2: Analyse the characteristics
of silk hydrogels

Mechanisms of apoptosis

Step 3: Analyse the apoptosis induced
by iodine-loaded hydrogel and its
mechanism in OS cells.

Subcutaneous OS model and
treatment

Step 4: Analyse therapeutic effects
and systemic toxicity

Therapeutic effect

FIGURE 1 | Ideal workflow for the research of self-assembling imageable

silk hydrogels. Step 1: Verify the apoptosis induced by iodine in OS cells and

calculate the ICso. Step 2: Prepare hydrogels and analyse its characteristics.

Ensure that the hydrogels can be used as a controlled-release platform

for iodine in the treatment of OS. Step 3: After treatment with released iodine
(Continued)

these studies, including nanoparticles (Kim et al.,, 2015; Yang
etal., 2015; Li et al., 2016; Xie et al., 2017), films (Seib and Kaplan,
2012; Zhang et al., 2019), and hydrogels (Seib et al., 2013; Hong
et al, 2020). Therefore, silk fibroin products (including
hydrogels) can play an important role in inhibiting tumour
growth by stably releasing drugs during tumour treatment.
However, few studies have been conducted on the use of silk
fibroin products for the treatment of OS.

Therefore, we developed a local drug delivery system for OS.
An ideal workflow in this study is shown in Figure 1. We
conducted in vivo experiments with subcutaneous OS models
in nude mice. The subcutaneous OS model allows for the easy
observation of OS growth and improves the feasibility of
experimental surgery. The self-assembling imageable silk
hydrogels can be radiologically imaged because they are mixed
with MD. Hence, the hydrogel can be injected into the local OS
site with X-ray guidance. Hydrogels can locally release iodine,
which plays a role in OS therapy. Self-assembling imageable silk
hydrogels allowed drug loading under general ambient conditions
and led to sustained iodine delivery, suggesting that this approach
is a promising avenue for focal OS therapy.

MATERIALS AND METHODS

Cell Culture and Lentiviral Transduction

The human OS cell lines Saos-2 and MG-63 were purchased from
the Shanghai Institute of Cell Biology, China. All cell lines were
cultured in McCoy’s 5A (Sigma, United States) and MEM (Gibco,
United States) supplemented with 10% foetal bovine serum
(Gibco, United States) and 100 pg/ml normocin (InvivoGen,
United States) at 37°C in 5% CO,. This study specifically used
cells that were received less than 6 months prior to the beginning
of the study. MG-63 cells were engineered with luciferase (LUC)-
td tomato lentiviruses (GENE, China). Lentiviral production and
concentration were performed according to standard procedures.
MG-63 cells were transduced for 12 h at 37°C in 5% CO,. After
12 h, the cells were washed repeatedly to remove extracellular
lentiviral particles, and the cells were cultured with 2 pg/ml
puromycin to screen for luciferase-positive cells until all the
cells in the control group had died. After screening with
puromycin, MG-63 + LUC cells were harvested by using
0.25% trypsin containing 0.02% EDTA. A 100-pL cell
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suspension was seeded in a 96-well plate (8x10> cells/well) and
cultured for 24 h at 37°C in 5% CO,. After 24 h, the medium was
removed, and 200 pL of fluorescein sodium solution (150 pg/ml)
was added. The luciferase content in MG-63 cells (MG-63 + LUC)
was measured with a Leica SP8 in vivo imaging system.

lodine Solution, Cell Counting Kit-8 (CCK-8)
Assays, Flow Cytometry, and Transmission

Electron Microscopy

An iodine solution containing 5g/L I, was prepared using
polyvinyl pyrrolidone (PVP) (Sigma, United States), I, (Sigma,
United States) and deionized water. MG-63 and Saos-2 cells were
washed three times with PBS and harvested by using 0.25%
trypsin supplemented with 0.02% ethylenediaminetetraacetic
acid (EDTA). A total of 100 uL of the cell suspension was
seeded in a 96-well plate (5x10> cells/well) and cultured for
24 h at 37°C in 5% CO,. After 24 h, the cells were divided into
11 groups (8 replicate wells/group). Different concentrations of
iodine (0, 6, 8, 12, 14, 18, 20, 24 and 26 uM) and iodine solution
released by self-assembling imageable silk hydrogels were added,
and cell viability was measured at 3, 6, 12 and 24 h with Cell
Counting Kit-8 solution (Dojindo, Japan). The optical density
(OD) was measured at a wavelength of 540 nm using an Infinite
200Pro UV-visible spectrophotometer (Tecan, Austria). The
differences in cell survival rates between the test group and
the control group were compared. The median inhibitory
concentration (ICsy) was calculated. The cells were treated
with iodine at the ICs, level in subsequent experiments. The
following formula was used for calculations:

_ OD (treutment group) -OD (blank graup)

Cell survival rate (%) x 100%

D (control gmup) -OD (blank group)

Apoptosis was assessed using the Annexin V-FITC/PI
Apoptosis Detection Kit (BD, United States) according to the
manufacturer’s specifications. After 12 h of treatment, MG-63
and Saos-2 cells were immediately collected and analysed using a
fluorescence-activated cell sorting (FACS) flow cytometer
(FACSCalibur, BD Biosciences, Heidelberg, Germany) for
annexin V and PI staining. Annexin V+/PI + cells were
considered the apoptotic cells.

