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Background: Osteogenic-angiogenic coupling is essential for skeletal homeostasis, and its dysregulation constitutes a pathological
basis for osteoporosis. This study investigates whether the E3 ubiquitin ligase Mind bomb 2 (MIB2) plays a critical role in this
coupling by regulating the deubiquitinase cylindromatosis (CYLD) and oxidative stress.
Methods: Key regulatory factors were identified using integrated bioinformatics analysis. Gain-of-function studies were per-
formed on MC3T3-E1 osteoprogenitors and bEnd.3 endothelial cells through lentiviral transduction. Protein interactions and
ubiquitination were assessed using co-immunoprecipitation and ubiquitination assays. Osteogenic differentiation and angiogenic
capacity were evaluated by alkaline phosphatase activity assay, Alizarin Red S staining, scratch wound, and tube formation as-
says. Oxidative stress markers, including reactive oxygen species, malondialdehyde, and glutathione, were measured. Cellular
crosstalk was examined using a Transwell co-culture system.
Results: CYLD was identified as a key node regulating both osteogenic and angiogenic processes. Functional studies demon-
strated that CYLD overexpression enhanced osteogenic differentiation and angiogenesis while attenuating oxidative stress in
both cell types. Mechanistically, MIB2 was identified as an E3 ubiquitin ligase for CYLD, binding CYLD and promoting its
ubiquitination and degradation. Rescue experiments confirmed that MIB2 overexpression suppressed osteogenesis and induced
oxidative stress (reactive oxygen species (ROS), reduced glutathione (GSH), and malondialdehyde (MDA)) by downregulating
CYLD. Co-culture experiments further revealed that disruption of the MIB2–CYLD axis in osteoblasts significantly suppressed
endothelial expression of key angiogenic markers (PECAM1, EMCN, and HIF-1α), elevated intracellular ROS, and altered ox-
idative stress markers in the conditioned medium (GSH and MDA), thereby demonstrating that osteoblast-derived oxidative
stress signals impair endothelial function and compromise osteogenic-angiogenic coupling.
Conclusion: MIB2 impairs osteogenic-angiogenic coupling through the ubiquitin-mediated degradation of CYLD, exacerbating
oxidative stress and simultaneously suppressing osteogenesis and angiogenesis. These findings provide new insights into the
pathogenesis of skeletal disorders and highlight the MIB2-CYLD axis as a potential therapeutic target.
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Introduction

Bone is a dynamic organ that maintains locomotor
function and metabolic homeostasis [1]. Its structural in-
tegrity depends on a delicate balance between osteoblast-
mediated bone formation and osteoclast-driven bone re-
sorption [2]. This equilibrium is critically supported by the
coordinated process of osteogenic-angiogenic coupling [3].
The intraosseous vascular system not only delivers essential
nutrients and oxygen to bone-metabolizing cells but also di-
rectly regulates osteogenic differentiation by secreting sig-
naling molecules such as vascular endothelial growth factor
and bone morphogenetic proteins [4]. In turn, osteoblast-

derived factors, including platelet-derived growth factor
and angiopoietin-1, promote endothelial cell proliferation,
migration, and tubulogenesis, establishing a bidirectional
regulatory circuit essential for osteogenic-angiogenic cou-
pling [5]. Disruption of this coupling leads to bone loss,
microarchitectural deterioration, and reduced vascular den-
sity, contributing to skeletal disorders such as osteoporosis
(OP) and non-union fractures [6]. Therefore, elucidating
the core regulatory mechanisms of osteogenic-angiogenic
coupling and identifying key molecular targets are crucial
for advancing the treatment of bone-related diseases.

Oxidative stress is a significant pathological driver
of impaired osteogenic-angiogenic coupling [7]. Under
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physiological conditions, low intracellular levels of reac-
tive oxygen species (ROS) support processes such as os-
teogenic differentiation (e.g., by activating the transcrip-
tion factor Runx2) and angiogenesis (e.g., by stabilizing
hypoxia-inducible factor-1α, HIF-1α) [8]. However, un-
der pathological states like aging, estrogen deficiency, or
abnormal mechanical loading, excessive ROS accumula-
tion disrupts cellular redox balance [9]. This oxidative
burden inhibits osteoblast proliferation and differentiation
while promoting apoptosis, partly through lipid peroxida-
tion (e.g., elevated malondialdehyde, MDA) and protein
oxidative damage [10]. Concurrently, it impairs endothelial
tight junctions and vascular maturation, thereby disrupting
the intraosseous vascular network [11]. For example, in an
ovariectomized (OVX) osteoporotic rat model, ROS lev-
els are markedly increased in bone tissue, accompanied by
reduced vascular density and suppressed osteogenic mark-
ers [12]. Nevertheless, the key molecular pathways that
regulate redox homeostasis in the bone microenvironment
and sustain osteogenic-angiogenic coupling remain incom-
pletely understood.

