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Abstract

The growth plate (GP) is a crucial tissue involved in skeleton development via endochondral ossification (EO). The bone
organoid is a potential research model capable of simulating the physiological function, spatial structure, and intercellular
communication of native GPs. However, mimicking the EO process remains a key challenge for bone organoid research.
To simulate this orderly mineralization process, we designed an in vitro shCa,3.3 ATDCS5-loaded gelatin methacryloyl
(GelMA) hydrogel model and evaluated its bioprintability for future organoid construction. In this paper, we report the
first demonstration that the T-type voltage-dependent calcium channel (T-VDCC) subtype Ca,3.3 is dominantly expressed
in chondrocytes and is negatively correlated with the hypertrophic differentiation of chondrocytes during the EO process.
Furthermore, Ca, 3.3 knockdown chondrocytes loaded with the GelMA hydrogel successfully captured the EO process and
provide a bioink capable of constructing layered and orderly mineralized GP organoids in the future. The results of this study
could therefore provide a potential target for regulating the EO process and a novel strategy for simulating it in bone organoids.

B Xiaoyuan Gong
sliegxy @foxmail.com

B Guangxing Chen
cgx7676 @hotmail.com

B Liu Yang
jointsurgery @163.com

Chongging Key Laboratory of Precision Medicine in Joint
Surgery, Center for Joint Surgery, Southwest Hospital, Army
Medical University (Third Military Medical University),
Chongqing 400038, China

Department of Pharmacy and Laboratory Medicine, Army
Medical University (Third Military Medical University),
Chongqing 400038, China

Key Laboratory of Biorheological Science and Technology,
Ministry of Education, College of Bioengineering, Chongqing
University, Chongqing 400044, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42242-024-00287-1&domain=pdf
http://orcid.org/0000-0001-8091-2920

984 Bio-Design and Manufacturing (2024) 7:983-999

Graphic abstract

shCay3.3/GelMA Hydrogel Model
Captured EO in Vitro

[Cay3.3 sShRNA |

Ca,3.3 knockdown

Hyalin
chondrocyte

Hypertrophic
chondrocyte
(shCa,3.3)

Loaded by GelMA

Calcification

GelMA+shCa,3.3

Keywords Bone organoid - Endochondral ossification - T-type voltage-dependent calcium channel (T-VDCC) - Ca,3.3 - 3D
bioprinting

@ Springer



Bio-Design and Manufacturing (2024) 7:983-999

985

Introduction

The growth plate (GP) is a unique tissue located at the meta-
physis and is responsible for the postnatal elongation of
long bones. However, GP dysfunctions can lead to growth
retardation and campomelic dysplasia. However, studies of
the physiological and pathological functions of the GP are
restricted by its complicated spatiotemporal transformation,
which is difficult to monitor in vivo or replicate in vitro [ 1-5].
Recently, the development of three-dimensional (3D) bio-
printing techniques has enabled bone organoids to provide
a valuable in vitro research model for studying the physio-
logical and pathological functions of GP by simulating the
structural and biological characteristics of native tissues [5,
6].

The main challenge regarding bone organoids involves
mimicking the endochondral ossification (EO) process [7-9],
which is the key process of GP maturation [10]. EO is tightly
regulated by various factors, including transcription factors,
soluble mediators, extracellular matrices, as well as cell—
cell and cell-matrix interactions. Moreover, during EO the
phenotype of chondrocytes transforms from hyaline chon-
drocytes in the resting zone to hypertrophic chondrocytes
in the hypertrophic zone [11, 12]. Hence, orchestrated reg-
ulation of various genes and proteins and the subsequent
elongation of long bone by ordered mineralization are key
for successful EO simulation in bone organoids. To target
spatial-temporal cellular function during the EO process,
controlling the differentiation of chondrocytes into desir-
able differentiated stages is critical. Various strategies and/or
methods have been proposed to induce lineage commitment
of chondrocytes in bone organoids. However, despite recent
advancements in tissue engineering, the replication of com-
plex involvement in growth factors (e.g., Activin A, CHIR,
fibroblast growth factor 2 (FGF2), PIK90, A8301, LDN,
PD, purmorphamine, and transforming growth factor-beta 3
(TGF-B3)) and mechanical stimulation remains challenging
[13, 14].

The electrophysiological microenvironment is an impor-
tant physicochemical factor determining the development of
osteochondral tissue. It affects chondrocyte differentiation
by regulating the biological processes by which intracellular
calcium signaling is initiated by voltage-dependent calcium
channels (VDCCs) [15, 16]. Different VDCC subtypes rec-
ognize various membrane potentials and initiate intracellular
calcium signaling via extracellular calcium influx and endo-
plasmic reticulum calcium release in chondrocytes [17-22].
A previous study by our group indicated that T-type VDCC
(T-VDCC) blockages significantly reduced intracellular cal-
cium signaling intensity and downregulated the expression
levels of hyaline cartilage-related genes, thereby suggesting
that T-VDCCs play an indispensable role during the activa-
tion of calcium signaling in chondrocytes [23]. In addition,

other studies have demonstrated that the maintenance of
chondrocyte phenotypes is regulated by VDCCs [18, 22].
Hence, we hypothesized that T-VDCCs may play an impor-
tant role in the hypertrophic differentiation of chondrocytes.