For ultrastructural analyses to observe apoptotic corpuscles,
after being washed with PBS, cells were fixed with 2%
glutaraldehyde for 30 min and then further fixed with 1% (vol.
ratio) osmium tetroxide for 2 h. Subsequently, the samples were
dehydrated in an ethanol gradient and embedded in Spurr’s resin.
The resin blocks were then cut into ultrathin sections (8 nm), and
the sections were stained with uranyl acetate and lead citrate and
examined using an electron microscope (Hitachi, Tokyo, Japan)
operated at an accelerating voltage of 80 kV.

Western Bloting

After the iodine solution released by the self-assembling
imageable silk hydrogel and iodine treatment, human OS
cells (Saos-2 and MG-63) were collected and the total
protein was extracted and quantified using

Self-Assembling Imageable Hydrogels Treated Osteosarcoma

radioimmunoprecipitation assay (RIPA) buffer and a BCA
protein assay kit (Beyotime, China). Total protein was
boiled in buffer for 10 min, and equal amounts (30 ug) were
resolved via 10 and 15%  sodium  dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene fluoride (PVDF) membranes
(Bio-Rad). The membranes were blocked with skim milk
dissolved in Tris-buffered saline (TBS) supplemented with
0.1% Tween-20, followed by incubation for 12 h at 4°C with
the following primary rabbit polyclonal anti-human
antibodies: GAPDH (1:1000, CST/5174, United States), Fas
(1:1000, Proteintech/13098-1-AP, United States), FADD (1:
1000, CST/2782, United States), FasL (1:1000, CST/68405,
United States), caspase-3 (1:1000, Proteintech/19677-1-AP,
United States), cleaved caspase-3 (1:1000, CST/9664,
United States), PARP (1:1000, CST/9532, United States) and
mouse  monoclonal  caspase-8  (1:1000, CST/9746,
United States) antibodies. After three washes with TBS
containing 0.1% Tween-20, the membranes were incubated
with the appropriate secondary antibody for 1 h, washed three
times, and visualized using enhanced chemiluminescence
(ECL kit, Beyotime, China).

Preparation of Injectable Silk Hydrogels
PEG 400 (MW 400 g mol "), 60% silk fibroin solution, PVP-I (I,:
5g/L) and MD (Sigma, United States) were prepared. To make
PEG-iodine-silk hydrogels, PEG was mixed with silk and PVP-I
in 2.5ml or 1 ml injectors. The total volume was 1 ml, and the
percentage of each component in the PEG-silk hydrogel was as
follows: 40% PEG 400 (V/V) and 13.5% (W/V) silk fibroin. The
volume was adjusted to 1ml with ultrapure water. The
components of the PEG-silk/MD hydrogel were as follows:
40% PEG 400 (V/V), 13.5% silk fibroin (W/V), and 18% MD
(V/V). The volume was adjusted to 1 ml with ultrapure water.
The components of the PEG-iodine-silk/MD hydrogel were as
follows: 40% PEG 400 (V/V), 13.5% silk fibroin (W/V), 18% MD
(V/V), and 19.5% PVP-I (V/V). The volume was adjusted to 1 ml
with ultrapure water.

Characterization of the Silk Hydrogels
Gelation Time

After several solutions were mixed, the OD value also changed
due to the change in structure. The gelation kinetics were
recorded as a function of OD changes over time as reported
previously (Matsumoto et al., 2006; Wang et al., 2015; Ma et al.,
2016). The mixture was injected into a 96-well plate at 200 pL per
well, and then, the plate was subjected to OD measurements at
550 nm in kinetics mode on an Infinite 200Pro UV-visible
spectrophotometer (Tecan, Austria) set at 37°C. The OD
change was monitored for more than 60 min at 1-min
intervals. Each testing group contained 6 samples (n = 6) to
obtain average OD values and standard deviations.

Scanning Electron Microscopy

PEG can complicate the freeze-drying process; thus, the
hydrogels were rinsed to remove PEG 400 and then
lyophilized. PEG can be removed when hydrogels are
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immersed in water. After the hydrogels were rinsed three times,
they were frozen at —80°C overnight and lyophilized in a vacuum
freeze drier (LICHEN LC-10N-50A, China) for 48 h. These
freeze-dried gels were mounted on sample stubs and coated
with Au, and images were captured using a scanning electron
microscope (JEOL JSM-6300 SEM, Japan) at 12.5kV (n = 3).

X-Ray Diffraction

A piece of hydrogel was evaluated by XRD (D/MAX-2500, Rigaku
Co., Tokyo, Japan) to evaluate the degree of crystallinity. The
samples were powdered and analysed with a 40-kV tube voltage, a
40-mA tube current, a 20 = 5°-45° diffraction angle and a 4’/min
scanning rate (n = 3).

Fourier Transform Infrared Spectroscopy

To determine whether the residual solvent and the addition of
MD and PVP-I influence the conformational transformation,
after removing PEG 400 and performing lyophilization, samples
(n = 3) were powdered and placed on a zinc selenide (ZnSe)
crystal cell, and the spectra were recorded in the reflection mode
of the FTIR instrument (Thermo Fisher Scientific, Nicolet
6700 FT-IR,United States) in the spectral region of
550-4000 cm™'; background measurements were performed
with an empty cell and subtracted from the sample reading.
Deconvolution of the amide I spectra was performed using the
Gaussian-Lorentzian function in Opus 4.2 software. (Bruker,
United States).