The ubiquitin (Ub)-proteasome system (UPS) serves
as a central mechanism for maintaining protein homeosta-
sis and modulating signaling pathways [13], with dysfunc-
tion associated to cancers, metabolic diseases, and skeletal
disorders [14]. Within this system, E3 Ub ligases specif-
ically recognize substrate proteins and catalyze Ub conju-
gation, whereas deubiquitinating enzymes (DUBs) counter-
act this process by removing Ub chains, thereby preserving
substrate stability [15]. The dynamic balance between E3
Ub ligases and DUBs constitutes a precise regulatory net-
work for protein turnover [16]. Tumor suppressor cylindro-
matosis (CYLD) is a conserved DUB that negatively regu-
lates inflammatory responses and cell apoptosis by cleaving
K63-linked Ub chains from substrates such as NF-κB, p62,
and JNK [17]. Accumulating evidence implicates CYLD
in bone metabolism, as global knockout mice exhibit os-
teopenia due to enhanced osteoclast activity and impaired
osteoblast function [18]. Although CYLD is shown to reg-
ulate angiogenesis and endothelial cell migration [19], its
role in osteogenic-angiogenic coupling, especially in an ox-
idative stress-dependent context, remains unknown. Mind
bomb 2 (MIB2), a HECT domain-containing E3 Ub ligase,
is known to participate in embryonic development, immune
cell differentiation, and tumor progression [20–22]. More-
over, MIB2 has been found to be essential for YAP/TAZ-
dependent angiogenesis [23]. However, whether MIB2 in-
fluences bone metabolism, particularly via DUB targeting
to regulate oxidative stress and osteogenic-angiogenic cou-
pling, has not been explored.

To address these gaps, this study elucidates a novel
mechanism by which MIB2-mediated ubiquitination of
CYLD disrupts osteogenic-angiogenic coupling through
oxidative stress, providing new theoretical and therapeutic
insights into skeletal diseases.

Materials and Methods

Bioinformatics Analysis
Genes associated with osteogenic differentiation were

derived from the OsteoporosAtlas database, a system-
atically curated collection of human osteoporosis-related
genes as published by Wang et al. [24]. The gene list used
in this study is provided in Supplementary Table 1.

Concurrently, factors related to oxidative stress and
angiogenesis were screened using GeneCards (https://ww
w.genecards.org/) with the search terms “oxidative stress”
and “angiogenesis”. Deubiquitination-related genes were
subsequently downloaded via UbiBrowser2.0 (http://ubib
rowser.bio-it.cn/ubibrowser_v3/home/index). An intersec-
tion analysis was performed to identify overlapping genes
among these datasets. Following this, UbiBrowser2.0 was
employed to analyze and filter for regulatory factors asso-
ciated with the intersecting genes.

Cell Culture and Transduction
The mouse pre-osteoblastic cell line MC3T3-E1

(305187, Cytion, Eppelheim, Germany) and the mouse vas-
cular endothelial cell line bEnd.3 (305265, Cytion) were
cultured in MEM α medium (A1049001, Gibco™, Shang-
hai, China) supplemented with 10% fetal bovine serum
(FBS) or in DMEM medium (820300a, Cytion), respec-
tively. Both cell lines were authenticated by short tan-
dem repeat (STR) profiling and confirmed to be free of
interspecies contamination. The MC3T3-E1 cells exhib-
ited a characteristic fibroblast-like, spindle-shaped mor-
phology, while the bEnd.3 cells displayed a typical en-
dothelial cobblestone-like morphology at confluence. My-
coplasma testingwas performed for all cell lines, and results
confirmed the absence of contamination (Supplementary
Fig. 1). To investigate the functions of MIB2 and CYLD,
lentiviral vectors for overexpressing human MIB2 (oe-
MIB2; RefSeq: NM_001170687.4) and CYLD (oe-CYLD;
RefSeq: NM_001378743.1), along with a corresponding
empty vector control (oe-NC), were constructed by Vec-
torBuilder. The full-length coding sequences were cloned
under the control of the CMV promoter, with puromycin
used as the selection marker. When cells reached 50–60%
confluence, they were transduced with the lentiviral parti-
cles in the presence of 8 µg/mL polybrene to enhance trans-
duction efficiency. The viral supernatant was replaced with
fresh complete medium after 12 hours. To establish stable
cell lines, puromycin selection (2 µg/mL) was initiated 48
hours post-transduction and maintained for 7 days. Gene
and protein expression levels were assessed by quantita-
tive polymerase chain reaction (qPCR) and Western blot-
ting (WB), respectively. Additionally, intracellular levels
of ROS, MDA, and reduced glutathione (GSH) were mea-
sured, as previously described [25].

https://www.discovmed.com/
https://www.genecards.org/
https://www.genecards.org/
http://ubibrowser.bio-it.cn/ubibrowser_v3/home/index
http://ubibrowser.bio-it.cn/ubibrowser_v3/home/index


217

Alkaline Phosphatase (ALP) Activity Assay
MC3T3-E1 cells were seeded in 24-well plates at a

density of 2× 104 cells/well. Following transduction, cells
were cultured for an additional 10 days in standard com-
plete medium, which was replaced with fresh medium ev-
ery two days. On day 10, cells were harvested and alkaline
phosphatase (ALP) activity was evaluated using an ALP
Assay kit (P0321S, Beyotime, Shanghai, China). Subse-
quently, ALP absorbance was measured at 405 nm using a
microplate reader (BioTek Instruments Inc, Winooski, VT,
USA).