In this study, we evaluated the key regulatory role of the
T-VDCC subtype Ca, 3.3 in hypertrophic differentiation dur-
ing EO, aiming to mimic the regulatory mechanism observed
in GP maturation. In addition, we preliminarily validated
the hypothesis that Ca,3.3 regulates ordered mineraliza-
tion in bone organoids by constructing bio-printable gelatin
methacryloyl (GelIMA) hydrogel loaded with Ca,3.3 specif-
ically knockdown ATDCS cells.

Materials and methods
Animals

Twelve C57BL/6 mice (provided by the experimental ani-
mal center of Third Military Medical University; specific
pathogen-free, 1-month-old, » = 3; 2-month-old, n =
3; 4-month-old, n = 3; 6-month-old, » = 3) and nine
Cacnali [flox/flox, Col2-CreERT](Cacnali~'~) C57BL/6
mice (purchased from Cyagen, China; specific pathogen-
free, 2-month-old, n = 3; 4-month-old, n» = 3; 6-month-old,
n = 3) were used in this study. One-month-old C57BL/6
mice were used for chondrocyte isolation, as well as for
investigation of the relative expression levels of T-VDCC
subtypes in primary chondrocytes. GP-specific knockout of
the Ca,3.3 T-VDCC subtype was achieved via tamoxifen
injection administered one month after birth. Animals were
then divided into wild-type and Cacnali~'~ groups. Two
groups were subjected to hematoxylin—eosin (H&E) and
Safranin O/Fast Green staining to observe the development
of the GP.

Primary chondrocyte isolation and cell culture

After killing, the articular cartilage of the femoral condyle
was excised and disinfected in 75% ethanol for 5 min. Car-
tilage was then minced into 1 mm?> pieces and digested
in Dulbecco’s modified Eagle medium (DMEM, Hyclone,
USA) containing 0.2% type Il collagenase (BioFroxx, China)
for 12 h at 37 °C. Undigested tissue fractures were then
removed using a 100-pwm filter. Primary chondrocytes were
isolated via centrifugation at 1000 r/min for 5 min, and
then resuspended in DMEM (Hyclone, USA) supplemented
with 5% fetal bovine serum (FBS; Gibco, USA) and 1%
penicillin/streptomycin (Gibco, USA). Both ATDCS5 cells
(Biospes, China) and mouse primary chondrocytes were
cultured in DMEM supplemented with 5% FBS and 1% peni-
cillin/streptomycin at 37 °C in 5% CO,. Cell splitting was
performed when the cell culture reached 90% confluence.
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Ca, 3.3 interference in ATDC5

To achieve stable inhibition of Ca,3.3 expression in
ATDCS5, we constructed Ca,3.3 to specifically knock-
down ATDCS5 (shCay3.3); to do so we infected cells with
shRNA using HBLV-m-Cacnali-shRNA-ZsGreen-PURO
(HANBIO, China). The vehicle group was constructed by
infecting ATDC5 with shRNA using HBLV-ZsGreen-PURO
NC (HANBIO, China). The shRNA sequences used are listed
in Table S1 (Supplementary Information). Green fluorescent
protein (ZsGreen) conjugated shRNA was used to ensure
successful insertion of the intervening sequence. The down-
regulation of Ca, 3.3 expression was validated by quantitative
reverse transcription polymerase chain reaction (QRT-PCR),
Western blotting, and immunofluorescence staining (IF).

Bioink preparation

A GelMA hydrogel (degree of amino substitution (DAS):
60%) (EFL Company, China) was used to construct
the scaffold, with all procedures following the manufac-
turer’s protocol. Briefly, 2.5 mg/mL lithium phenyl-2.4,6-
trimethylbenzoylphosphinate (LAP) initiator standard solu-
tion was prepared and added to a GelMA solid to form a 5%
GelMA solution. After dissolution, this mixture was imme-
diately sterilized using a 0.22-pm sterile syringe filter. Cells
were then collected and resuspended in a preheated 37 °C
GelMA hydrogel solution for further printing and/or analy-
sis. The GeIMA hydrogel-cell mixture was then added to a
well plate and irradiated with 405 nm ultraviolet (UV) light
for 10 s to initiate crosslinking. The two-layered hydrogel
was fabricated with GeIMA loaded with shCa,3.3 on the
bottom and GelMA loaded with ATDCS in the supernatant.
The resulting hydrogel was then cut into 5 mm x 5 mm
pieces and placed on the upper chamber of a transwell plate
to facilitate better nutrient exchange inside the hydrogel.

Rheological measurements of the bioink

To explore the printing parameters of GelMA, we performed
arheological test of a 5% GelMA hydrogel precursor solution
using a rheometer (Discovery HR-20, USA), and included
measurements of temperature, frequency, and strain sweep.
A 40-mm-diameter plate-and-plate geometry was used for
all measurements. For the GelMA solution, the gap size was
100 pm for all cases. Temperature control was maintained
using bottom plate attachments with cooling supplied by a
circulating chiller. After production, all results were recorded
and analyzed using TRIOS software (version 5.5.1). Next, we
recorded the storage modulus (G) and loss modulus (G”)
from 5 to 37 °C. We then selected seven potential processing
temperatures (i.e., 15, 17, 19, 21, 23, 25, and 27 °C) and
confirmed their shear-thin behavior by torsion mode.