Injectability

The injection performance of the hydrogel was evaluated by
measuring the force required to inject a 200-yL sample from a 1-
ml syringe through a 25-G 7/800 long needle with a crosshead speed
of 114 mm min" corresponding to a 2ml min~" injection rate
(Wang et al,, 2015). PEG 400, silk solution, PVP-I solution and MD
were mixed, and samples from each group were loaded into separate
syringes and tested over 70 min. At the designated time, a syringe
was selected and loaded into a custom fixture mounted on an Instron
3366 load frame (Instron, United States), and the entire sample was
extruded. The data are presented as the average injection
force (n = 3).

Mechanical Properties

Hydrogels (silk fibroin protein concentration of 13.5%) were
prepared for mechanical tests, with an 8 mm final diameter and
10 mm height (n = 3). Samples were loaded in an Instron 5848
Microtester (Instron, United States) between stainless steel
parallel plates, and the upper plate was lowered continuously
at a rate of 1 mm/min until the compressive force did not
increase due to gel fracture. The compressive stress and strain
were determined by normalization against the sample
geometries, and the elastic modulus was calculated as
reported previously (Ma et al., 2016).

lodine Release in vitro

The hydrogel samples (1 cm?®) (n = 3) from each group were
immersed in 4 ml of ultrapure water. The ultrapure water exposed
to the hydrogel was collected, and the concentration of iodine

Self-Assembling Imageable Hydrogels Treated Osteosarcoma

released by each hydrogel was determined by the ICP-MS
method. For the ICP-MS measurement of I, a matrix
adjustment was necessary. For the measurements, the samples
were diluted, and tetramethylammonium hydroxide was added,
which caused hydrolysis of the organic compounds and decreased
the redox potential. The liquid was then transferred into a
corresponding centrifuge tube, and the samples were measured
at0,3,6,9,12,24,48,72,96, 120, 144 and 168 h. The release curve
was generated according to the iodine release concentration
measured by ICP-MS (Agilent 7700, United States).

Osteosarcoma Xenografts in Nude Mice

and Hydrogel Treatment

All animal experiments complied with animal research guidelines;
the manuscript was written in accordance with the ARRIVE
reporting guidelines, and the experiments were carried out
according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications No.
8023, revised 1978). This study was performed in accordance
with China’s national legislation and approved by the Ethics
Committee of the First Affiliated Hospital of Harbin Medical
University (ID:2021062), and the methods were conducted in
accordance with the approved guidelines. Twenty 4-week-old
female BALB/c athymic nude mice (14-15g) were obtained
from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. According to the guidelines of the laboratory animal centre,
the experimental animals were bred in a specific pathogen-free
(SPF) environment in the experimental animal centre of Harbin
Medical University with a constant temperature and humidity
(22-24°C, 50-70% humidity) in a living environment under 12:12h
light:dark conditions. All animals were housed in pathogen-free
conditions for an additional 7 days before OS inoculation. For the
in vivo study, 100 uL of a suspension of 3 x 10° MG-63 + LUC cells was
subcutaneously injected into the right axilla of the mice. The OS
volume was evaluated every 3 days using a vernier caliper, and the OS
volume was calculated with the following formula: 1/6mtab” (a: long axis
of the OS; b: short axis of the OS). When the OS volume was close to
0.5 cm’, the mice were randomly divided into four groups (5 mice per
group). The control group was injected with normal saline, the PEG-
silk/MD hydrogel group was injected with PEG-silk/MD hydrogels, the
iodine group was injected with PVP-I and the PEG-iodine-silk/MD
hydrogel group was injected with PEG-iodine-silk/MD hydrogels. The
experimental group received an intratumoural injection of 50 pL of
hydrogel and PVP-I, and the control group received an injection of
50 uL of saline. All operations were performed with X-ray guidance,
and the mice were anaesthetized via intraperitoneal injection of 1%
pentobarbital sodium (45 mg/kg) during the entire process. Then,
42 days after the injection, the animals were sacrificed by spinal
dislocation under anaesthetization with intraperitoneal injection of
1% pentobarbital sodium (45 mg/kg), and the OSs and organs were
harvested and fixed in 4% formalin.

Live Bioluminescence Imaging

Forty-two days after the injection, the mice were anaesthetized
via intraperitoneal injection of 1% pentobarbital sodium
(45mg/kg), and 200pL of sodium fluorescein (Sigma,
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United States) (15 mg/ml) was injected intraperitoneally. After
10 min, in vivo imaging was performed with a Leica SP8 in vivo
imaging system (Leica, GER).

Histopathological Analysis

For the histopathological analysis, the collected OS samples and
organs were fixed in 4% paraformaldehyde for 48h at room
temperature (RT) and then dehydrated using an alcohol gradient.
The tissues were embedded in paraffin and cut into 4-um sections.
Sections were stained with haematoxylin and eosin (H&E) and
analysed by immunohistochemistry (IHC). The paraffin-embedded
tissue sections were mounted onto microscope slides, dewaxed and
rehydrated. After hematoxylin and eosin (H&E) staining, images were
taken under an optical microscope. For IHC staining, antigen retrieval
was performed by microwave heating for 2 min in 0.1 mol/L citrate
buffer (pH 6.0) followed by blocking with endogenous peroxide with
3% H,0, in methanol for 5 min. After cooling, the slides were washed
with distilled water and blocked with 10% goat serum for 30 min. The
slides were then washed with distilled water and incubated with the
primary antibodies anti-caspase-3 (1:200, Proteintech/19677-1-AP,
United States) and anti-PARP(1:200, CST/9532, United States) at
4°C for 12 h and then rinsed with running water and PBST. The slides
were then stained with the secondary antibody goat anti-rabbit IgG
H&L (Abcam, United States) for 60 min, washed in running tap water,

stained with diaminobenzidine (DAB), and counterstained with
haematoxylin. Finally, the slides were dehydrated and visualized
using a microscope. The results were analysed with Image-Pro
Plus (IPP) 6.0 software (Media Cybernetics, United States).

