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ARTICLE INFO ABSTRACT

Keywords: Osteocytes are terminally differentiated cells derived from osteoblasts and are deeply embedded
Osteocytogenesis within the bone matrix. They play a critical role in bone remodeling by generating a lacuno-
HIF canalicular network (LCN) and controlling the transport of nutrients. Due to the absence of
f{;:)A blood vessels within the bone matrix, it is widely believed that osteocytes develop in a hypoxic

environment. However, the mechanisms of osteocytogenesis and the role of oxygen sensing in this
process remain unclear. Hypoxia-inducible factors (HIFs) are major transcriptional factors
involved in oxygen sensing. Previous studies have shown that accumulation of HIFs in osteoblasts
leads to abnormal bone remodeling, potentially linked with the alterations of the LCN network.
Specifically, HIF-1a is hypothesized to play a more significant role in regulating bone remodeling
compared to HIF-2a. Therefore, we investigated the functions of HIF-1a in dendrite formation and
the establishment of the LCN network during osteocytogenesis. Inmunostaining and scanning
electron microscopy revealed that the E11 protein aggregates to form a ring structure that defines
the site for dendrite initiation. This process is followed by activation of the ERM/RhoA pathway
and recruitment of matrix metalloproteinase 14 (MMP14) to facilitate extracellular matrix
degradation, enabling dendrite elongation. However, both hypoxic treatment and overexpression
of HIF-1a impair ring formation, resulting in reduced ERM/RhoA activity and decreased matrix
degradation capability. These findings suggest that abnormal HIF-1a activity in local areas could
contribute to impaired LCN network formation and abnormal bone remodeling observed in bone
diseases such as osteopenia and aging.
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1. Introduction

At the final stage of bone formation, osteoblasts may enter a dormant state as bone lining cells, or undergo programmed cell death,
or become deeply embedded in osteoid, where they differentiate into osteocytes [1,2]. Osteocytes inhabit bone lacunae, exhibiting a
specialized morphology characterized by numerous cellular dendrites that connect with adjacent cells, forming an extensive cell-cell

Abbreviations

LCN lacuno-canalicular network
VHL von Hippel-Lindau

HIF Hypoxia-inducible factor
oC osteocalcin

DMP1 dentin matrix protein 1
MMP14 matrix metalloproteinase 14
SEM scanning electron microscope
IF immunofluorescence

network known as the lacuno-canalicular network (LCN) [3]. Through the LCN network, osteocytes play a pivotal role in maintaining
bone homeostasis by secreting the osteoblastic inhibitor Sclerostin and the osteoclastic activator RANKL, in addition to regulating
mineral and glucose homeostasis [4].

The LCN network facilitates the transport of nutrients and integrates biochemical and hormonal signals between osteocytes and
other bone tissue cells [5]. Imaging studies in both human and animal models have revealed disorganized osteocyte networks in
several bone diseases such as osteopenia and osteoarthritis [6]. Moreover, age-related changes are associated with decreased lacunae
density and dysregulated LCN network organization [7], underscoring the critical role of the LCN network in skeletal homeostasis.

Due to the absence of blood vessels within the bone matrix, osteocytogenesis is thought to occur in a hypoxic environment [8].
Hypoxia-inducible factor (HIF)a serves as a major oxygen-sensing transcription factor, with three members in the HIFa protein family:
HIF-1a, HIF-2q, and HIF-3a [9]. Under normal conditions, HIFa subunits undergo proline hydroxylation by proline hydroxylase
domain proteins (PHDs) and subsequent ubiquitination by the E3 ligase complex VHL for degradation via the 26 S proteasome.
However, under hypoxic conditions, prolyl hydroxylation of HIF« is inhibited, leading to its accumulation, translocation into the
nucleus, and binding to HIF-p subunits to transactivate downstream genes [10].