Assessment of Osteogenic Differentiation and
Mineralization

MC3T3-E1 cells were seeded in 12-well plates at
a density of 5 × 104 cells/well. To evaluate late-stage
osteogenic mineralization capacity, calcium nodule for-
mation was assessed using Alizarin Red S (ARS) stain-
ing. Transfected MC3T3-E1 cells were cultured in stan-
dard complete medium for 28 days, with the medium re-
freshed every three days. Upon completion of the culture
period, the medium was aspirated and cells were gently
rinsed twice with phosphate-buffered saline (PBS) (P2272,
Sigma-Aldrich, Beijing, China). The cells were then fixed
with 4% paraformaldehyde (158127, Sigma-Aldrich) for
30 minutes at room temperature. After fixation, an ad-
equate volume of 0.5% ARS solution (pH 4.2, A5533,
Sigma-Aldrich) was added to each well, followed by in-
cubation at room temperature for 30 minutes in the dark.
The staining solution was then removed, and cells were
thoroughly washed with deionized water until the back-
ground became colorless. Mineralized nodules were vi-
sualized and imaged using an ECLIPSE Ts2R microscopy
(Nikon, Tokyo, Japan). For semi-quantitative analysis,
10% cetylpyridinium chloride solution (C9002, Sigma-
Aldrich) was added to solubilize the dye bound to calcium
nodules with constant agitation. The resulting eluate was
collected, and its absorbance was measured at a wavelength
of 562 nm using a microplate reader.

Flow Cytometric Analysis of Intracellular Reactive
Oxygen Species (ROS)

Intracellular ROS levels were quantified us-
ing the cell-permeable fluorogenic probe 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA).
Harvested cells were washed with phosphate-buffered
saline (PBS) and resuspended in serum-free medium
containing 10 µM DCFH-DA (C400, Thermo Fisher
Scientific). Cell suspensions were incubated at 37 ℃ for
30 minutes in the dark, with gentle mixing every 5–10
minutes. To remove excess extracellular probe, the cells
were pelleted by centrifugation at 1000×g for 5 minutes at
4 ℃ and washed twice with ice-cold PBS. Finally, the cell
pellet was resuspended in ice-cold PBS and kept on ice for
immediate analysis. Flow cytometry was performed using

a CytoFLEX flow cytometer (Beckman Coulter). For each
sample, at least 10,000 singlet events, gated based on for-
ward scatter (FSC) and side scatter (SSC) to exclude debris
and aggregates, were acquired. The fluorescence of the
oxidized product (dichlorofluorescein, DCF) was measured
in the FITC channel (excitation/emission: 488/525 nm).
Data were analyzed using CytExpert Software (Beckman
Coulter, Indianapolis, IN, USA). The geometric mean
fluorescence intensity (GeoMFI) of the DCF signal within
the viable cell gate was recorded. To calculate the relative
ROS level, the GeoMFI of each experimental sample was
normalized to that of the corresponding control group,
which was set as 1.0.

Colorimetric Detection of MDA and GSH Levels
The levels of MDA and GSH in cell lysates or culture

medium were measured using commercially available as-
say kits for MDA (S0131S, Beyotime) and GSH (CS0260,
Sigma-Aldrich), respectively, following the manufacturers’
protocols. For MDA detection, absorbance was measured
at 532 nm, and the concentration was calculated using a
standard curve of known MDA concentrations and nor-
malized to the total protein content of each sample. For
GSH detection, absorbance was measured at 412 nm, and
the concentration was determined using a standard curve of
known GSH concentrations and normalized to the total pro-
tein content. All absorbancemeasurements were performed
using a microplate reader.

Reverse Transcription (RT)-qPCR
Total RNA was isolated using TRI reagent® (T3934,

Sigma-Aldrich) and treated with RNase-free deoxyribonu-
clease I (DNase I, AMPD1, Sigma-Aldrich) to eliminate
genomic DNA contamination. RNA integrity was verified
spectrophotometrically using an HD-UV90 system (Shan-
dong Horde Electronic Technology Co., Ltd., Weifang,
China) in strict accordance with the manufacturer’s guide-
lines. For complementary DNA (cDNA) synthesis, 2 µg of
total RNA was reverse-transcribed using the RevertAid RT
kit (K1691, Thermo Fisher, Shanghai, China). RT-qPCR
amplification was performed in 20 µL reaction volumes us-
ing a thermal cycler (QuantStudio 5 Real-Time PCR Sys-
tem; Applied Biosystems, CA, USA) with the following cy-
cling parameters: initial denaturation at 95 °C for 10 min-
utes; 40 cycles of denaturation at 95 °C for 15 seconds, an-
nealing at 60 °C for 30 seconds, and extension at 72 °C
for 30 seconds. Target gene expression levels were normal-
ized to the endogenous reference gene GAPDH, and rel-
ative mRNA expression was calculated using the 2−∆∆Ct

method. Primer sequences are listed in Table 1.