Statistical Analysis

All statistical analyses were performed using SPSS 19.0 (SPSS,
Inc., Chicago, IL, United States). When the data were normally
distributed, two samples were analysed using Student’s t test to
determine significant differences (p < 0.05), and multiple
comparisons were evaluated by one-way analysis of variance
(ANOVA) followed by Dunnet’s test to determine whether
there were significant differences (*p < 0.05, *p < 0.01, **p
0.001). Continuous variables are expressed as the mean
standard deviation. During data analysis, the analysts were
unaware of the groups and treatments.

<
+

RESULTS
lodine Induces the Apoptosis of OS Cells

We analysed the effect of iodine on the survival rates and apoptosis
of MG-63 and Saos-2 OS cells. As shown in Figures 2A,B,
treatment of MG-63 and Saos-2 cells with PVP-I stimulated cell
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death with time- and concentration-dependent effects,  Characterization of the Silk Hydrogels
respectively. When the iodine concentrations were 18 and  Gelation Time

20 uM, the cell survival rates were 50 + 2.1% and 50.5 £  The solutions were fluids when the ingredients were mixed and
2.7% for MG-63 and Saos-2 cells at 12h, respectively (p <  became more viscous and opaquer over time (Figure 3A). The
0.01). We identified the I, concentration at 12h as the ICs,  gelation time was defined as the time from the beginning of
value. The PVP concentrations corresponding to iodine  mixing to the time when the plateau was reached. As shown in
concentrations of 18 and 20 pM were 125.20 and 139.09 uM,  Figure 3B and Table 1, the gelation times of the three groups
respectively. PVP solution was also used to stimulate the two  ranged from 36.7 min to 37.7 min. The gelation time depended
types of cells for 12 h and did not affect cell survival (Figure 2C),  on the concentrations of silk and PEG used. The similarity of the
which suggested that iodine causes cell death. gelation time between the three groups was due to the use of the
As the flow cytometry results showed, after 12 h of treatment ~ same concentrations of silk and PEG 400 in all of the gels.

with 18 and 20 uM iodine, the proportions of MG-63 and Saos-2

undergoing apoptosis were 24.8 + 9.2% and 19.8 + 6.1%,  Crystallinity Analysis by XRD

respectively, which were significantly higher than those of the =~ XRD was performed to study the crystallinity of the silk
control cells (p < 0.05) (Figures 2D,E). hydrogels. The XRD results revealed analogous
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TABLE 1 | Silk gelation time.

Concentrations of silk
(W, %) and
PEG 400 (V/V, %)

PEG-silk hydrogel (min)

13.5/40 36.7 + 0.58

Self-Assembling Imageable Hydrogels Treated Osteosarcoma

PEG-lodine-silk/MD
hydrogel (min)

PEG-silk/MD hydrogel (min)

37.3 + 0.58 37.7 £1.15

The gelation time was defined as the time when the optical density plateaued (n = 6). There was no significant difference in gelation time among the three groups (p > 0.05) (PEG:

polyethylene glycol, MD: meglumine diatrizoate).

TABLE 2 | Unconfined compression data for silk hydrogel.

Group PEG-silk hydrogel
Compressive strength (kPa) 15.7 £ 0.8
Elastic modulus (kPa) 1465 £ 1.5
Strain-to-failure (%) 1417 £ 0.35

PEG-silk/MD hydrogel PEG-lodine-silk/MD hydrogel

16.1 £ 0.9 16.6 +0.8
150.0 £ 2.0 1561.67 + 2.46
149 +0.4 14.97 + 0.35

The concentrations of silk (w/v, %) and PEG, 400 (w/w, %) were 13.5 and 40%, respectively (n = 3). The results showed that there was no significant difference in unconfined compression

among the three groups (p > 0.05) (PEG, polyethylene glycol; MD, meglumine diatrizoate).

crystallization in all three types of hydrogels. A strong peak at
20.6” implied that the silk existed mainly in the silk II form
(Figure 3C), further confirming the FTIR results. The results
indicated that PVP-I and MD had a negligible influence on the
silk crystallinity analysis.

Structural Analysis by FTIR

Silk gelation was accompanied by f-sheet structure formation,
as shown by the major peak at 1622 cm ™" in the amide I region
of the FTIR spectrum (Figure 3D). The strong peak at
wavelengths lower than 1218-1262cm™ and the peak
centred at 2934-2952cm™' resulted from residual PEG
(Figure 3E), as reported in the literature (Nguyen and
Janik, 1987). PEG did not show peaks in the amide I and II
band regions and thus had a negligible influence on the silk
structural analysis. As shown in Figures 3D,E, PVP-I and MD
did not affect the silk structure.