Previous findings from our research group revealed impaired LCN networks and abnormal skeletal homeostasis in osteocalcin (OC)

A. B. C.
£100 3
3. —
= g0 )
130 kD = : > -
e od I SR Y
55kD—|;|TUbU"n % 40 \ 0 8 1 o
. o
S° e ¢ 201 ( 2 m
L - 0 0
1% 20% 1%
D. E. F.
13004 = BHIF 1a ’E‘1gg =°
= ey (@] *kk
{ Q
55kD= S W@ Tubulin “— 5
| S — O 20 ‘/ \7 § H
15 @
& - 0+ 0
2 NC siVHL NC siVHL

Fig. 1. Hypoxic environment inhibits dendrites formation in preosteocytes. (A, D) The HIF-1a protein level in IDG-SW3 cells under hypoxia
treatment (1 % O,) for 24 h (A) or after VHL siRNA knockdown after 48 h (D). (B, E) Representative images of dendrites under hypoxia treatment
(B) or after VHL siRNA knockdown in IDG-SW3 cells (E). (C, F) Statistical analysis of the dendrite’s length (Le. of Den., n = 50-95 dendrites) and
number of dendrites per cell (No.Den./Cell, n = 40-55 cells) in B or E. Data was shown as mean + S.E.M. Triplicated experiments were performed
and representative data was shown. ***, p < 0.01. Uncropped images in A and D are available in Supplementary Fig. S1. Raw data is available
in Table 1.
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Fig. 2. Impact of VHL absence on membrane movement and cytoskeleton dynamics. (A) Heatmap of osteocyte transcriptomes from WT (n =
2) and VHLO® mice (n = 5). (B) Volcano plot of differentially expressed genes between WT and VHL®C mice. (C) Heatmap of DEGs between WT and
VHLOC mice. (D to F) Bubble plots showing Gene Ontology (GO) analysis results of DEGs in WT and VHL®® mice. BP: Biological Process (D), CC:
Cellular Component (E), MF: Molecular Function (F). (G) Protein-Protein Interaction (PPI) network of cell membrane-associated DEGs with other
DEGs. (H) Gene set enrichment analysis (GSEA) analysis of HALLMARK and GOBP between WT and VHL®® mice. Original data is available
in Table 1.
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Fig. 3. E11 forms a ring structure to define dendrite formation sites. (A) Endogenous E11 IF (upper) and SEM images (middle) of IDG-SW3 cells
cultured in osteogenic medium at indicated time. Line profiles (bottom) of ring structure in IF and SEM images. (B) Statistical analysis of the number
of E11 positive ring structures per cell in A. n = 50 cells. Data was shown as box plot with min to max value. (C) Representative endogenous E11
localization images of primary osteoblasts cultured in osteogenic medium at indicated time. (D to F) Representative endogenous E11 IF images co-
stained with F-actin (D), pho-ERM (E) and Cortactin (F) in IDG-SW3 cells cultured in osteogenic medium at indicated time. F-actin was stained with
Texas Red-X conjugated phalloidin. Nucleus were counterstained with DAPI. Triplicated experiments were performed and representative data was
ihown. Scale bars, A, 10 ym, C, D, 5 pym, E, F, 10 pm d, day. Raw data is available in Table 1.

and dentin matrix protein 1 (DMP1) derived VHL conditional knockout mice [9,11]. Studies by Shomento et al. demonstrated that
mice lacking HIF-1a, but not HIF-2a, exhibit marked impairment in bone remodeling, implicating the regulatory role of HIF-1a in the
LCN network. However, the specific mechanisms remain unclear.

In this study, we demonstrate that HIF signaling regulates LCN homeostasis by modulating dendrite formation and elongation
during osteocytogenesis. We observed that E11 protein aggregates to form a ring structure defining the dendrite initiation site.
Subsequent activation of the ERM/RhoA pathway after E11 aggregation recruits matrix metalloproteinase 14 (MMP14) to degrade the
extracellular matrix and promote dendrite elongation. However, hypoxic treatment and HIF-1a overexpression reduce the number of
ring structures, along with the activity of the ERM/RhoA pathway and matrix degradation. Therefore, the impaired LCN network in
VHL mutant mice is partially attributed to impaired E11-ERM-RhoA activity resulting from HIF-1a activation. These findings shed light
on the role of HIF-1u in regulating osteocytogenesis and bone homeostasis.