WB Analysis
Proteins were extracted using RIPA lysis buffer

(R0278, Sigma-Aldrich) via incubation on ice for 30 min-
utes, with brief vortexing at 5-minute intervals. Following
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Table 1. The primer sequences for RT-qPCR.
Gene Primer sequences (5′-3′)

PECAM1
Forward CCAAAGCCAGTAGCATCATGGTC
Reverse GGATGGTGAAGTTGGCTACAGG

EMCN
Forward GCACACACCATGTCACTGCTTC
Reverse CAGCGCGATAACCACAGGCAAA

HIF-1α
Forward CCTGCACTGAATCAAGAGGTTGC
Reverse CCATCAGAAGGACTTGCTGGCT

GAPDH
Forward CATCACTGCCACCCAGAAGACTG
Reverse ATGCCAGTGAGCTTCCCGTTCAG

centrifugation of the cell lysates (12,000 rpm, 10 minutes,
4 ℃), the clarified supernatants were collected, and total
protein concentration was determined using a bicinchoninic
acid protein assay kit (BRK0011, ABclonal Technology,
Wuhan, China). Equal amounts of protein were loaded
and separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, then transferred onto polyvinylidene
fluoride membranes (88518, Thermo Fisher). The mem-
branes were blocked with 5% skimmed milk for 1 hour,
followed by incubation with the following primary anti-
bodies at 4 ℃ overnight: CYLD (1:1000, 11110-1-AP,
Proteintech, Wuhan, China), Runx2 (1:1000, 20700-1-AP,
Proteintech), PECAM1 (1:1000, A19014, ABclonal Tech-
nology), EMCN (1:1000, 11828-1-AP, Proteintech), HIF-
1α (1:20,000, ab179483, Abcam, Shanghai, China), MIB2
(1:1000, A17829, ABclonal Technology), and GAPDH
(1:1000, 2118, Cell Signaling Technology, MA, USA).
After washing, the membranes were incubated with a
horseradish peroxidase-conjugated goat anti-rabbit IgG
secondary antibody (1:10,000, 31460, Thermo Fisher) for
1 hour at room temperature. Protein bands were visualized
using an enhanced chemiluminescence substrate (32106,
Thermo Fisher), and band intensity was quantified densit-
ometrically using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

Scratch Wound Assay
Cell migration was evaluated using a standardized

scratch wound model in bEnd.3 cells. Cells were seeded
in 12-well plates at a density of 8 × 104 cells/well and cul-
tured until 100% confluent to form continuous monolayers.
A uniform linear scratch was created in each monolayer us-
ing a sterile pipette tip, followed by washing to remove dis-
lodged cellular debris. To minimize confounding effects
associated with cell proliferation, the wounded monolayers
were maintained in serum-free DMEM. Time-lapse imag-
ing was performed at baseline (0 hour) and 24 hours after
wounding using an ECLIPSE Ts2R microscopy. Acquired
images were quantified with ImageJ software, and the mi-
gration rate was calculated.

Tube Formation Assay
Matrigel matrix (356231, Corning, NY, USA) was ap-

plied to 96-well plates, which were subsequently incubated
at 37 °C for 30 minutes to allow gel polymerization. Pre-
pared endothelial cells were seeded in 96-well plates at a
density of 1 × 104 cells/well onto the surface of the poly-
merized matrix. The plates were incubated at 37 °C under
5% CO2 for 6 hours. Following incubation, images were
acquired using an ECLIPSE Ts2R microscopy. Captured
images were analyzed with ImageJ software to measure and
quantify the total length of tubular structures, thereby as-
sessing the angiogenic capability of the endothelial cells.

Co-IP
Cells were collected and lysed using lysis buffer con-

taining protease inhibitors, followed by incubation on ice
for 30 minutes. After high-speed centrifugation to remove
cellular debris, the supernatant was collected. To assess
the physical interaction between MIB2 and CYLD, the su-
pernatant was incubated overnight at 4 ℃ with an anti-
body against MIB2 (A17829, ABclonal Technology) or a
control IgG antibody (SAB5600195, Sigma-Aldrich). Pro-
tein A/Gmagnetic beads (88802, Thermo Fisher) were then
added and incubated for 2 hours to facilitate binding of
the antibody-antigen complexes to the beads. The beads
were washed three times, and the supernatant was removed
by centrifugation. Loading buffer was added to the sam-
ples, which were then boiled for 5 minutes and subse-
quently subjected to WB analysis using an antibody against
CYLD (11110-1-AP, Proteintech) to detect co-precipitated
proteins.

Immunoprecipitation (IP)
To assess the ubiquitination level of CYLD, stable

mouse pre‑osteoblastic MC3T3‑E1 cells overexpressing
MIB2 (oe‑MIB2) or the corresponding empty vector con-
trol (oe‑NC) were cultured until they reached 70–80% con-
fluence. The cells were then treated with 10 µM of the
proteasome inhibitor MG‑132 (M8699, Sigma‑Aldrich) for
4–6 hours to stabilize ubiquitinated proteins. After treat-
ment, the cells were harvested and lysed. The cleared
lysate was subjected to immunoprecipitation using an an-
tibody against CYLD (11110-1-AP, Proteintech) overnight
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at 4 ℃, followed by incubation with Protein A/G magnetic
beads. The immunoprecipitated complexes were washed
extensively, eluted, and then analyzed by Western blotting.
To specifically detect ubiquitinated CYLD, the membrane
was probed with an anti-ubiquitin antibody (1:1000, 10201-
2-AP, Proteintech). Parallel blotting for CYLD was per-
formed to confirm equal precipitation.