@ Springer

Bioink characterization analyses

To verify the mobility and coagulability of the bioink over a
range of temperatures, a diffusion test was performed after
hydrogel extrusion. Specifically, a hydrogel heated at 37 °C
was added to a 1-mL syringe with a diameter of 0.45 mm.
After rewarming to the specified temperature, 600 wL of
the same hydrogel was extruded at a uniform speed, and
static and dynamic morphologies were observed. The diffu-
sion ability at different temperatures was then evaluated by
comparing the diameters of the extruded material.

The swelling properties of GeIMA were assessed using
a weighing technique commonly employed for ion osmotic
pressure liquid environment, including phosphate-buffered
saline (PBS). Briefly, samples were first washed with 2 mL
of PBS at 37 °C, and then sampled at intervals of 0, 2, 6, 12,
and 24 h. Any excess liquid was eliminated using wax paper.
Subsequently, a balance with a precision level of 0.1 mg
was used to measure the weight after swelling (Wy). We
then freeze-dried samples under vacuum conditions for 24 h
before recording the final mass of the dried sample (Wgq).
The swelling ratio was then calculated as (Wy — Wq)/W x
100%. Statistical analysis was performed using three techni-
cal replicates from each group.

The in vitro degradation rate of GelMA hydrogel was
evaluated by accelerating the degradation process using col-
lagenase type II (BioFroxx, China). After rinsing with 2 mL
PBS at 37 °C for 24 h and weighing, samples were immersed
in PBS containing collagenase type II at a concentration of 2
U/mL. Subsequently, samples were collected at different time
intervals (i.e., after 0, 1, 2, 4, and 6 h) before being subjected
to freeze-drying. The weight of each sample after drying
was recorded (Wgo for the initial time point and Wy, for
subsequent time points). The in vitro mass degradation per-
centage was calculated using the formula (Wg9 — Wg,)/Wao
x 100%. A balance with a precision of 0.1 mg was used for all
weight determinations. Finally, statistical analysis included
three technical replicates from each group.

Three-dimensional bioprinting

Next, we performed 3D bioprinting. To do so, cells were first
mixed with 5% GelMA hydrogel to construct 5 mm x 5 mm
x 1.5 mm hydrogel blocks using a 3D-Bioplotter (Envision-
TEC, Germany) bioprinting system. Bioprinting took place
at 15 °C with 1 bar (1 bar = 100 kPa) extrusion pressure and
7 mm/s extrusion speed, and after printing blocks were irra-
diated with 405 nm UV light for 10 s to enable crosslinking.
After bioprinting, hydrogel blocks were placed in transwell
plates supplemented with 600 pL of culture medium and
were assessed cell viability immediately. The hydrogels were
then cultured for 7 d, with the culture medium changed every
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two days. Finally, cell attachment in the hydrogel was eval-
uated using scanning electron microscopy (SEM), with all
experiments being performed in triplicate.

Immunofluorescence staining

Next, we used immunofluorescence staining to quantify the
expression of three subtypes of T-VDCC proteins in mouse
primary chondrocytes and ATDCS5 and identify changes in
chondrogenic/osteogenic differentiation-related markers of
shCa,3.3 under 3D culture. To do so, cells or hydrogels
were first fixed with 4% paraformaldehyde for 15 min,
and then washed thoroughly with PBS. Antigen blocking
was performed using incubation with an immunohistochem-
istry blocking solution at room temperature (RT) for 2 h.
After removing the blocking solution, anti-Ca, 3.3, RUNX-2
(Santa, USA), COL-II, SOX-9, ACAN, COL-X, and MMP-
13 (Affinity, China) antibodies were added and incubated
overnight at 4 °C. Samples were then washed three times
with PBS-Tween 20 (PBST) before Alexa Fluor 555-1abeled
donkey anti-mouse IgG(H 4+ L) or Alexa Fluor 555-1abeled
donkey anti-rabbit [gG(H + L) (Beyotime, China) antibodies
were added and incubated at RT for 1 h. Finally, samples were
washed three times with PBST (5 min each time), followed
by staining with 4’,6-diamidino-2-phenylindole (DAPI) for
10 min. After washing with PBST, the samples were observed
using an LSM780 laser confocal microscope (ZEISS, Ger-
many).

Analysis of differentiated markers
within the hydrogel

Next, to detect the expression of chondrocyte differentiation-
related markers in 3D culture, cells were isolated from the
hydrogel using a 0.3 mg/mL GelMA hydrogel digesting
solution, which was mainly composed of collagenase crude
extract (EFL Company, China). The cell precipitate was
obtained by centrifugation at 1000 r/min for 5 min for sub-
sequent Western blotting and mRNA sequencing analyses.

Next, total RNA was extracted from ATDCS5 and shCa, 3.3
cells using TRIzol reagent (Invitrogen, USA). Total RNA was
then quantified and reverse transcribed into cDNA using a
reverse transcription kit (Toyobo, Japan). Briefly, the cDNA
template, primers, and fluorescent probe were added to PCR
reaction tubes along with PCR Master Mix (Toyobo, Japan).
gRT-PCR reactions were performed in triplicate in 96-well
plates using a real-time PCR system (Bio-Rad, CFX96,
USA). The sequences of all primer pairs used are listed in
Table S2 (Supplementary Information).