2. Results
2.1. Hypoxic environment inhibits dendrites formation in preosteocytes

To mimic the hypoxic conditions found in bone tissue where osteocytes reside, we subjected cells to hypoxia treatment (1 % Ox) for
24 h and employed VHL siRNA knockdown for 48 h to activate the HIF pathway. The results demonstrated a marked accumulation of
HIF-1a protein under hypoxic conditions compared to the normal state (20 % O2) (Fig. 1A). Additionally, bright-field microscopy
revealed a reduction in the dendrite network (Fig. 1B). Statistical analysis indicated a decrease in both the length (Len. of Den.) and
number of dendrites per cell (No.Den./Cell) after hypoxic treatment (Fig. 1C, and Table 1). Similarly, VHL knockdown via siRNA
yielded comparable results (Fig. 1D-F, Table 1). Thus, the hypoxic environment diminishes dendrite formation in preosteocytes.

2.2. Impact of VHL absence on membrane movement and cytoskeleton dynamics

To investigate the pathways influenced by VHL depletion and their association with dendrite formation, osteocytes from VHLO®
mice (n = 5) and littermate control mice (n = 2) were isolated separately and subjected to bulk RNA-seq sequencing. Principal
component analysis (PCA) revealed that the gene expression profile of VHLO® mice was consistent within the group but significantly
differed from that of control mice (Fig. 2A). Applying a threshold of |Log2FC| > 1 & PValue <0.01, we identified a total of 2118
differentially expressed genes (DEGs), comprising 888 upregulated and 1230 downregulated genes, from the combined dataset using
the EdgeR package for analysis in R, as depicted in volcano and heatmap plots (Fig. 2B and C, and Table 1).

To explore the potential biological changes of these screened DEGs, GO enrichment analysis were performed using the DAVID
online database and exported into the R environment for visualization. The GO_CC (cellular component) results showed that the DEGs
were mainly enriched in extracellular matrix, receptor complex, membrane raft, membrane microdomain, and plasma membrane
signaling receptor complex. Most of the Top 10 GO_CC pathways were enriched in membrane-related component (Fig. 2D, and
Table 1). The results of GO_BP (biological process) annotation showed that the DEGs were mainly enriched in cell-cell adhesion,
ossification and cell differentiation (Fig. 2E, and Table 1). GO_MF (molecular function) enrichment annotation showed that the DEGs
were mainly enriched in membrane molecule binding (Fig. 2F, and Table 1). Using Cytoscape’s internal analysis plug-in, MCODE, the
PPI network of DEGs was filtered to gain the subnetworks with the highest clustering scores for visualizing (Fig. 2G). As shown in the
figure, we hypothesized that Mel, Cd22, Cd79b, Carl2, Vdr, Aox1, Thbs4 and Tnfrsf9 are hub genes, which were both enriched in
synapse initiation event.

Furthermore, the DEGs were subjected to the GSEA enrichment analysis to explore weighted changes. Using the gene set msigdb.
v2023.1.Mm.symbols for GSEA analysis and excluding results without statistical significance, we found that synapse-related pathways
wereoscigniﬁcantly inhibited in VHL-depleted osteoblasts (Fig. 2H), consistent with the reduced lacuno-canalicular network observed in
VHL""™ mice.

2.3. E11 forms a ring structure to define dendrite formation sites

Dendrite formation and elongation during osteocytogenesis are closely associated with the transmembrane glycoprotein E11,
widely expressed in various body tissues [12]. However, the membranal localization of E11 during osteocytogenesis has not been
visualized. Therefore, IDG-SW3 cells were cultured in osteogenic medium for 14 days, and the dynamic changes in the position of E11
protein during osteocytogenesis were analyzed using immunofluorescence (IF) staining techniques. Representative images demon-
strated that scattered E11 dots in undifferentiated IDG-SW3 cells aggregated into a ring structure by Day 7, and enhanced by Day 14
(Fig. 3A, upper).
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Fig. 4. Hypoxic environment and HIF-1a overexpression inhibit dendrite formation and matrix degradation. (A, B) Endogenous E11 IF in
hypoxia treated (1 % O2) IDG-SW3 cells (A) or in HIF-1a-PPN transfected IDG-SW3 cells (B). (C) Protein level of RhoA, phosphorylated ERM, total

