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MiR-322-5p is involved

in regulating chondrocyte
proliferation and differentiation
in offspring’s growth plate

of maternal gestational diabetes

Fan Qian?, Xianlong Chen?, Simiao Wang?, Yeyin Zhong?, Min Liu3, Guang Wang?,
Xuesong Yang¥?* & Xin Cheng®**

Pregestational diabetes mellitus (PGDM) has an impact on fetal bone formation, but the underlying
mechanism is still obscure. Although miRNAs have been extensively investigated throughout bone
formation, their effects on fetal bone development caused by PGDM still need clarification. This study
intends to examine the mechanism by which hyperglycemia impairs the bone formation of offspring
via miR-322-5p (miR-322). In this study, miR-322 was selected by systemically screening utilizing
bioinformatics and subsequent validation experiments. Using streptozotocin (STZ)-induced diabetic
mice and ATDC5 cell lines, we found that miR-322 was abundantly expressed in the proliferative and
hypertrophic zones of the growth plate, and its expression pattern was disturbed in the presence

of hyperglycemia, suggesting that miR-322 is involved in the chondrocyte proliferation and
differentiation in absence/presence of hyperglycemia. This observation was proved by manipulating
miR-322 expression in ATDC5 cells by transfecting mimic and inhibitor of miR-322. Furthermore,
Adamts5, Col12al, and Cbx6 were identified as the potential target genes of miR-322, verified by
the co-transfection of miR-322 inhibitor and the siRNAs, respectively. The evaluation criteria are the
chondrocyte proliferation and differentiation and their relevant key gene expressions (proliferation:
Sox9 and Pthlh; differentiation: Runx2 and Col10al) after manipulating the gene expressions

in ATDC5 cells. This study revealed the regulative role miR-322 on chondrocyte proliferation

and differentiation of growth plate by targeting Adamts5, Col12a1, and Cbx6 in hyperglycemia
during pregnancy. This translational potential represents a promising avenue for advancing our
understanding of bone-related complications in diabetic pregnancy and mitigating bone deficiencies
in diabetic pregnant individuals, improving maternal and fetal outcomes.
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There are roughly 223 million women with diabetes all over the world, based on the report in 2019, and the
numbers are predicted to rise to 343 million by 2045. Of the women with diabetes, approximately 16.8% are
attributed to gestational diabetes mellitus (GDM), while 13.6% are ascribed to pre-gestational diabetes mellitus
(PGDM)'. Women with diabetes during pregnancy can affect their baby’s development, such as the in-utero
hyperglycemic environment, which can impair normal growth and mineralization of the fetal skeleton. It has been
reported that the bone mineral density (BMD) of infants from insulin-dependent diabetic mothers is born with
nearly 10% lower than the one from healthy pregnancy, and the ratio was inversely proportional to the glucose
levels in diabetic pregnant women?™, and beta crosslaps (beta-CTX) were found to be elevated in the serum of
diabetic mother, indicating the increased intrauterine bone resorption®. In addition to BMD reduction, diabetes
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during pregnancy also causes other fetal developmental abnormalities, including skeletal malformations and
intrauterine growth retardation. The generalized retardation in skeletal maturation is well-documented in animal
studies, such as the fewer ossification centers in the offspring of diabetic rats than in control ones®. If corrective
action were not taken timely, diabetes during pregnancy would increase embryo resorption rates, fetal weight
loss, and delayed skeletal development®’. Clinical research uncovered a higher rate of congenital malformation
in PGDM patients®, in which there were 3.8% of major malformations and 0.7% of skeletal malformations’; 3
of the 12 anomalies in the offspring of maternal diabetes were embodied in skeleton'’; tenfold increased risk of
longitudinal limb defects, as well as sacral hypoplasia and abnormal spinal segmentation'>'2. Our previous studies
have shown that high glucose may negatively affect chicken embryos’ skeletal development by influencing Wnt
signaling'®. Therefore, to carry out the prevention and cure work towards gestational diabetes-induced congenital
malformation, it is imperative to clarify the underlying molecular mechanism of the effects of maternal diabetes
on long bone formation in the stage of early embryonic development.