Finally, protein fractions were prepared using radioim-
munoprecipitation assay (RIPA) Lysis Buffer (Beyotime,
China), and 20 pg/lane of protein fraction solution was
then subjected to sodium dodecyl sulfate—polyacrylamide

gel electrophoresis (SDS-PAGE; 4%—15% polyacrylamide)
(Beyotime, P0O466S, China). After electrophoresis, gel mem-
branes were incubated with anti-Ca,3.3, RUNX-2 (Santa,
USA), COL-II, SOX-9, ACAN, COL-X, MMP-13, and B-
actin (Affinity, China) antibodies, followed by secondary
incubation with goat anti-rabbit IgG (H + L) horseradish
peroxidase (HRP) and goat anti-mouse IgG (H + L) HRP
(1:5000 dilution; Affinity, China). An electrochemilumines-
cence detection kit (Amersham, UK), a ChemiDoc MP imag-
ing system (BIO-RAD, USA), and a FUSION FX.EDGE
SPECTRA System (VILBER BIO IMAGING, FR) were
used to detect bound protein.

Calcium imaging

Next, [Ca®*]; transients were monitored in ATDCS using
Fluo-4 acetoxymethyl ester (Fluo-4 AM) (Beyotime, China)
and fluorescence microscopy (IX71; Olympus, Hamburg,
Germany). Cells were first washed three times with PBS, and
then loaded with calcium indicator (Fluo-4 AM, 5 pwmol/L)
at 37 °C for 30 min, after which excess dye was removed by
washing three times with PBS. Fluorescent images of cells
were recorded using a 4x objective at RT. To avoid error
analyses in basal cytosolic Ca’* levels when using a single
wavelength calcium indicator, all [Ca?*]; measurements were
performed by fluorescence microscopy. All images were
obtained using the same settings and were analyzed using
the same parameters in ImageJ version 1.53k.

mRNA sequencing

Before conducting mRNA sequencing, total RNA was first
extracted from ATDCS and shCa, 3.3 cells cultured in either
two-dimensional (2D) or 3D environments using afore-
mentioned methods. For mRNA sequencing, RNA quality
and quantity were assessed using agarose gel electrophore-
sis and a NanoPhotometer spectrophotometer. After RNA
extraction, RNA was then ligated to an adaptor for further
amplification using the NEBNext® Ultra™ RNA Library
Prep kit (Illumina, USA). All library preparation was per-
formed at Knorigene Technologies Co. Ltd. (China). The
resulting libraries were then sequenced using a NovaSeq
PE150 platform (Illumina, USA). After sequencing, quality
control of raw sequencing data was performed using FastQC.
Gene expression was calculated using featureCounts, and
differentially expressed genes (DEGs) were identified using
the R package DESeq2 [24]. To analyze differences in gene
expression between ATDCS5 and shCay3.3 cells or between
2D and 3D culture environments, mRNA sequencing was
performed on different cell samples isolated from 2D and 3D
cultures. DEGs (P < 0.05 & logy fold Change >1 or <—1)
were subjected to further analysis, including gene ontology
(GO) enrichment analysis.
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In situ proliferation analysis of the GelMA hydrogel

To verify that the viability of cells cultured in GeIMA hydro-
gel after 1, 7, and 14 d of culturing, we stained cells using an
5-ethynyl-2-deoxyuridine (EdU) kit (Beyotime, China) with
all procedures following the manufacturer’s protocol. To do
so, the GelMA hydrogel was immersed in the 2x EdU solu-
tion under sterile conditions at 37 °C for 2 h. Samples were
fixed and permeabilized before being incubated with a click
reaction solution for 30 min. Afterward, all samples were
observed under a confocal microscope (LSM780, ZEISS,
Germany). We then explored cell immunofluorescence by
testing the vehicle and shCa,3.3 in GeIMA hydrogel via
staining and observation using confocal microscopy.

Histological analyses

Next, we tested the developmental characteristics of GP,
wild-type, and Cacnali~'~ mice by killing them and exam-
ining their knee joints. The joints were fixed with 4%
paraformaldehyde at RT for 48 h before being decalcified
with 10% ethylene diamine tetraacetic acid (EDTA) for
14-20 d prior to paraffin embedding. Continuous sections
(thickness: 4 um) were then acquired along the sagittal posi-
tion, and we performed H&E and Safranin O-Fast Green
staining.

To observe extracellular matrix (ECM) deposition in the
GelMA hydrogel, we fixed samples cultured for 7, 14, and 21
d in 4% paraformaldehyde at RT for 15 min before embed-
ding them in optimal cutting temperature compound (OCT)
at 4 °C for 12 h. Then, the hydrogel was sliced into 15-pum
sections using a cryomicrotome (Leica, CM 1950, Germany)
at —25 °C. These were then stained with Alcian Blue
(Beyotime, China) and Alizarin Red S (Solarbio, China).
Subsequently, Image] (NIH, USA) was used to quantify
the relative intensity of Alcian Blue staining and the posi-
tive area of Alizarin Red S staining from images obtained
under a microscope (ZEISS, AX10 Imager.A2, Germany).
For Alcian Blue staining, the relative intensity was calcu-
lated by examining the ratio of the integrated density (IntDen)
to the maximum integrated density (Max IntDen); here, all
ratios were then normalized to a range between 0 and 1 using
the maximum method. For Alizarin Red S staining, the ratio
of the positive area was calculated by taking the unit field
area that was occupied by an orange red complex.