ERM, E11 and g-actin were analyzed by Western blot. (D) Representative cytoskeleton images in VHL and HIF-1a siRNA knock down IDG-SW3 cells,
stained with Texas Red-X conjugated phalloidin. (E) Relative value of Cd9, Cd44, Clec1b mRNA level between WT (n = 2) and VHLCC mice (n = 5),
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analyzed by RNA-seq. (F) Representative images of dendrite from osteogenic cultured IDG-SW3 cells, co-stained with MT1-MMP and E11. MT1-
MMP positive vesicles are indicated with white arrows. (G) Gelatin-degradation assay of osteogenic cultured IDG-SW3 cells on glass coverslips
coated with FITC-crosslinked gelatin, after culturing in normal (20 % O,) or hypoxia (1 % O3) conditions for 24 h. Triplicated experiments were
performed and representative data was shown. Scale bars, A, B, F, G, 10 pm, D, 20 ym, magnification scale bars, F, 5 pm, A, B, G, 2 ym. Nucleus were
Eounterstained with DAPI. Uncropped images are available in Supplementary Fig. S1. Raw data is available in Table 1.

Furthermore, scanning electron microscope (SEM) images revealed several protrusions formed on the cell membrane by Day 7,
becoming more pronounced by Day 14, a phenomenon absents in undifferentiated cells at Day 0 (Fig. 3A, middle). Line profile analysis
revealed that the average diameter of the rings in IF images and the protrusions in SEM images were comparable, ranging from 0.5 pm
to 1 pm (Fig. 3A, bottom, line plots), suggesting these structures might be relative membranal structures during osteocytogenesis.
Additionally, the number of ring structures per cell was calculated, varying from 10 to 40 per cell (Fig. 3B, and Table 1), consistent with
the reported number of 50 dendrites per osteocyte in cortical bone [6].

To confirm whether this phenomenon is a universal mechanism during osteocytogenesis, primary osteoblasts derived from cal-
varias were isolated and subjected to IF experiments against E11. Consistent with previous data, E11 protein in osteogenic differ-
entiated primary osteoblasts (OB) also formed a ring structure (1 pm) on the membrane by Day 7 (Fig. 3C).

Moreover, to confirm that this structure is an actin-rich cell membrane, the localization of F-actin, phosphorylated ERM, and
Cortactin, involved in cytoskeleton dynamics and contraction, were visualized during osteocytogenesis. Representative images indi-
cated that the E11 formed ring structure rich in F-actin, phosphorylated ERM, and Cortactin (Fig. 3D-F). Importantly, SEM images in
Fig. 3D revealed a dendrite sprouting from the cell membrane over the flattened filopodia.

These pieces of evidence strengthen the notion that the E11 ring structure defines sites for dendrite generation and recruits
cytoskeletal proteins to promote dendrite formation and extension.

2.4. Hypoxic environment and HIF-1a overexpression inhibit dendrite formation and matrix degradation

We investigated the mechanisms underlying dendrite inhibition in a hypoxic environment. Hypoxia treatment (1 % O3) for 24 h
resulted in the significant disappearance of already formed E11 ring structures in differentiated IDG-SW3 cells by Day 6 (Fig. 4A).
Given that HIF-2a protein functions in promoting chondrogenesis and no apparent abnormalities in the LCN network were observed in
HIF-20 constitutively activated mice, we postulated that the abnormal LCN network in VHLOC mice is primarily attributed to HIF-1a
activation [13]. Therefore, a PHD resistant HIF-1a mutation vector, with three mutation sites in the ODD region (Pro402, Pro564) and
the TAD region (Asn803) (referred to as HIF-1a-PPN) [14], was transfected into IDG-SW3 cell at Day 0, and subjected to osteogenic
differentiation until Day 7. Representative images revealed that the formation of the E11 ring structure in the HIF-1a-PPN group was
markedly abolished (Fig. 4B). To further confirm the status of the E11 pathway, we assessed the expression of E11 and phosphorylation
of ERM in HIF-1a-PPN-overexpressing cells. The results indicated reduced expression of E11 and phosphorylated ERM after
HIF-1a-PPN overexpression (Fig. 4C).