Cycloheximide (CHX) Assay
Cells from an appropriate cell line were cultured un-

der standard conditions and allocated into control and ex-
perimental groups. The experimental group was trans-
fected to overexpress MIB2. Cells in both groups were
subsequently treated with 50 µg/mL cycloheximide (CHX)
(C7698, Sigma-Aldrich) and harvested at specified time
points (0, 0.5, 1, and 2 hours). The effect ofMIB2 onCYLD
protein stability was analyzed by WB.

Co-culture of MC3T3-E1 and bEnd.3 Cells
This study employed a non-contact Transwell co-

culture system to establish indirect paracrine interac-
tion between mouse osteoprogenitor MC3T3-E1 cells and
brain microvascular endothelial bEnd.3 cells. Transfected
MC3T3-E1 cells were seeded in the upper chambers, while
bEnd.3 cells were cultured in the lower compartments, al-
lowing intercellular communication via soluble factors dif-
fusing through the shared medium. After 48 hours of co-
culture, both cell populations and conditioned media were
separately collected for subsequent analyses.

Statistical Analysis
All statistical analyses were performed using Prism 9

software (GraphPad Software, San Diego, CA, USA). Data
were presented as mean ± standard deviation (SD). Com-
parisons between two groups were analyzed using Student’s
t-test. For comparisons across multiple groups, one-way or
two-way analysis of variance (ANOVA) was applied as ap-
propriate, followed by Tukey’s post hoc test for multiple
comparisons. A p-value of less than 0.05 was considered
statistically significant.

Results

CYLD Overexpression Promotes Osteoblastic
Differentiation and Alleviates Oxidative Stress

To identify key regulatory genes, we first retrieved
osteogenic differentiation-related genes from the OsteoAt-
las database, integrated oxidative stress and angiogenesis-
related factors from GeneCards, and screened for DUBs us-
ing UbiBrowser 2.0. Intersection analysis identified CYLD
as a candidate gene (Fig. 1A). To investigate its functional
role, we overexpressed CYLD in MC3T3-E1 cells. WB
analysis confirmed a marked increase in CYLD protein lev-
els in the oe-CYLD group compared to the oe-NC control
group (p < 0.0001, Fig. 1B). Functional assays demon-

strated that CYLD overexpression significantly enhanced
osteogenic differentiation, as evidenced by increased ALP
activity (p< 0.01, Fig. 1C), elevated formation of mineral-
ized nodules (Fig. 1D), and upregulation of Runx2 protein
(p < 0.01, Fig. 1E). Regarding oxidative stress, cells over-
expressing CYLD exhibited a substantial reduction in intra-
cellular ROS (p < 0.001), accompanied by increased GSH
content (p < 0.001) and decreased MDA levels (p < 0.01,
Fig. 1F–H). Collectively, these findings indicate that CYLD
not only promotes osteogenic differentiation but also helps
maintain redox homeostasis in osteoblastic cells.

CYLD Overexpression Enhances Angiogenic
Capacity in Endothelial Cells

To further investigate the functional impact of CYLD
on angiogenesis, we overexpressed CYLD in bEnd.3 en-
dothelial cells. WB analysis confirmed a significant in-
crease in CYLD expression in the oe-CYLD group com-
pared to the oe-NC control group (p< 0.01, Fig. 2A). Func-
tional assays revealed that CYLD upregulation markedly
enhanced cellular migration, as demonstrated by improved
scratch wound closure, and potentiated the capacity for
tubular structure formation in vitro (p < 0.001, Fig. 2B,C).
At the molecular level, RT-qPCR and WB analyses showed
that CYLD overexpression significantly upregulated both
mRNA and protein expression of key angiogenesis-related
markers, including PECAM1, EMCN, and HIF-1α (p <

0.01, Fig. 2D,E). Concurrently, endothelial cells overex-
pressing CYLD exhibited substantially reduced intracellu-
lar levels of ROS (p < 0.001) and MDA (p < 0.01), along-
side increased GSH content (p < 0.001, Fig. 2F–H). These
collective results indicate that CYLD enhances angiogenic
function and ameliorates the cellular oxidative stress status
in endothelial cells.