Alkaline phosphatase (ALP) activity

Next, we assessed the mineralization process in the GelMA
hydrogel. To do so, samples were cultured for 7, 14, and 21
d before being digested using 0.3 mg/mL GelMA hydrogel
digesting solution (EFL Company, China). The resulting cell
precipitate was obtained by centrifugation at 1000 r/min for
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5 min and was used for subsequent ALP analyses. A cell
lysis solution was prepared by incubating cells with 100-pwL
RIPA lysis buffer for 10 min. Subsequently, an ALP assay
kit (Beyotime, China) was used to quantify ALP activity,
with all procedures following the manufacturer’s instruc-
tions. To obtain quantitative ALP measurements, the cell
supernatant collected after a 20-fold dilution was transferred
into a 96-well plate. After co-incubation of substrates and p-
nitrophenol at 37 °C for 5 min, ALP activity was determined
at a wavelength of 405 nm using a microplate reader (Mul-
tiskan SkyHigh, Thermo Scientific, USA). The total protein
content of the cell lysate was determined in parallel using a
bicinchoninic acid (BCA) assay kit (Beyotime, China). Here,
ALP activity is expressed in diethanolamine (DEA) units,
in which one DEA unit represents the amount of enzyme
required to hydrolyze 1 pmol of p-nitrophenol in pH 9.8
DEA buffer at 37 °C. All data were presented in DEA units
per mg total protein (jumol/(min-mg protein)) and were nor-
malized against the minimum value.

Immunohistochemical staining

Next, to assess the expression of COL-II in two-layered
hydrogels cultured for 21 d, samples were first sliced as
described above. The slides were then treated with a solu-
tion containing 0.3% hydrogen peroxide in PBS to inhibit
endogenous peroxidase activity. Subsequently, the slides
were blocked using goat serum (1:100) before being incu-
bated overnight at 4 °C with COL-II antibody (1:200;
Affinity, China). After three washes with PBS, the slides
were then exposed to a secondary antibody for 1 h at 37 °C.
Following extensive rinsing in PBS, diaminobenzidine solu-
tion was used for slide development. Images were obtained
from an AX10 IMAGER.A2 microscope (Zeiss, Germany).
Here, all data were presented as integrated density and were
normalized against the minimum value.

Statistical analyses

Quantitative results from scoring and image analyses were
presented as mean + standard deviation (SD). GraphPad
Prism version 8.0 was used to perform z-tests or one-way
analysis of variance (ANOVA) tests. Statistically significant
differences are shown as follows: ns: P > 0.05, *P < 0.05,
P <0.01, P <0.001, and " P < 0.0001.
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Fig.1 Ca,3.3 was negatively correlated with the hypertrophic dif-
ferentiation of chondrocytes during EO. a Representative images of
immunofluorescence staining against T-VDCC subtypes in mouse chon-
drocytes (n=3) and the ATDCS5 cell line (n=3). b H&E and Safranin
O/Fast Green staining in the GP of wild-type (n=3/time point) and
Col2-CreERT Cacnali~'~ mice (n=3/time point). ¢ Light and fluo-
rescence microscope images of Cay 3.3 interfered ATDCS5 using HBLV-
m-Cacnali-shRNA-ZsGreen-PURO. d Representative immunofluores-
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corresponding semi-quantitative analysis. f Relative mRNA expression
ratios of T-VDCC subtypes in vehicle and shCa, 3.3 groups. g Represen-
tative Western blotting results of Ca, 3.3 in vehicle and shCa, 3.3 groups,
and h semi-quantitative analysis. i Calcium imaging and j quantitative
analysis of vehicle and shCay 3.3 groups. All data are presented as mean
+ SD (n=3). "P < 0.05, " P <0.01, and ***P < 0.0001. EO: endochon-
dral ossification; T-VDCC: T-type voltage-dependent calcium channel;
H&E: hematoxylin—eosin; GP: growth plate; SD: standard deviation;
DAPI: 4’,6-diamidino-2-phenylindole; RFU: relative fluorescent unit
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Results

Ca, 3.3 was negatively correlated with hypertrophic
differentiation of chondrocytes during EO

In primary mouse GP and ATDCS5 chondrocytes, among
the three subtypes of T-VDCCs, Cay3.3 showed the high-
est expression (Fig. 1a). Further H&E staining and Safranine
O-Fast Green staining (Fig. 1b) were then performed on the
distal tibial GP of wild-type and Cacnali~'~ mice aged 2, 4,
and 6 months. These results showed that chondrocytes were
arranged in an ordered manner in the GPs of the wild-type
mice aged 2 and 4 months. In these mice, cellular morphology
gradually transitioned from the round and dispersed chondro-
cytes present in the resting zone to columnar chondrocytes in
the proliferation zone and eventually to terminal differentia-
tion into a hypertrophic phenotype in the hypertrophic zone.
However, wild-type GP chondrocytes in 6-month-old mice
showed loss of order as well as GP maturation. This left few
cells in the resting area and part of the proliferating zone.
However, as shown in Fig. 1b, the arrangement of chondro-
cytes and the calcification process in 4-month Cacnali~'~
mice resembled those of 6-month-old wild-type mice. These
data demonstrated that Cacnali knockout can speed up the
EO process in GP, which suggested that Ca,3.3 was neg-
atively correlated with the EO process and involved in the
maturation of the mouse GP.