According to literature, RhoA GTP enzyme, as one of the downstream effectors of ERM kinase, regulates stress fiber and focal
adhesion formation [15]. Consistent with the reduction of RhoA expression in HIF-1a-PPN overexpressed-cells (Fig. 4C), the number of
stress fibers were increased, and the number of focal adhesions were decreased after VHL known down with siVHL (Fig. 4D). Vice versa,
HIF-1a siRNA knockdown increased the focal adhesions number, and reduces the number of stress fibers (Fig. 4D). These results
revealed entire E11-ERM-RhoA signaling pathway is inhibited after HIF-1a activation.

Previous studies have reported that osteoblasts preparing to transform into osteocytes require cell-cell interaction with mature
osteocytes to initiate osteocytogenesis [16]. interactions between surface molecules CD44 or Clec2 proteins with E11 promote
cytoskeleton movement and directional migration, while CD9 molecules play a competitive negative regulatory role in their binding
[171. Therefore, we analyzed the mRNA levels of Cd9, Cd44, and Clec1b in VHLOC mice using RNA-seq data. The heatmap revealed a
significant decrease in Cd44 and Clec1b gene transcription in mature osteocytes from VHLOC mice, while Cd9 expression increased
(Fig. 4E, and Table 1). This indicates that inactivation of the E11-ERM-RhoA signaling axis is partly attributed to reduced receptor
complex expression after HIF pathway activation, consistent with GO_CC pathways enrichment results (Fig. 2D).

During LCN network establishment, the elongation of osteocyte processes depends heavily on continuous degradation of type I
collagen-enriched osteoid, primarily executed by MMP14. Null of Mmp14 leads to disruption of collagen cleavage in osteocytes and
abolished LCN network [17]. Initially, we used a gelatin matrix-contained 3D culture system to investigate MMP14 localization in
osteogenic differentiated IDG-SW3 cells at Day 7 [18]. Representative images showed MMP14 protein aggregation in an already
formed E11" dendrite (Fig. 4F).

Additionally, TRITC-gelatin-degradation assays were employed to detect whether the matrix degradation capability of already
formed dendrites could be affected under hypoxic conditions. Osteogenic cultured IDG-SW3 cells at Day 7, considered preosteocytes,
were seeded on TRITC-gelatin-coated coverslips and continuously cultured for 24 h. Representative images revealed that under normal
conditions, the matrix area where E11 ring structures were located was degraded and turned into dark holes (Fig. 4G, upper).
Conversely, hypoxic treatment completely disrupted matrix degradation (Fig. 4G, bottom).

In summary, we propose that HIF-1a activation not only inhibits dendrite formation but also suppresses their matrix degradation
capability.
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3. Discussion

Osteocytogenesis initiates with the embedding of mature osteoblasts into the osteoid [19]. Dendrites formation is considered as the
typical morphological change at initiation stage. Although several related growth factors involved in this process have been discov-
ered, yet the precise mechanisms driving this process remain elusive.

Proteomic studies by Tanaka and Kamioka et al. highlighted the heightened activity of cytoskeleton-related proteins in osteocytes,
emphasizing the importance of cytoskeletal dynamics in osteocytogenesis, including membrane congestion and cell process extension.
Our RNA-seq results corroborate this, indicating downregulation of cytoskeleton-related proteins in VHLO® mice. Hence, impaired
osteocyte maturation in VHLO® mice may be linked to inactive cytoskeleton dynamics.