As we know, the development and growth of long bones is accomplished by the process known as endo-
chondral ossification. Long bone formation begins with three-dimensional clumps of mesenchymal cells, which
eventually differentiate into the chondrocytes, secreting a cartilage matrix. It is also called the cartilaginous
model or anlage. Then, the centrally located chondrocytes convert from proliferation to differentiation while the
chondrocyte size increases and changes into hypertrophic chondrocytes. Hypertrophic chondrocytes facilitate the
mineralization of the surrounding matrix, tempt the invasion of blood vessels via secreting vascular endothelial
growth factor (VEGF), and attract osteoclasts to break down the existing cartilage matrix. Meanwhile, osteoblasts
derive from adjacent perichondral cells of hypertrophic chondrocytes and synthesize bone matrix to form a
bone collar'. These regularly arranged chondrocytes (frequently organized into rows), i.e., growth plate, can be
roughly divided into the following zones: resting zone (RZ), proliferative zone (PZ), hypertrophic zone (HZ),
and calcified zone (CZ). The chondrocytes in the resting zone are round and small, serving as reserve cells; the
chondrocytes in the proliferative zone are flattened; the chondrocytes in the hypertrophic zone remain columnar
but become approximately 5-12 times larger. The terminally differentiated hypertrophic chondrocytes undergo
apoptosis, vascular invasion, and replacement of mineralized bone. Throughout the process, the proliferative and
hypertrophic zones of cartilage play essential biological functions in bone growth in length!*'>.

MicroRNAs (miRNAs) are small, non-protein coding RNAs that usually suppress gene expression by binding
complementary sequences in the 3’-untranslated regions (3’-UTR) and then affecting either mRNA stability or
protein translation'®. Several studies indicated that miRNAs are involved in bone development!’. For example,
miRNA-26a is down-regulated in hypertrophic growth plate cartilage, and it can regulate chondrocyte hyper-
trophy by targeting CD200 and Col10al to inhibit ECM junction protein production, eventually implicating in
maintaining extracellular matrix ECM homeostasis'®; miRNA-374-5p, miRNA-379-5p, and miRNA-503-5p are
abundantly expressed in the proliferative zone compared to the hypertrophic zone, and it is probably involved
in contributing to establish concentration gradient of PTHrP, which in turn promotes proliferation and inhibits
hypertrophic differentiation’”. MiRNA-140 (miR140), which is the earliest discovered miRNA functioning in
the development of cartilage, can inhibit myocyte enhancer factor 2 (CMEF2C), thereby regulating PTHrP/
HDAC4 pathway and inhibiting hypertrophic differentiation®’. The pathogenic phenotypes of the functionally
acquired by miRNA mutation are derived from human miR140 mutation, which was similarly proved in miR140-
deficient mice?!. It is suggested that miRNAs are key modulators of bone development-related genes regulating
endochondral bone formation.

In this study, we employed the streptozotocin (STZ)-injected diabetic mouse model and ATDC5 (chondro-
cyte cell line) cells to systemically investigate the effect mechanism of miR-322 on fetal bone development in the
context of having diabetes during pregnancy.

Materials and methods

Microarray data and identification of differentially expressed genes

Gene expression omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo)* is a public functional genomics data
repository providing high-throughput gene expression data. In this study, the GSE98036 and GSE7685 datasets
were downloaded from GEO. The growth plate from mouse limb bones can be partitioned into three distinct
zones; in this study, the proliferative and hypertrophic zones were chosen for further analysis. Different miRNA
(differentially expressed miRNA, DEM) and mRNA (differentially expressed mRNA, DEG) in the PZ and HZ
of the growth plate were processed using R software. The downloaded raw data were first processed with afty R
package, and then limma was used for the analysis of differential gene expression to obtain DEM and DEG. The
conditions for differential genetic discrimination were set to |log2FC|> 1.5 and P <0.05. Clustering analysis was
performed and DEM/DEG heat maps were drawn using the heatmap package.

Enrichment analyses and miRNA-mRNA network identification

All target genes were submitted to the DAVID database (https://david.ncifcrf.gov) for gene ontology (GO)*
and Kyoto encyclopedia of genes and genomes (KEGG)* enrichment analysis. The threshold was set at P <0.05.
Using miRDB (http://www.mirdb.org/), TargetScan (http://www.targetscan.org/vert_72/), Starbase (https://starb
ase.sysu.edu.cn/starbase2/) and Tarbase (multiMiR package) to predict target genes of DEM. The predicted
genes from these four databases were pooled into a single database, and the intersection of the DEG with this
database was considered as significantly differentially expressed target genes. Cytoscape was used to identify
the miRNA-mRNA network.
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Search strategy and study selection

We conducted a comprehensive search for the correlations between diabetes during pregnancy and fetal bone
development, using search phase “(pregnancy OR gestational) and (diabetes OR diabetes mellitus OR diabetic)
and (baby OR infant OR fetal OR fetus OR embryo OR embryonic OR offspring OR newborn OR birth OR out-
come) and (bone OR limb)” to conduct executive research. The search phases “(miR OR microRNA OR miRNA)
and (growth plate OR epiphyseal cartilages OR epiphyseal plate)” were used to search for the role of miRNA in
growth plate during fetal bone development. After screening the titles and abstracts, we carefully viewed full
text to determine whether the articles meet inclusion/exclusion criteria. Only the peer-reviewed studies with
specific data were included. The exclusion criteria were (1) non-empirical studies, including reviews, case-reports,
conference abstracts, letters; (2) the duplicated studies; (3) the irrelevant studies. Two authors independently
checked the eligibility of all the identified studies. In case of disagreement, the two researchers would reach a
consensus decision through a critical discussion.