Next, we used shCa,3.3 to explore the regulatory role of
Ca,3.3 in EO. As shown in Fig. 1c, ZsGreen fluorescence
staining indicated that the interference sequence was suc-
cessfully inserted into the DNA sequence of ATDCS and
was therefore stably expressed. Subsequently, immunofluo-
rescence staining (P <0.0001) (Figs. 1d and 1e), qRT-PCR (P
<0.0001) (Fig. 1f), and Western blotting (P < 0.01) (Figs. 1g
and 1h) data verified that there was a significant decrease
in Ca,3.3 expression in stabilized shCa,3.3. Furthermore,
calcium imaging data showed a significant decrease in spon-
taneous calcium signaling in shCa,3.3 (P < 0.05) (Figs. 1i
and 1j).

The 5% GelMA hydrogel was printable at 15 °C
and was suitable for shCa, 3.3 adhesion
and proliferation

Next, we performed rheological tests at 15-27 °C to ver-
ify the suitability of a GeIMA solution as a bioink for
RT shCa,3.3-loaded 3D bioprinting. The rapidly decreased
storage modulus indicated that the 5% GelMA solution
underwent the liquid—solid phase transition (Fig. 2a). We
found that both the storage modulus and loss modulus
decreased with increasing angular frequency, indicating that
the material was plastic and processable within the linear
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viscoelastic range (Fig. 2b). Moreover, we selected a tem-
perature of 15 °C, which was optimal for GeIMA solution
curability, for printing. Strain scanning of the material at this
temperature showed that the storage modulus remained stable
until 45% strain, indicating that a wide range of continuous
extrusion speeds were applicable for printing (Fig. 2c). The
diffusion diameter at 15 °C (D; = (1.17 4+ 0.03) cm) was
found to be significantly lower than that at 27 °C (D, =
(2 £ 0.04) cm; P < 0.0001) (Figs. 2d and 2e), indicating
that the hydrogel had significantly better bioprintability at
15 °C. Pipette tip squeezing and needle hanging tests indi-
cated that the hydrogel possessed both good flowability and
solidification at 15 °C (Fig. 2f). The swelling and degradation
characteristics of the GeIMA hydrogel (DAS = 60%, con-
centration = 5%) were then evaluated at 15 °C. The swelling
ratio exhibited a rapid initial increase within the first 6 h,
reaching equilibrium after 24 h at a significant weight gain
of approximately 20% (Fig. 2g). In vitro degradation anal-
ysis using PBS containing collagenase type II revealed that
the GeIMA hydrogel underwent nearly complete degradation
post-equilibrium swelling within 6 h (Fig. 2g).

Next, the shCa,3.3-loaded 5% GelMA hydrogel scaffold
was fabricated as a modeled cuboid scaffold measuring 5
mm X 5 mm X 1.5 mm at 15 °C, using an extruding pres-
sure of 1 bar and an extruding speed of 7 mm/s. More than
90% of cells were still alive after the printing process, as
was evident from the live and dead staining results (Fig. 2h).
SEM examination of the hydrogel resulted in observation of
a well-connected porous network with a uniform pore size, as
observed along the X, Y, and Z axes. This structure provided
a microenvironment amenable for cell adhesion and prolif-
eration, as evidenced by further SEM images (indicated by
white arrows) taken after 7 d of culturing (Fig. 2i and Fig. S1
in Supplementary Information).

The three-dimensional cultured 5% GelMA hydrogel
was suitable for hypertrophy-related ECM
deposition by shCa, 3.3

As shown in Fig. 3a, GO enrichment results showed that
the DEGs identified following Ca, 3.3 knockdown (T_vs_C)
were mainly concentrated in ECM-related pathways. Specif-
ically, collagen containing ECM and endoplasmic reticulum-
related genes were concentrated on the cellular compo-
nent level, and ECM structural component and receptor
activation-related genes were concentrated on the molecu-
lar function levels. Taken together, these results indicated
that Ca,3.3, a subtype of the T-VDCC membrane protein,
affected the ECM secretion functions of chondrocytes. Inter-
estingly, we detected DEGs in both plate cultures and GeIMA
hydrogels after Cay3.3 knockdown (Fig. 3b). Furthermore,
a Sankey diagram revealed that more hypertrophy-related
genes (i.e., SHH and TGF-8, among others) were enriched
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in the 3D culture (Fig. 3¢). When compared to the TG and
T groups (Figs. 3d and 3e), analysis of DEGs indicated that
ECM-associated genes were enriched during 3D culturing.
Meanwhile, as shown in Fig. 3e, energy metabolism path-
ways (shown in blue) were concentrated on the molecular
function level. This finding indicated that the 3D culturing
of the GelMA hydrogel showed superior energy metabolism,
as evidenced by NAD/ATP binding, NADH dehydrogenase
activity, and oxidoreductase activity, among other signs.
In general, mRNA sequencing analyses revealed that the
shCay3.3-loaded 5% GelMA hydrogel was highly suitable
for simulating EO.

shCa, 3.3 in the GelMA hydrogel showed
a hypertrophic phenotype and captured key
characteristics of EO progress

As shown in Fig. 4a, both vehicle and shCa,3.3 cells were
in a normal proliferative state under long-term cultivation.
After 1 d, about 76% of cells were in the proliferation state
in both groups. Moreover, after 7 and 14 d, the positive cell
rate of the vehicle group remained at about 60%, whereas
that of the shCa,3.3 group significantly decreased to about
43% (P < 0.01). Western blotting (Figs. 4b and 4c) showed
significantly decreased expression of hyaline chondrocyte
markers (i.e., COL-II, SOX-9, and ACAN) and significantly
elevated expression of hypertrophic chondrocyte markers
(i.e., COL-X, MMP-13, and RUNX-2) in shCay3.3. A simi-
lar observation was made using IF (Fig. 4d), confirming the
phenotype transformation of ATDCS5 from a hyaline chon-
drocyte to a hypertrophic chondrocyte.