El1, a type I transmembrane mucin, is widely expressed in various tissues, including lymphatic endothelial cells, renal podocytes,
tumor cells, osteoblasts and osteocytes [20-22]. In squamous carcinoma cells, E11 facilitates invasive capability via
invadopodia-mediated matrix degradation [15]. E11’s association with the ERM (Ezrin/radixin/moesin)-RhoA signaling cascade
regulates actin cytoskeletal dynamics and cell shape remodeling [15,23,24]. Our study visualized E11 protein localization during
osteocytogenesis, based on IDG-SW3 cells and primary osteoblasts revealing the formation of a ring structure on the membrane, akin to
invadopodia’s adhesion ring. However, the different thing is that, the E11 formed ring structures in preosteocytes are rounder, thicker
(0.5-1 pm) and rarer (average 30 per cell), compare with the parameters of invadopodia in SCCs [15]. Thus, the dendrite in pre-
osteocyte belongs to a tissue specific structure formed by E11 protein. Moreover, the cytoskeletal proteins, including
Cortactin/MT1-MMP,/Ezrin/F-actin, are both recruited to E11" adhesion rings in invadopodia [25,26], which is different with the
osteocytic dendrites. Therefore, differences in structure and recruited cytoskeletal proteins suggest that dendrites and invadopodia are
distinct subcellular structures, necessitating further investigation into dendrite formation mechanisms.

Numerous studies have implicated E11 in promoting dendrite formation and elongation [21,27,28]. We assumed that its activity
potentially controlled by HIF-1a activation. We observed decreased activation levels of ERM and RhoA alongside downregulated E11
receptors, such as CD44 and Clec2, suggesting that reduced intercellular contact contributes to E11 downregulation. Interestingly,
HIF-1a activation inhibited RhoA activity and local adhesion, contrasting with its role in breast cancer cells, where it enhances
aggressive migration [29].

MMP14-mediated extracellular matrix degradation facilitates dendrite elongation and LCN network formation [30]. Osteocytes
lacking MMP14 exhibit reduced dendritic processes [31], emphasizing MMP14’s role in dendritic formation. Despite numerous
dendrites in preosteocytes, HIF signaling can diminish MMP14 enzyme capability, suggesting a role in dendritic maintenance.

Osteocytogenesis occurs in a hypoxic environment [8], underscoring the probably function of oxygen sensing and HIF signaling in
skeletal homeostasis. Our work demonstrated the important role of oxygen sensing or HIF signaling in regulating osteocytogenesis and
skeletal homeostasis, and suggests that impaired LCN networks in conditions like osteopenia or aging may stem from insufficient HIF
signaling. Although many hypoxia-mimicking agents have promising effects for osteoporosis and skeletal fractures, we cannot exclude
the role of HIF signaling in promoting angiogenesis. Further research is needed to elucidate therapeutic strategies targeting LCN
network homeostasis.

However, our study only examined dendrite length and number, limiting insights into polarity and spatial parameters of dendrite
formation. Incorporating computer-aided analysis, such as CAM-VT [32-34], could provide a more comprehensive understanding of
dendrite formation and the regulatory role of HIF signaling pathways during osteocytogenesis.

In conclusion, our study supports the "actively migration" hypothesis for osteocytogenesis and sheds light on mechanisms un-
derlying impaired LCN networks in VHL-deficient mice. These findings caution against unchecked HIF-1a activation in therapeutics
targeting bone diseases, emphasizing the need for moderation in altering the HIF-1a signaling pathway for clinical applications.

4. Materials and methods
4.1. Antibodies

The Catalog No. of antibodies used in this work were listed as following: MMP14 (ab51074), p-actin (ab8226), tubulin (ab7291)
and VHL (ab270968) were obtained from Abcam; Cortactin (11381-1-AP) was obtained from ProteinTech Group; HIF-1a (NB100-105)
was obtained from Novus Biologicals; pho-ERM (3726) and RhoA (2117) were obtained from Cell Signaling Technology; Texas Red-X
conjugated Phalloidin (T7471) and E11 (MA5-16113, clone 8.8.1) were both obtained from Invitrogen.