Microstructure of Lyophilized Silk Hydrogels

The porous morphology of 13.5% silk hydrogels after
extraction and lyophilization was examined by SEM. The
overall gel morphology showed small pores, an elongated
shape and randomly orientated silk laminar layers,
indicating high porosity and interconnectivity. The
diameter of the pores, whose walls were extraordinarily
thin, varied from 20 to 100um (Figure 3F,
Supplementary Figure S1). The presence of PEG might
have changed the freezing rate and the pore structure of
the silk gels during lyophilization. Since the concentrations
of silk and PEG were the same in all three groups, all of the
hydrogels had similar pore diameters.

Mechanical Properties and Injectability of Silk Fibroin
Hydrogels

The hydrogels were subjected to an unconfined compressive
strain to the point of failure to assess their mechanical
properties. The compressive strengths, elastic moduli, and

strains-to-failure of the hydrogels were similar (Table 2)
because the concentrations of silk fibroin and PEG were the
same in all three groups. The gels were easily injected with a
syringe (Figure 3G). The supervised injection force started to
significantly increase 30-40 min after mixing the solutions.
The injection forces reached 50N by the end of the
measurement period (60-70 min) and continued to slowly
increase afterwards (Figure 3H). These properties
contributed to the ease of hydrogel injection.

lodine Release

Figure 31 shows the quantity of iodine released into the medium
at different time points. The quantity of iodine released increased
over time. The results showed a burst release in the first 12 h;
then, the release of iodine slowed and sustained release occurred
over the following 6 days. The concentration of released iodine
reached its highest level of 35.3 uM on day 7. Furthermore, when
the concentration of released iodine was highest, the cumulative
release amount following 7 days of release was approximately
36.3% of the initial iodine content.

lodine Solution Released by
Self-Assembling Imageable Silk Hydrogels

Induces the Apoptosis of OS Cells

The anti-OS ability of the self-assembling imageable silk
hydrogels was verified in vitro. The hydrogel (1 cm®) was
immersed in 4ml of OS cell culture medium, and the cells
were cultured in medium for 12h. We analysed the effect of
released iodine solution on the survival rates of OS cells. To verify
the effects of both types of OS cells on apoptosis at the same time,
with reference to the iodine release results (Figure 3I), we chose
the iodine solution released by the hydrogel for 72 h. As shown in
Figures 4A,B, the anti-OS effect of the self-assembling imageable
silk hydrogels was excellent. The cell survival rates were 2.0 +
0.4% and 20.3 + 3.5% for MG-63 and Saos-2 cells at 12h,
respectively, which were significantly lower than those of the
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FIGURE 4 | lodine released by the self-assembling imageable silk hydrogel induced apoptosis in OS cells. (A,B) After 3, 6, 12 and 24 h of treatment with released
iodine solution, the cell survival rate was assessed by a CCK-8 assay (**p < 0.001). (C) After 12 h of treatment with released iodine solution, the proportions of cells (MG-
63 and Saos-2) undergoing apoptosis were analysed by flow cytometry after staining with Annexin V-FITC/PI. (D) The proportion of apoptotic OS cells after treatment
with released iodine solution (*p < 0.05, **p < 0.01). The mean percentages of cells undergoing apoptosis (+SD) are shown. (E) The apoptotic ultrastructure of OS

cells treated with iodine and released iodine solution. The arrows indicate apoptotic bodies. The cells were examined under a transmission electron microscope. Control:
untreated OS cells, lodine: treated with PVP-I, Hyd + lodine: treated with iodine solution released by hydrogel (Magnification, 10000X; Scale bar = 2 um) (OS,
osteosarcoma; CCK-8, Cell Counting Kit-8; Annexin V-FITC/PI, Annexin V-FITC/PI Apoptosis Detection Kit; SD, standard deviation; PVP-I, polyvinylpyrrolidone iodine).
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control group and the hydrogel group without iodine loading (p <
0.001).

To further verify the occurrence of apoptosis, we observed the
morphology of dead cells by flow cytometry and TEM. After 12 h
of released iodine solution and iodine treatment, the proportions
of cells undergoing apoptosis were 59.3 + 19.1% and 55.6 + 15.9%
(Figures 4C,D), respectively. The apoptosis rates of the MG-63

and Saos-2 cells were significantly higher than those of the control
cells (p < 0.05) (Figure 4D). Typical morphological features of
apoptosis were observed by TEM, including the following:
condensation of nuclear chromatin, denser cytoplasm, and the
formation of dense round apoptotic bodies (Figure 4E). Plasma
membrane blebbing and shedding of apoptotic bodies indicated
apoptotic cell death. These data demonstrated that iodine
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solution released by the hydrogel and iodine alone enhanced MG-
63 and Saos-2 cell apoptosis in vitro.

lodine Induces Saos-2 and MG-63 Cell
Apoptosis by Regulating the Fas/FasL
Signalling Pathway

To further elucidate how iodine causes apoptosis, we performed
Western blot analysis. The Western blot results showed that the

levels of Fas, FasL and FADD were significantly increased in MG-
63 and Saos-2 cells after incubation with iodine and released
iodine solution compared with those of the control group.
Similarly, the levels of caspase-8, caspase-3, PARP and their
cleaved forms were also increased in both MG-63 and Saos-2
cells after treatment with iodine and released iodine solution
compared with those of the control group (Figure 5A). In the
quantitative analysis, the expression levels of Fas (40-55 kDa),
FasL (40kDa), FADD (28 kDa), caspase-8 (57 kDa), cleaved
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caspase-8 (43 kDa), caspase-3 (32 kDa), cleaved caspase-3 (17/
19 kDa), PARP (116 kDa) and cleaved PARP (89 kDa) were
significantly higher in iodine-treated cells than in control cells
(Figure 5B) (p < 0.05).