In addition, proteoglycan intensity was detected by Alcian
Blue (Fig. 5a) staining. Semi-quantitative analysis showed
that the relative intensity of proteoglycan in shCa,3.3 was
weaker than that in the vehicle group at the 7-, 14-, and 21-d
time points (P < 0.0001) (Fig. 5¢). Moreover, Alizarin Red
S staining indicated that calcium deposition increased with
increasing culture period, whereas it was completely absent
in the vehicle group (Fig. 5b). This was evident by the posi-
tive area of the shCa,3.3 group significantly increasing over
time to the point that it was larger than that of the vehicle
group at 21 d of culturing (P < 0.0001) (Fig. 5d). Next, ALP
quantitative analysis revealed a significant increase in ALP
activity in shCa,3.3 over time (P < 0.001), and this was sig-
nificantly higher than that observed in the vehicle group by
the 14- and 21-d time points (P < 0.0001). However, we also
observed no significant difference between the shCa,3.3 and
vehicle groups by Day 7 (Fig. Se). To simulate the transition
from the proliferation area to the hypertrophy area of GP, we
constructed a two-layered hydrogel. The surface layer com-
prised GelMA loaded with cells from the vehicle group to
mimic the proliferation area, whereas the bottom layer com-
prised GeIMA loaded with cells from the shCa,3.3 group

to represent the hypertrophy area. After 21 d of culturing,
immunohistochemistry results showed increased deposition
of COL-II in the surface layer (Fig. 5f). Semi-quantitative
analysis revealed that the relative content of COL-II in the
proliferative zone (surface) was more than three times greater
than that in the hypertrophic zone (bottom) (P < 0.0001)

(Fig. 5g).

Discussion

Improving our understanding of the molecular interactions
that take place in the GP during EO may help us uncover
the mechanisms responsible for long bone development and
may provide a novel strategy for interventions in skele-
ton developmental diseases such as short stature and bone
dysplasia [25-28]. However, in vivo research on EO has
been restricted by multiple factors, such as unclosed GP,
the necessity of extended experimental time periods, and
indirect observation from discrete histological sections in
an adult murine model [29]. To simulate EO in vitro, the
present study verified the regulatory role of the T-VDCC
subtype protein Ca, 3.3 in the hypertrophic differentiation of
GP chondrocytes. Furthermore, we conducted a preliminary
replication of the EO process in a 3D bioprinted GelMA
hydrogel model.

Organoids are tissue engineered 3D cell culture sys-
tems that aim to emulate the multicellular relationships,
spatial structures, and physiological functions of native
organs, and hence provide an efficient platform for drug
screening and basic research [6]. By using advanced bioma-
terials and 3D printing capabilities, advanced 3D bioprinting
has successfully achieved the biomimetic construction of
basic bone organotypic architecture. GeIMA-based hydro-
gels are widely acknowledged to be an exceptional printable
bioink material for bone organoids due to their remarkable
biocompatibility, biodegradability, and flexible mechanical
adjustability. The implementation of extruded 3D printing
in our study not only facilitated enhanced printing accu-
racy via flow adjustment but also represents an important
advance in the development of bionic construction technolo-
gies to be used to construct bone organoids [30-32]. Here,
the osteochondral tissue that meets the native layered struc-
ture was printed using a microfluidic printing head, which
enables the fabrication of scaffolds with very high shape
fidelity and cell viability [33]. In addition, the differentiation
of seed cells into osteoblasts can be accomplished through
the use of drug-loaded hydrogel systems [34]. Nevertheless,
precise imitation of the biological functioning of osteochon-
dral units remains challenging. During GP development,
hypertrophic differentiation of chondrocytes is induced by
the TGF-8/BMP (bone morphogenetic protein), Wnt, and
Hedgehog signaling pathways. Other signaling molecules are
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also involved in osteogenic differentiation, including FGF,
platelet-derived growth factor (PDGF), epidermal growth
factor (EGF), insulin like growth factor (IGF) [35-39], tran-
scription factors (e.g., RUNX-2, Osterix, and B-actin) [40],
and various miRNAs (e.g., miR-335, miR-138 and miR-455-
3p, among others) [41-44]. In addition, the in vitro simulation
of these temporal and spatial regulatory circuits presents a
key technical challenge.

Three-dimensional culturing is generally more suitable
for in vitro model construction used to understand native cell
physiological processes since it is better able to effectively
mimic cell-cell and cell-ECM interactions that are found
in vivo [45]. Moreover, the expression levels of key genes,
including COL-II and COL-X, that are linked to cell dif-
ferentiation can be significantly enhanced by a 3D system
without any growth factors, and 3D systems have also been
shown to have more active ECM remodeling than similar
2D culture systems [46]. Our mRNA sequencing analy-
ses (Figs. 3d and 3e) also showed that the 3D culturing
model reported here is highly suitable for obtaining differ-
entiated phenotype cells and tracking ECM remodeling, and
is also conducive for the exchange of nutrients and oxygen.
The findings of previous studies align with this observation,
since hydrogels have demonstrated the ability to establish a
conducive microenvironment for cellular proliferation and
differentiation within bone organoids. Furthermore, they
facilitated tissue remodeling by promoting both intercellular
and cell-ECM interactions [32]. Here, we investigated the
developmental mechanisms of GP to identify potential reg-
ulatory targets, thereby providing an alternative perspective
for the bone organoid development that differs from existing
approaches in materials science and 3D printing engineering.
However, the mechanisms responsible for electrophysio-
logical microenvironment gradient transmission and precise
regulation in the resting zone to the hypertrophy zone of GP
were not clearly expounded in our model, which was not able
to simulate the complete native development process from
mesenchymal stromal cells to hypertrophic chondrocytes.