4.2. Cell culture and treatment

Osteoblast-to-osteocyte transition cell line IDG-SW3 were gifted from L. Bonewald [35]. Cells were proliferated and differentiated
under different mediums, with 50 U/ml IFN-y (#PMC4031, Invitrogen) at 33 °C for proliferation or with 4 mM p-Glycerophosphate
(G9422, Sigma) and 50 pg/ml r-ascorbic acid (A4544, Sigma) at 37 °C for differentiation. Cells were seeded on Rat tail type I collagen
(A1048301, Gibco) coated plates (0.15 mg/ml collagen in 0.02 M acetic acid coating for 1 h). For 3D extracellular matrix culture
system, experiments were performed according to our previous protocol [36].

Hypoxia treatment was performed in a triple-gas incubator (Panosonic, Japan) with an atmosphere containing 1 % O and 5 % COa.
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4.3. TRITC-crosslinked gelatin degradation assay

TRITC-crosslinked gelatin was prepared similar to previous protocol [15,37]. Briefly, gelatin (G0262, Sigma) was labeled with
TRITC (abs42028267, Absin, China) by mixing gelatin solution (5 % in PBS buffer (#10010023, invitrogen)) and TRITC for 1 h.
Followed by the reaction solution were dialyzed against double-distilled water to remove the unreacted TRITC molecule. The purified
TRITC labeled gelatin were obtained by freeze-drying. Finally, 2.5 % TRITC-labeled gelatin and 2.5 % sucrose (V900116, Sigma)
contained PBS was prepared for TRITC-crosslinked gelatin degradation assay.

The coverslips were inverted on a 0.1 ml drop of TRITC-labeled gelatin and crosslinked with 1 % glutaraldehyde (G6257, Sigma) for
5 min at room temperature. After PBS washing, coverslips were quenched with 5 mg/ml sodium borohydride for 3 min, washed three
times in PBS, and subjected to cell seeding and IF staining experiment.

4.4. Western blot

Proteins were separated with 10 % SDS-PAGE gels and transferred to nitrocellulose membranes. To reduce nonspecific back-
ground, membranes were blocked with 5 % milk in TBS-T buffer. Bands were detected using various antibodies against at 4 °C
overnight. The membranes were incubated with peroxidase-conjugated secondary antibodies (1:5000, Jackson) for 1 h at 37 °C before
detection using ECL system (EMD Millipore). Images scanned with ImageQuant LAS 4000 mini (GE) were exported as TIFF images in
RGB mode.

4.5. Bulk RNA sequencing (RNA-seq)

Osteocytes were harvested similar to the described protocol [38]. Briefly, the outer surfaces of long bones were scraped and
digested to remove the periosteum. After cutting off the epiphyses and flushing out the bone marrow, bone fragments contained
osteocytes were cut into 1 mm longitude pieces and subjected to tissue grinder in 1 ml TRIzol Reagent at 4 °C. The grinder option is 55
Hz shaking for 1 min every 3 cycles. Then, total RNA was extracted from WT or VHLOC mice using TRIzol Reagent. The poly(A) mRNA
isolation was performed using Poly(A) mRNA Magnetic Isolation Module. Sequencing libraries were constructed using the NEBNext®
Ultra™ II DNA Library Prep Kit for Illumina and quantified and qualified by Agilent 4200 Bioanalyzer (Agilent Technologies, Palo Alto,
CA, USA) and Qubit 4 (Thermo Fisher Scientific Inc.). After sequencing, clean data were analyzed on Illumina DRAGEN Bio-IT Platform
(v4.0) with Mus musculus reference genome (mm10) according to the standard RNA-seq analysis flow. TPM value of all the genes were
imported to RStudio software (planted with R version 4.3.3) and different expression genes (DEGs) were analyzed with EdgeR (version
4.0.16) package at a threshold of |Log2FC| > 1 & PValue <0.01.

4.6. Functional enrichment analysis of DEGs

The DAVID database (https://david.ncifcrf.gov/) was used to identify statistically significant gene ontology (GO) terms that were
enriched with DEGs. All results were plotted using the ggplot2 (version 3.5.0) package.

4.7. Gene set enrichment analysis

The gene sets of the DEGs were sorted and subjected to Gene set enrichment analysis (GSEA) with GSEAPreranked tool in GSEA
software (version 4.0.0). The HALLMARK gene set and GO_BP gene set was obtained from the MSigDB database. The normalized
enrichment score (NES) in GSEA was obtained.