Mouse model

The C57BL/6 mice utilized in this investigation were sourced from the Institute of Laboratory Animal Science
at Jinan University (Guangzhou, China). Female mice at eight weeks of age were employed to induce diabetes
mellitus by administering 2% streptozotocin (STZ) solution, dissolved in 0.01 M citrate buffer at a pH of 4.5,
at a dosage of 75 mg/kg body weight for three consecutive days. Blood glucose levels were assessed seven days
following the STZ injection using the Roche Accu-Chek Aviva Blood Glucose System (Roche). Diabetes mellitus
was defined as a fasting blood glucose level exceeding 288 mg/dL (16 mM) following established criteria. Con-
trol mice were maintained at normal blood glucose levels (4-8 mM) before and during pregnancy. Throughout
pregnancy, blood glucose levels were monitored at six-day intervals. Pregnant mice were euthanized by sodium
pentobarbital at E18.5 and the embryos were removed by laparotomy. All procedures involving animal treat-
ment in this study adhered to the protocols of the Jinan University Animal Experimental Ethics Committee. All
processes involving animal treatments in this study were in accordance with the procedures of Ethical Commit-
tee for Animal Experimentation, Jinan University (IACUC-20181126-02). All experimental procedures were
conducted in conformity with the institutional guidelines issued by the ARRIVE guidelines.

Cell culture and transfection

Chondrogenic cell line ATDC5 (ATCC, Manassas, VA) cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco, Gaithersburg, MD). To induce chon-
drogenic differentiation, the culture medium was supplemented with insulin-transferrin-sodium selenite media
supplement (ITS, Sigma) for 7 days. 50 mM D-glucose (Sigma, MO, USA) were used as high glucose, 25 mM as
normal glucose. Additionally, 50 mM mannitol was used as an osmotic control. The miR-322 mimic, miR-322
inhibitor, si-Adamts5, si-Col10al, and si-Cbx6 molecules were obtained from RiboBio (Guangzhou, China).
Non-specific microRNA mimic, inhibitor, and siRNA molecules were used as negative controls (NC mimic, NC
inhibitor, and si-NC). The cells were transfected with 100 nM siRNA, 50 nM mimic, or 100 nM inhibitor using
Lipofectamine 3000 (ThermoFisher, USA) for 6 h. After 24 h, cells were harvested for qRT-PCR assay.

Hematoxylin and eosin (H&E), alcian blue and alizarin red staining
The femurs of the mouse embryos were collected from control and STZ-treated mice. Bone histological analyses
on H&E staining were performed with longitudinal sections using standard protocols.

The alcian blue and alizarin red dyes for the whole embryo were as previously described®. The mouse embryos
were carefully isolated from surrounding tissues, and then they were subjected to fixation in 95% ethanol for a
period of 2 days. Subsequently, the embryos were further fixed in acetone for an additional day. To highlight the
cartilage, the embryos were stained with alcian blue, and for bone visualization, they were counterstained with
alizarin red (Solarbio, Beijing, China). The specimens were meticulously dissected, and images were captured
using a stereomicroscope.(MVX10, Olympus, Tokyo, Japan). The lengths of each bones were quantitatively
analyzed using Image Pro-Plus 5.0 software (IPP, Media Cybernetics)®.

Immunofluorescence staining

The tissue slides or cells were fixed with 4% PFA and washed by PBS. Monoclonal primary antibodies against
were performed at 4 °C overnight: PCNA (1:200, Abcam, ab92552, USA), Runx2 (1:200, Abcam, ab192256,
USA), Ki67 (1:200, Abcam, ab15580, UK), Col10al (1:200, Abcam, ab260040, USA). The secondary antibody
were Alexa Fluor 555 anti-rabbit IgG (1:1000, Invitrogen, CA, USA) or Alexa Fluor 488 anti-rabbit IgG (1:1000,
Invitrogen, CA, USA), usually counter-staining with 4’-6-diamidino-2-phenylindole (DAPI, 5 ug/mL, Life Tech,
USA) to reveal the nuclei. The slides were photographed by an Olympus IX51 microscope (Olympus, Tokyo,
Japan). Details are provided in Supplementary Table S1. The immunofluorescent intensity was quantitative
measured as previously describe?’*’. The results were analyzed using image ] software.