lodine Inhibition of OS Growth In Vivo in a
Nude Mouse Model

The effect of iodine on OS was explored in vivo. Fluorescence was
observed after the successful transfection of MG-63 cells with
luciferase (LUC)-td tomato lentiviruses (Figure 6A). Silk
hydrogels contain MD; therefore, the injection, distribution and
dispersion of the silk hydrogel can be visualized by X-ray analysis
(Figure 6B). For in wvivo bioluminescence imaging, the
bioluminescence levels in the PEG-silk-iodine/MD hydrogel-
treated mice decreased significantly compared with those in the
control, iodine and PEG-silk/MD hydrogel mice (p < 0.05) (Figures
6C,D), whereas the bioluminescence levels in the mice that were
treated with PVP-I and PEG-silk/MD hydrogel were not decreased
compared with those in the control mice. As shown in Figures 6E,F,
the OS volume in the group of mice injected with PEG-iodine-silk/
MD hydrogel was significantly smaller than that in the other three
groups of mice (p < 0.001). These results indicated that OS growth
was significantly inhibited in the mice that received iodine released
from the hydrogel. In the pre-experiments we constructed
animal models using both MG-63 + LUC and Saos-
2+LUC cells, but we found that Saos-2 cells could not
form subcutaneous tumours (Supplementary Figure S2).

Immunohistochemical Staining and

Systemic Toxicity

The levels of caspase-3 and PARP expression are associated with the
apoptosis in OS. We used THC to measure the expression levels of
caspase-3 and PARP in different OS groups (Figure 7A).
Quantitative analysis of the intensity of anti-caspase-3 and anti-
PARP staining indicated that there were no significant differences in
OS between the control and PEG-silk/MD hydrogel groups
(Figure 7A). The levels of caspase-3 and PARP expression in the
PEG-iodine-silk/MD hydrogel group were significantly higher than
those in the control, iodine and PEG-silk/MD hydrogel groups (p <
0.001), whereas the levels of caspase-3 and PARP expression in the
mice that were treated with PVP-I were increased compared with
those in the control and PEG-silk/MD hydrogel mice (p < 0.05)
(Figures 7B,C). Collectively, these data indicated that treatment with
the implanted PEG-iodine-silk/MD hydrogel increased the
expression levels of caspase-3 and PARP in the OS model in
nude mice. Furthermore, we examined the biocompatibility and
systemic toxicity of the silk hydrogels. At day 42 after injection, the
mice were sacrificed, and important organs in each group were
collected, including the heart, liver, spleen, lungs, kidneys, pancreas
and thyroid. No cells with tumour cell characteristics were observed
in the organs; in particular, the thyroid, which is sensitive to iodine,
was unaffected, which is critical, as changes in iodine levels often
cause pathological changes in the thyroid (Figure 7D). This result
indicated that the PEG-iodine-silk/MD hydrogel exhibited good
biocompatibility and biosafety in vivo. In addition, as shown in

Self-Assembling Imageable Hydrogels Treated Osteosarcoma

Figure 7D, incompletely degraded hydrogel and a large amount of
necrotic OS tissue appeared around the PEG-iodine-silk hydrogel
(* indicates silk hydrogel; ¥ indicates necrotic OS tissue).

DISCUSSION

In this study, we showed that iodine significantly inhibited
proliferation and induced apoptosis in OS cell lines. The
inhibitory effect of iodine on cell proliferation was time- and
concentration-dependent (p < 0.01). In the flow cytometric
analysis, the rates of MG-63 and Saos-2 cells undergoing
apoptosis were approximately 24.8 + 9.2% and 19.8 + 6.1%
after 12h of iodine stimulation at 18 and 20 puM, respectively,
and the apoptosis rates were significantly higher in the OS cells
than in the control cells (p < 0.05). We also used TEM to observe
typical apoptotic morphological features, including the
condensation of nuclear chromatin, denser cytoplasm, and the
formation of dense round apoptotic bodies (Li et al., 2015;
Antunovic et al., 2019). These results indicated that iodine
induced apoptosis in MG-63 and Saos-2 cells.

Although iodine has been widely used in antitumour studies, its
antitumour mechanism is still unclear. In this study, we elucidated
the mechanism by which iodine activates the death receptor
pathway, leading to apoptosis in OS cells. We found that
apoptotic cell death in OS cells (MG-63 and Saos-2) was
predominantly initiated by the death receptor Fas (40-55 kDa),
which bound to FasL (40kDa) to activate the death domain
FADD (28 kDa); subsequently, caspase-8 (57 kDa) was activated
(Nagata, 1997; Ashkenazi and Dixit, 1998; Kuang, et al., 2000). The
first cleavage stabilizes the active dimer, and the second cleavage
releases it from the death-induced signalling complex (DISC)
(Dickens et al., 2012; Yin et al, 2018; Wu et al, 2019). In our
study, cleaved caspase-8 (43 kDa) activated caspase-3 (32 kDa),
which further activated PARP to promote apoptosis (Green and
Llambi, 2015). PARP is a 116kDa nuclear poly(ADP-ribose)
polymerase, and cleaved PARP contains the carboxy-terminal
catalytic domain (89 kDa) (Lazebnik et al., 1994; Nicholson et al.,
1995). The cleavage of PARP facilitates DNA fragmentation and cell
disintegration and disassembly, thus serving as a marker of cells
undergoing apoptosis (Oliver et al., 1998).