4.8. Construction of protein—protein interaction network

The Search Tool for the Retrieval of Interacting Genes/proteins (STRING; https://string-db.org/) database contains both the known
and predicted protein interactions, these were used to construct the PPI network. The DEGs was imported into the STRING online
platform, and PPI analysis was performed with the default settings and imported into Cytoscape software (version 3.9.1). The hub PPI
network was screened and visualized using the MCODE analysis plugin. Genes from the hub PPI network were treated as hub genes for
subsequent analysis.

4.9. Plasmids and siRNA oligo transfection

The pcDNA3.1-HIF-1a-PPN mutant plasmid or VHL and HIF-1a siRNA oligos were both obtained from Shanghai TranSheepBio
Biological Technology Co. Ltd. The plasmids or mixed siRNA oligos pool were transfected into cells with Lipofectamine 2000 (Invi-
trogen) according to the manufacturer’s instructions.

For HIF-1a siRNA sequences, siHIF-1a-1 (sense): 5-GCUGACCAGUUACGAUUGUATAT-3’; siHIF-1a-2 (sense): 5-CUGAUAACGU-
GAACAAAATAT-3’; siHIF-1a-3 (sense): 5-GACACAGCCUCGAUAUGAAATAT-3".

For VHL siRNA sequences, siVHL-1 (sense): 5-CCGCAUAUGUAGGGCAUAUATAT-3’; siVHL-2 (sense): 5-GUUAACCAAACGGAG-
CUGUATAT-3’; siVHL-3 (sense): 5-CAUUGCCAGUGUAUACCCUdTAT-3".


https://david.ncifcrf.gov/
https://string-db.org/
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4.10. Primary osteoblasts isolation

Three newborn mice (C57BL/6JGpt) were purchased from Charles River (China). The primary osteoblasts were isolated from
calvarias of the newborn mice by serial round of digestion with 1.8 mg/ml type I collagenase (17018029, Gibco) [39].

4.11. If staining
IDG-SW3 cells or primary osteoblasts grown on coverslips were fixed with 4 % paraformaldehyde, permeabilized with 0.3 % Triton
X-100, washed with PBS and incubated with 2 % BSA containing primary antibodies at 4 °C overnight. The monolayers were then

washed with PBS and incubated with appropriate secondary antibodies (Molecular Probes, Invitrogen) in PBS at 37 °C for 1 h. Cells
were washed again with PBS, counterstained with DAPI (Beyotime, China) and then used for observation.

4.12. Scanning electron microscope (SEM)
Cells grown on the coverslips were fixed in 2.5 % glutaraldehyde overnight at 4 °C. Cells then washed twice by phosphate buffer,
post-fixed in 1.0 % osmium tetroxide in 0.1 M phosphate buffer [pH 7.2] for 2 h at 4 °C, before being washed 3 times with double-

distilled water and dehydrated through a graded series of ethanol to 100 %. The surface morphology was observed using a SEM
(Hitachi H-7650) at an accelerating voltage of 10 kV.

4.13. Images acquisition

Images were acquired using the Zeiss 800 laser scanning confocal microscopy system on a Zeiss Axio Observer Z1 inverted mi-
croscope, equipped with a Plan Apochromat x 63.0, 1.4 numerical aperture oil-immersion, differential interference contrast objective.
Scanning was performed using 1024 x 1024 format, 1.58 ps pixel dwell, 16 bit depth, 4 x line average and 1AU (optimal) pinhole.
Images were taken on random, but cells with extraordinarily strong or low expression levels were excluded for examination. Lossless

fluorescence images obtained from IF were processed in Fiji software (version 2.14.0) and exported as TIFF mode files in red/green/
blue (RGB) channels. Line profiles were all analyzed within 8-bit format images with Fiji software.

4.14. Statistical analysis
The representative data from three independent experiments are present as mean + S.E.M. Two-tailed ¢ tests are utilized for

determine significances between two groups. Significance values and N numbers for each data set are shown in each figure legend. All
statistical analyses were performed using GraphPad Prism 10.0 software.
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