MIB2 Functions as an E3 Ub Ligase Targeting
CYLD for Degradation

To elucidate the upstream regulatory mechanism of
CYLD, we analyzed the UbiBrowser 2.0 database and iden-
tified MIB2 as a candidate E3 Ub ligase potentially target-
ing CYLD (Fig. 3A). To validate whether MIB2 acts as
the E3 Ub ligase for CYLD, we overexpressed MIB2 in
MC3T3-E1 cells. WB analysis revealed that CYLD pro-
tein levels were significantly reduced upon MIB2 upregu-
lation (p < 0.05, Fig. 3B). Co-IP experiments confirmed
a direct interaction between MIB2 and CYLD within cells
(Fig. 3C). Further ubiquitination assays demonstrated that
MIB2 overexpression enhanced the ubiquitination level of
CYLD (Fig. 3D). To substantiate the effect of MIB2 on
CYLD protein stability, cells were treated with the protein
synthesis inhibitor CHX. The results showed an accelerated
degradation rate of CYLD protein in MIB2-overexpressing
cells (p < 0.01, Fig. 3E). These data indicate that MIB2
binds to CYLD and promotes its ubiquitination and protea-
somal degradation, suggesting that MIB2 functions as an
E3 Ub ligase for CYLD.
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Fig. 1. CYLD overexpression promotes osteoblastic differentiation and alleviates oxidative stress. (A) Venn diagram of the in-
tersection analysis among genes related to osteogenic differentiation, oxidative stress, angiogenesis, and deubiquitination. (B) WB of
CYLD protein expression in MC3T3-E1 cells. (C) ALP activity assay. (D) Alizarin Red S staining of mineralized nodules. (E) WB of
Runx2 protein expression in MC3T3-E1 cells. (F) Relative intracellular ROS level, determined as the fold change in geometric mean
fluorescence intensity (GeoMFI) of DCF relative to the control group (set as 1.0), as measured by flow cytometry. (G) Intracellular GSH
and (H) MDA levels (n = 3). **p < 0.01, ***p < 0.001, ****p < 0.0001. A t-test was used for comparisons between two groups.
CYLD, cylindromatosis; ALP, Alkaline Phosphatase; WB, Western blotting; ROS, reactive oxygen species; DCF, dichlorofluorescein;
GSH, reduced glutathione; MDA, malondialdehyde.
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Fig. 2. CYLD overexpression enhances angiogenic capacity in endothelial cells. (A)WB of CYLD protein expression in bEnd.3 cells.
(B) Cell migration ability assessed by scratch wound healing assay. (C) In vitro tube formation assay. (D,E)mRNA and protein expression
levels of angiogenesis-related markers PECAM1, EMCN, and HIF-1α evaluated by RT-qPCR and WB. (F) Relative intracellular ROS
level, determined as the fold change in geometric mean fluorescence intensity (GeoMFI) of DCF relative to the control group (set as 1.0),
as measured by flow cytometry. (G) Intracellular GSH and (H) MDA levels (n = 3). **p < 0.01, ***p < 0.001, ****p < 0.0001. A
t-test was used for comparisons between two groups.
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Fig. 3. MIB2 functions as an E3 Ub ligase targeting CYLD for degradation. (A) Schematic diagram from the UbiBrowser 2.0
database predicting MIB2 as a candidate E3 ubiquitin ligase for CYLD. (B) WB of CYLD protein levels in MC3T3-E1 cells after MIB2
overexpression. (C) Co-immunoprecipitation assay confirming the direct interaction betweenMIB2 and CYLD. (D) Ubiquitination assay
showing the ubiquitination level of CYLD upon MIB2 overexpression. (E) CYLD protein stability assay using the protein synthesis
inhibitor CHX (n = 3). *p < 0.05, ****p < 0.0001. A t-test was used for comparisons between two groups. For three or more groups,
two-way analysis of variance (ANOVA) was applied, followed by Tukey’s post hoc test. MIB2, Mind bomb 2; CHX, cycloheximide.

MIB2 Impairs Osteogenic Differentiation and
Exacerbates Oxidative Stress by Degrading CYLD

To determine whether MIB2 exerts its functional ef-
fects in osteoblasts by degrading CYLD, we performed res-
cue experiments in MC3T3-E1 cells. WB analysis showed

thatMIB2 overexpression significantly reducedCYLDpro-
tein levels (p < 0.001), while CYLD overexpression did
not affect MIB2 expression (Fig. 4A). Subsequent func-
tional assessment of osteogenic differentiation revealed that
MIB2 overexpression markedly suppressed the differentia-
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tion process, as indicated by reduced ALP activity, dimin-
ished mineralized nodule formation, and downregulated
protein expression of the key osteogenic transcription factor
Runx2. However, these inhibitory effects of MIB2 on os-
teogenic differentiation were substantially reversed by con-
comitant overexpression of CYLD (p < 0.01, Fig. 4B–D).
Regarding oxidative stress, MIB2 overexpression led to a
significant increase in intracellular ROS and MDA levels,
concurrently with a decrease in GSH (P < 0.0001). Simi-
larly, restoring CYLD expression effectively counteracted
the oxidative stress induced by MIB2 overexpression (p <

0.05, Fig. 4E–G). Together, these results demonstrate that
MIB2 inhibits osteogenic differentiation and aggravates ox-
idative stress primarily by promoting the degradation of
CYLD.

The MIB2-CYLD Axis in Osteoblasts Disrupts
Endothelial Function via Oxidative Stress

To simulate the physiological interaction between os-
teoblasts and endothelial cells, we established a non-contact
Transwell co-culture system. After co-culturing bEnd.3 en-
dothelial cells with MC3T3-E1 cells that had been sub-
jected to MIB2 and CYLD overexpression, we assessed the
functionality of the endothelial cells in the lower chambers.
WB analysis confirmed that MIB2 was successfully over-
expressed in the co-cultured MC3T3-E1 osteoblasts (p <

0.0001), while CYLD protein levels were significantly sup-
pressed by MIB2 overexpression (p < 0.0001). This sup-
pression of CYLD was effectively rescued by concomitant
CYLD overexpression (p < 0.001, Fig. 5A). Subsequently,
the results demonstrated that MIB2 upregulation in os-
teoblasts suppressed the expression of angiogenesis mark-
ers (PECAM1, EMCN, and HIF-1α) in endothelial cells,
while concurrently promoting intracellular ROS accumula-
tion. Conversely, CYLD upregulation effectively reversed
these effects induced byMIB2 overexpression (p< 0.0001,
Fig. 5B–D). Analysis of the conditioned medium further re-
vealed that CYLD restoration in osteoblasts significantly
rescued the oxidative stress caused by MIB2 overexpres-
sion, evidenced by elevated MDA and reduced GSH lev-
els (p < 0.001, Fig. 5E,F). These findings indicate that the
MIB2-CYLD regulatory axis in osteoblasts plays a pivotal
role in osteogenic-angiogenic coupling, primarily by mod-
ulating the oxidative stress microenvironment.