Silk fibroin is known to be degraded in vivo and has a robust
safety record in humans (Leisk et al., 2010; Omenetto and Kaplan,
2010; Diab et al,, 2012; Ma et al,, 2016; Leng et al., 2017). The
degradation profile of silk hydrogels can be controlled and can
last from weeks to months depending on the crystallinity level
(Vepari and Kaplan, 2007). Additionally, different forms of silk
fibroin products, such as microparticles, films and hydrogels, can
allow stabilization of the drug load and control of drug release
using endogenous parameters such as the crystallinity and molecular
weight of the silk fibroin (Pritchard and Kaplan, 2011; Wenk et al,,
2011; Li et al,, 2016). Although numerous silk formulations have been
used in previous studies, no study has examined the therapeutic
potential of silk hydrogels for human OS therapy in vitro or in vivo. In
this study, we developed a local delivery system that was injectable,
imageable, biodegradable and safe and was capable of delivering anti-
OS drugs that target OS cells in vitro and in vivo. In previous studies,
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high silk fibroin concentrations (>8%) were suggested to be desirable
to avoid rapid in vivo degradation of the gel (Wang et al,, 2015). In our
study, silk fibroin concentrations reached 13.5%, which ensured slow
in vivo degradation of the gel. Only low-molecular weight PEG
(<1500 Da) can force the hydrophobic domains on the silk
molecules to form crystalline fB-sheets and a gel network; in
contrast, higher-molecular weight PEG induces silk to form fibres
and particles (Wang et al,, 2015). Regarding the use of PEG, as a
pharmaceutical ingredient, the highest concentration of PEG 400 used
in medicinal formulations for injection approaches 50% (Strickley,
2004). In our study, the concentration of PEG 400 in the silk hydrogels
was 40% (<50%); thus, toxicity was not a concern.

This study aimed to explore the feasibility of using
imageable hydrogels to deliver anti-OS drugs for the
treatment of OS. We analysed the hydrogel characteristics.
During the gelation of silk fibroin, nanospheres, nanofilaments
and microfibres formed, which affected the clarity of the
solution. Therefore, the change in the OD could be
measured to monitor the molecular hierarchical self-
assembly process during silk gelation. In our study, the
gelation time was 36.7-37.7min. The change in the
injection force was also determined. The retardation times
measured by the change in the injection force (40 and 50 min)
were longer than those measured by the change in the OD
(37 min). This difference may be due to the difference in the
testing temperature, as the injection experimental temperature
(RT) was lower than that used in the gelation time experiment
(37°C). Another possible reason is that the molecular
entanglements of silk such that these structural changes
preceded the formation of nano- and microstructural
features, resulting in a time discrepancy between force and
OD measurements. In addition, the injection of a mixed
solution required less than a 10 N compression force to pass
through a thin needle (27 G). At the end of the measurement,
the force was 40-50 N, but the hydrogel was still injectable
despite requiring more force. A relatively slow increase in
injection force and smaller compression force could also be
observed for silk hydrogels, which could be beneficial for
clinical application. As shown by scanning electron
microscopy, the internal network of the gel was small and
compact. In addition, the mechanical properties of the three
hydrogels were stable and homoplastic. The process of
hydrogel formation is also a process of S-sheet and gel
network formation. The main diffraction peaks found at
12.3°, 19.7°, 24.7°, 28.5° and 33.3" represented silk I, while
those at 9.1°, 18.8° and 20.5° represented silk f-sheet
structures.The curves that had absorption bands in the
frequency range of 1620-1630cm™' and 1695-1700 cm™
represented an enriched f-sheet structure in the silk II form
(Wang et al., 2015). The contribution of these curves (B-sheet
structural content) to the amide I band was assessed by
integrating the area under the curve and then normalizing
it to the total area under the amide I band region
(1600-1700 cm™"), as described previously. Although mixed
with PVP-I and MD, based on XRD and FTIR, PVP-I and MD
had no obvious impact on the conformation transition because
they did not interact with silk or PEG; only phase separation

Self-Assembling Imageable Hydrogels Treated Osteosarcoma

was observed. Silk hydrogels are a mature and stable drug
release system; nevertheless, we tested silk hydrogels for their
ability to release iodine. As the results showed, in the first 12 h,
iodine was released quickly. The release of iodine subsequently
slowed and was sustained over 6days, maintaining a
maximum concentration of 35.3 uM. Furthermore, the
cumulative released amount following 7 days of release was
approximately 36.3% of the initial iodine content. We chose
the iodine solution released by the hydrogel for 72 h, and
treated MG-63 and Saos-2 for 12 h, the proportions of cells
undergoing apoptosis were 59.3 + 19.1% and 55.6 * 15.9%,
respectively. The apoptosis rates of the MG-63 and Saos-2 cells
were significantly higher than those of the control cells (p <
0.05). This indicate that the iodine released from self-
assembled hydrogels can effectively promote MG-63 and
Saos-2 apoptosis in vitro.

With X-rays, the imageable hydrogels were observed as a high-
density image, and X-rays could be used to guide the localization
of the hydrogels injected into the OS. As the X-ray image shows,
the hydrogels remained inside the OS and dispersed. With the
introduction of MD and imaging in the X-ray field, the injection
was less invasive, which was beneficial for injecting hydrogels and
delivering anti-OS drugs to local lesions.