The regulation of skeleton maturation is usually triggered
by specific physical and chemical cues and involves various
regulators, including transcription factors, soluble mediators,
extracellular matrices, and cell—cell and cell-matrix interac-
tions [47-50]. In addition, voltage-gated ion channels such as
the VDCCs located in hypertrophic zone chondrocytes play
a key role in transmitting extracellular electrophysiological
fluctuations into intracellular biological functions. A previ-
ous study indicated that VDCCs play an important role in GP
maturation by regulating GP chondrocyte proliferation and
differentiation [51]. However, the specific regulatory role of
VDCC subtypes in EO has not yet been explored. Mutations
in T-VDCCs might lead to a premature and/or shorter GP
by shortening the height of the proliferative zone of the GP.

@ Springer

This may occur by affecting the direction of mitosis, result-
ing in premature calcification. In the present study, the use
of Col2-CreERT Cacnali~'~ mice permitted the advanced
EO in GP to be observed at four months, as characterized
by a disordered cell arrangement and the thinning of the
GP. Taken together, these results indicated that Ca,3.3 reg-
ulated the EO process during months 2—4 and implied that
the electrophysiological microenvironment plays a role dur-
ing GP maturation. During GP maturation, the phenotype of
chondrocytes transformed from hyaline chondrocytes in the
proliferation zone to hypertrophic chondrocytes in the hyper-
trophic zone [11, 12]. Chondrocytes are known to upregulate
the expression of hypertrophic markers such as COL-X,
MMP-13, and RUNX-2 [52, 53], induce angiogenesis via
paracrine effects, and promote elongation and further calcifi-
cation in vertebrate GP. Our histological section data revealed
early hypertrophic differentiation of GP chondrocytes along
with decreased cell density and proteoglycan intensity fol-
lowing tamoxifen injection. Furthermore, this phenomenon
was verified in vitro by Ca,3.3 knockdown in ATDCS5 cell
line using shRNA, thereby confirming that Ca,3.3 may play
a central role in the phenotypic transformation of GP chon-
drocytes.

Ca”* is a key molecule that initializes many important cel-
lular activities, including apoptosis, proliferation, and gene
expression in many different cell types [54]. Large increases
in the levels of free cytosolic Ca?* concentration ([CaZ*];)
triggered by calcium channel-regulated extracellular Ca®*
influx and subsequent intracellular Ca’* release from the
intracellular store are messages interpreted by various down-
stream transcription factors (e.g., nuclear factor of activated
T cells (Nfat), nuclear factor-kB (NF-kB), c-Jun N-terminal
kinase 1 (JNK1), myocyte enhancer factor-2 (MEF2), and
cAMP response element-binding protein (CREB)), whose
activity can ultimately lead to a range of metabolic and sig-
naling processes [55]. Our previous studies indicated that
T-VDCCs may play an essential role in the initiation of extra-
cellular Ca?* influx and ECM deposition in chondrocytes
[23] and that Ca,3.3 may play a role in the hypertrophic
differentiation of chondrocytes in early degenerated human
articular cartilage [56]. In the present study, we further con-
firmed the expression of the Ca,3.3 subtype in primary
murine chondrocytes and the ATDCS cell line and validated
the role T-VDCCs played in the initiation of the extracellular
Ca?* influx, as evidenced by the significant decrease in free
cytosolic Ca?* concentration following Cay3.3 knockdown
in ATDCS. In addition to the regulatory role Ca,3.3 plays
in the hypertrophic differentiation of GP chondrocytes, the
disorganized cell arrangement of knockout mice may con-
tribute to the accelerated ossification of GP. As shown in
Fig. 1b, instead of a parallel aligned cell column, as can be
observed in wild-type mice, an unparalleled or doubled cell
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column was observed in Cacnali~'~ mice. This finding sug-
gests that Ca,3.3 may play an alternative role in the spatial
polarity of the cartilaginous growth plate by mediating the
mitotic direction of GP chondrocytes [57, 58].

Conclusions

In spite of its limitations, the present study preliminar-
ily validated the strategy of simulating the EO process in
bone organoids by regulating key molecules involved in
hypertrophic differentiation of GP chondrocytes. Our data
demonstrated that the Ca,3.3 T-VDCC subtype is domi-
nantly expressed in chondrocytes and is negatively correlated
with the hypertrophic differentiation of chondrocytes dur-
ing the EO process. In addition, a Cay3.3 knockdown
chondrocyte-loaded GeIMA hydrogel successfully captured
the EO process and provides a functional bioink that may
be capable of constructing layered and orderly mineralized
GP organoids in the future. Our study therefore provides a
potential target for regulating the EO process and a novel
strategy for simulating EO in vitro.
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