Discussion

This study provides significant conceptual and mech-
anistic insights into osteogenic-angiogenic coupling by sys-
tematically characterizing the MIB2-CYLD axis. We iden-
tified CYLD as a key promoter of osteogenic differentia-
tion, angiogenesis, and redox homeostasis. Furthermore,
we discovered that MIB2 acts as a specific E3 Ub ligase for
CYLD, promoting its degradation. Disruption of this axis
in osteoblasts impaired endothelial function via secretory

oxidative stress, revealing a transcellular mechanism that
links metabolic bone disease and vascular dysfunction.

Our findings consolidate and extend previous hints
of CYLD’s role in skeletal and vascular biology. While
earlier studies in CYLD-deficient models implicated it in
bone formation and angiogenesis through pathways such
as TGF-β and NF-κB [26–28], its specific function within
osteogenic-angiogenic coupling remained undefined. Here,
we demonstrated that CYLD overexpression enhanced os-
teogenic markers (ALP, Runx2, mineralization) in MC3T3-
E1 cells and angiogenic capacity (migration, tube forma-
tion, PECAM1, EMCN, HIF-1α) in bEnd.3 cells. Cru-
cially, we positioned CYLD as a homeostatic regulator of
oxidative stress within this coupling, as its overexpression
reduced intracellular ROS and MDA levels while increas-
ing GSH in both cell types. This suggests that CYLD may
target oxidative stress-related signaling molecules, such as
NADPH oxidase 4 (Nox4) and NF-κB p65, via its deubiq-
uitinase activity [29,30], thereby maintaining a permissive
redox environment for both osteogenesis and angiogenesis.

MIB2, an E3 Ub ligase, has known roles in em-
bryonic development and cancer progression through sub-
strates such as Notch and TGF-β receptors [31], but its in-
teraction with CYLD or role in bone metabolism was un-
explored. Our co-IP and ubiquitination assays confirmed
that MIB2 directly binds CYLD and promotes its ubiqui-
tination and proteasomal degradation, consistent with pro-
teomic data identifying MIB2 as a CYLD-interacting pro-
tein [32]. Additionally, a previous report indicated that
MIB2 enhanced NF-κB signaling in inflammation by pro-
moting Ub-dependent CYLD degradation [33]. Our find-
ing newly connects MIB2 to bone metabolism by targeting
CYLD, establishing a foundation for investigating its role
in skeletal disorders.

Rescue experiments confirmed the CYLD-
dependence of MIB2’s effects on osteoblast function.
MIB2 overexpression suppressed osteogenic differentia-
tion and induced oxidative stress, while co-transduction
with oe-CYLD reversed these phenotypes. We proposed
a model where, physiologically, CYLD suppresses ROS-
generating signaling molecules to maintain redox balance
via its deubiquitinase activity, thereby promoting osteoge-
nesis [34]. When MIB2 is upregulated, it degrades CYLD,
lifting this inhibition and causing ROS overaccumulation.
Excessive ROS directly damages osteoblasts and inhibits
differentiation via pathways like p38 MAPK [35,36].
Thus, the MIB2-CYLD axis acts as a critical molecular
switch for oxidative stress in regulating osteogenesis.

The core of osteogenic-angiogenic coupling lies in the
bidirectional communication between osteoblasts and en-
dothelial cells via paracrine signals [37]. Using a Tran-
swell co-culture system, we demonstrated that MIB2 over-
expression in osteoblasts suppressed endothelial angiogenic
markers PECAM1, EMCN, andHIF-1α and increased ROS
in endothelial cells by secreted factors, effects rescued by
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Fig. 4. MIB2 impairs osteogenic differentiation and exacerbates oxidative stress by degrading CYLD. (A)WB of MIB2 and CYLD
protein expression. (B) ALP activity assay. (C) Alizarin Red S staining of mineralized nodules. (D) WB of Runx2 protein expression.
(E) Relative intracellular ROS level, determined as the fold change in geometric mean fluorescence intensity (GeoMFI) of DCF relative
to the control group (set as 1.0), as measured by flow cytometry. (F) Intracellular GSH and (G) MDA levels (n = 3). ns p > 0.05, *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For three or more groups, one-way analysis of variance (ANOVA) was applied,
followed by Tukey’s post hoc test.
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Fig. 5. TheMIB2-CYLD axis in osteoblasts disrupts endothelial function via oxidative stress. (A) WB analysis of MIB2 and CYLD
protein levels in MC3T3-E1 osteoblasts. (B,C) mRNA and protein expression levels of angiogenesis-related markers (PECAM1, EMCN,
HIF-1α) in bEnd.3 cells evaluated by (B) RT-qPCR and (C) WB. (D) Relative intracellular ROS levels in bEnd.3 cells, determined as
the fold change in geometric mean fluorescence intensity (GeoMFI) of DCF relative to the control group (set as 1.0), as measured by
flow cytometry. (E,F) Measurement of (E) GSH and (F) MDA levels in the conditioned medium from the co-culture system (n = 3). ns
p > 0.05, ***p < 0.001, ****p < 0.0001. For three or more groups, one-way analysis of variance (ANOVA) was applied, followed by
Tukey’s post hoc test.
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CYLD restoration. Analysis of the conditioned medium
confirmed that disruption of the osteoblastic MIB2-CYLD
axis elevates secretory oxidative stress factors, such as lipid
peroxides and IL-6. These can directly damage endothe-
lial tight junctions and inhibit VEGF-mediated tubulo-
genesis [38,39], thereby disrupting osteogenic-angiogenic
coupling. This finding newly establishes the osteoblastic
MIB2-CYLD axis as a bridge connecting osteogenesis and
angiogenesis.