We then determined whether our in vitro observations would
translate into in vivo OS therapy. Therefore, we used a humanized
subcutaneous OS nude mouse model. In the in vivo study, the
local treatment of mice with PEG-iodine-silk/MD hydrogels
suppressed OS growth. Compared with the other three groups,
the group treated with PEG-iodine-silk/MD hydrogels showed
not only a significantly decreased OS volume but also a significant
decrease in luminescence intensity. Immunohistochemical tests
were performed to determine whether iodine transferred by
hydrogels in vivo could induce apoptosis as it did in vitro. We
found that the expression levels of caspase-3 and PARP in the
PEG-iodine-silk/MD hydrogel treatment group were significantly
higher than those in the other three groups (p < 0.001). These
results indicated that iodine can induce the apoptosis of OS
in vivo and in vitro. The local injection of PVP-I into the OS
did not achieve ideal results. We suspected that the injection
of PVP-I alone, without hydrogel to control its release, could cause
iodine to enter the circulation system quickly and be metabolized
without long-term effects on OS. The systemic damage caused by
iodine was far less severe than that caused by chemotherapeutic
drugs. The results show that the iodine-loaded hydrogels had high
biological safety and no systemic toxicity and induced no damage
to the main organs, such as the heart, liver, spleen, lung, kidneys,
pancreas and thyroid. In particular, thyroid tissue is sensitive to
iodine, and changes in iodine can cause thyroid tissue lesions.
However, in this study, iodine-loaded hydrogels did not damage
the thyroid. Therefore, iodine-loaded hydrogels not only inhibited
OS in vivo growth but also exhibited good biosafety.

In this study, we constructed self-assembled imageable silk
hydrogels as a controlled release system for the local release of
iodine for OS treatment, a novel attempt to avoid multiorgan
damage caused by conventional chemotherapeutic drugs and
major surgical trauma. Self-assembling imageable silk hydrogels
could be injected via syringe, which mad transdermal injection to
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the interior of the OS possible, as the injection was far less invasive
than surgery. MD allowed the hydrogel to be imageable with
X-rays; thus, the hydrogel could be injected inside the OS with
X-ray guidance, which was beneficial for injecting hydrogels and
delivering anti-OS drugs to local lesions. Moreover, the systemic
damage caused by iodine was far less severe than that caused by
chemotherapeutic drugs. No abnormalities were found in any of
the seven types of organs we collected, and the iodine-loaded
hydrogel achieved excellent results in the treatment of OS, which
few chemotherapeutic drugs can achieve. Of course, hydrogels also
have some limitations such as low mechanical strength and limited
support, which might increase their risk of fracture. To address the
limitations of hydrogels that may be encountered in future
applications, it is possible to combine the application of
hydrogels with external fixation and use the supportive
properties of external fixation to compensate for the lack of
mechanical strength and support of hydrogels. With regard to
the risk of metastasis, we were also concerned at the beginning of
the study that injecting a volume of hydrogel solution into an OS
might lead to an increase in local pressure, thus increasing the risk
of OS metastasis. However, bioluminescence was not observed at
sites other than OS by in vivo bioluminescence imaging at the end
of the in vivo trial. No cells with tumour cell characteristics were
observed in the organs. In this study, hydrogel injections were not
found to increase the risk of OS metastasis.

We conducted only a short-term assessment of systemic injury;
we will evaluate the long-term systemic damage, therapeutic effect
and metastasis in the in situ OS model in subsequent experimental
studies. There are various death receptors, such as Fas, tumour
necrosis factor receptor 1, tumour necrosis factor-related apoptosis-
inducing ligand receptor 1, tumour necrosis factor-related apoptosis-
inducing ligand receptor 2, activation of death receptor-4 and
activation of death receptor-5. Fas/FasL is the classic receptor and
ligand of the death receptor pathway, and although some studies
have reported the role of Fas in osteosarcoma, there are few studies
on the tumour-inhibiting effect of iodine. Therefore, we chose the
receptor-ligand pair Fas and FasL to investigate whether iodine can
induce apoptosis in osteosarcoma cells by activating the death
receptor pathway. In our subsequent studies, we will examine
other receptors and ligands in the death receptor family. In
addition, no chemotherapeutic drugs were used in this study,
which reduced the emission of pollutants. During the experiment,
all invasive operations were carried out under anaesthesia. The
experimental animals felt minor pain or no pain during and after
the operation. With these measures, the expected experimental
results were obtained, and the welfare of the experimental
animals was ensured.

CONCLUSION

We demonstrated that iodine induced apoptosis in MG-63 and
Saos-2 cells by regulating the death receptor pathway.
Imageable hydrogels could be appropriately injected and

Self-Assembling Imageable Hydrogels Treated Osteosarcoma

localized with X-ray imaging. The operation was simple and
minimally invasive. Moreover, iodine-loaded hydrogels were
safe, had good biosafety and could control the release of iodine,
which minimized systemic side effects and maximized the
therapeutic impact. Our results suggested that self-
assembling imageable silk hydrogels had good biosafety,
were easy to operate, were minimally invasive and had
substantial anti-OS effects. Our study promises efficient,
systemic and locally less invasive treatment of OS in the
future, which might replace the current treatment strategies
used for OS.
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