While our study focuses on MIB2 as an upstream reg-
ulator of CYLD, understanding the regulators of MIB2 it-
self is crucial for contextualizing this axis within broader
signaling networks. Given this limitation, several plausi-
ble upstream mechanisms can be hypothesized based on
MIB2’s biology. MIB2 is known to be regulated by post-
translational modifications. For instance, MIB2 can be
phosphorylated by kinases such as CaMKIIβ, which in-
fluences its stability and E3 ligase activity towards other
substrates [40]. Furthermore, inflammatory cytokines like
tumor necrosis factor-α and TGF-β, which are often dys-
regulated in OP, can transcriptionally upregulate MIB2 ex-
pression in other cellular contexts [41,42]. It is therefore
conceivable that in the bonemicroenvironment, mechanical
unloading, hormonal changes (e.g., estrogen deficiency), or
pro-inflammatory signals could serve as the initial triggers
that elevate MIB2 expression or activity, thereby initiat-
ing the pathogenic cascade of CYLD degradation, oxida-
tive stress, and uncoupling. Future work will prioritize the
screening and validation of these and other upstream reg-
ulators to complete the comprehensive signaling network
governing the MIB2-CYLD axis.

Current pharmacological interventions for OP, such as
bisphosphonates and parathyroid hormone analogs, primar-
ily modulate bone resorption or formation, with limited ef-
ficacy on intraosseous vascularization [43,44]. In contrast,
the MIB2-CYLD axis concurrently regulates osteogenesis,
angiogenesis, and their shared pathological mechanism (ox-
idative stress), exhibiting superior multi-target therapeutic
potential. Our findings highlight this axis as a promising
target for novel therapeutic strategies. The growing field of
ubiquitination-targeted therapies, particularly proteolysis-
targeting chimeras and small-molecule inhibitors of E3 lig-
ases, provides a compelling framework [45,46]. Specifi-
cally, developing MIB2-specific small-molecule inhibitors
that target its HECTUb ligase domain could prevent CYLD
degradation, thereby restoring its protective functions. Al-
ternatively, other complementary strategies would focus on
stabilizing CYLD, either by inhibiting kinases that prime
it for ubiquitination (e.g., IKKϵ/TBK1-mediated phospho-
rylation) or using molecular glues to enhance its stability
[47,48]. These strategies align with recent advances in
targeting the UPS for skeletal disorders, such as the de-
velopment of SMURF1 inhibitors to promote bone forma-
tion [49]. By simultaneously achieving antioxidant, pro-
osteogenic, and pro-angiogenic effects, targeting theMIB2-

CYLD axis could address the multifaceted pathology of OP
and other complex skeletal disorders where vascular com-
promise is a key feature, paving the way for more effective
and holistic treatments.

This study still has several limitations. First, the
murine cell-based Transwell co-culture system cannot fully
recapitulate the complex in vivo bone microenvironment.
Subsequent studies will establish 3D organoid models in-
corporating osteoblasts, endothelial cells, and osteoclasts to
more accurately validate the functional role of the MIB2-
CYLD axis. Second, the in vivo regulatory significance
remains unverified. Future investigations should generate
osteoblast-specific MIB2 knockout or CYLD overexpres-
sion mouse models, combined with OVX-induced OPmod-
els, to systematically evaluate the axis’s regulation of bone
mass and intraosseous vascular density in living organisms.
Concurrently, we will analyze MIB2 and CYLD expres-
sion in bone tissue samples from OP patients to examine
their correlation with clinical parameters of bone density
and vascularity.

Conclusion

Our study reveals that MIB2 impairs osteogenic-
angiogenic coupling by promoting the Ub-mediated degra-
dation of CYLD, thereby disrupting redox homeostasis in
osteoblasts and endothelial cells. This discovery deepens
the understanding of the skeletal metabolic microenviron-
ment and lays a critical foundation for developing novel
therapeutic strategies targeting the MIB2/CYLD axis, aim-
ing to simultaneously ameliorate oxidative stress, bone loss,
and impaired vascularization.
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