Fluorescence in situ hybridization (FISH)
RNA FISH SA-Biotin kit (GenePharma, China) was used for RNA fluorescence in situ hybridization on the
longitudinal slides of mouse growth plate as previously described®2.

RNA isolation and quantitative PCR (q-PCR)
Total RNA was extracted by Trizol (Invitrogen, Waltham, MA, USA) from the harvested mouse femurs (Fig. S3)
and ATDCS5 cells. MiRNA-322-5p was using specific primer (20 uM): GTCGTATCCAGTGCAGGGTCCGAG
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GTATTCGCACTGGATACGACTCCAAA. The other primers’ sequences are provided in Supplementary
Table S2. The PCR reactions were performed in a Bio-Rad S1000TM Thermal cycler (Bio-Rad, Hercules, CA,
USA) as described previously®***. The expression of these genes was normalized to $-actin and compared by
AACt. The Plots was performed using GraphPad Prism 8 software.

Data analysis

The statistical analysis of the experimental data was performed using SPSS Statistics 26.0 software. Graphical
representations were generated using GraphPad Prism 8 software. Each experiment was repeated three times,
and the data are presented as mean + SD. Statistical comparisons between groups were conducted using ¢ text,,
one-way ANOVA, and other appropriate statistical methods. P<0.05 was considered statistically significant,
denoted by "™*". The symbols "**" and "***" were used to indicate statistical significance when the P-value was
less than 0.01 and 0.001, respectively.

Results

The pathology of bone development in infant of diabetic pregnancy.

To explore the relevance between diabetes mellitus during pregnancy and fetal bone development, totally, 1812
relevant articles were consulted in the Pubmed database. Based on the abstracts, 133 articles were selected after
excluding animal study and review articles, of which 27 satisfied the inclusion criteria (Fig. S1A). The phenotypes
of bone development included bone mineral density, bone length, sacral insufficiency and malformation. Of the
27 articles, there were 6 low bone mineral density in fetus, 17 congenital short bone, 5 sacral insufficiency frac-
tures, and 9 limb malformations (Fig. S1B). All of these implied that diabetes during pregnancy had a significant
impact on fetal bone development.

Additionally, alcian blue/alizarin red staining showed that the lengths of the humerus, radius, ulna, femur,
fibula, and tibia of E18.5 pre-gestational diabetes mellitus (PGDM) mouse embryos were significantly shorter
than those of control embryos (Fig. 1A-D). H&E staining on longitudinal sections of the femur showed that the
proportion of the growth plate relative to the entire bone length increased in PGDM mouse embryos (Fig. 1E,G);
there was no significant difference in the proportion of RZ and PZ to the whole length of the growth plate
despite a substantial increase in the relative length of HZ to the whole growth plate (Fig. 1IEH). It is suggested
that diabetic pregnancy led to the pathological development of embryonic long bones, which was manifested as
shortened bone length, increased proportion of growth plates, and prolonged hypertrophic zone, which reminds
us of the necessity to explore the underlying mechanism.

miRNA plays an essential regulatory role in long bone development.

One hundred twenty-three relevant articles were found in the Pubmed database for further analyzing the relation-
ship between miRNA and long bone developmeThirty-seven. 37 articles were finally selected, and 9 of them met
the inclusion criteria (Fig. S2A). According to the miRNAs-involved enrichment location and their function, we
found that miRNAs could affect chondrocyte proliferation or differentiation in the proliferative or hypertrophic
region within the 9 articles (Fig. S2B). This implies that miRNAs indeed play an regulatory role in long bone
development through targeting growth plate.

The effects of miRNAs on the proliferative and hypertrophic regions of the growth plate were screened out
using the GSE98036 dataset, and 12 differentially expressed miRNAs (DEMs) were obtained, of which 10 were up-
regulated and 2 were down-regulated (Fig. 2A). GO and KEGG analyses of DEMs were performed in miEAA®,
and showed their biological functions in mouse growth plate (Fig. 2B,C). Furthermore, a total of 1112 differen-
tially expressed genes (DEGs) were obtained in the GSE7685 dataset, of which 400 were up-regulated and 712
were down-regulated (Fig. 2D). Since miRNA usually correspond with multiple genes, we used several databases
including miRDB, TargetScan, Starbase and Tarbase to predict the DEMs’ target genes. The VENN map showed
the 37 overlapping target genes between DEMSs’ target genes and DEGs, which were considered as more important
genes in total differently expressed genes on PZ and HZ (Fig. 2E). Then, we found that only miR-322-5p, miR-
22-3p and miR-181a-5p were correspond with the 37 overlapping target genes. The miRNA-mRNA regulatory
network constructed by Cytoscape 3.9.1 was taken to show the relationship of the 37 overlapping target genes in
Fig. 2E and the miRNAs (miR-322-5p, miR-22-3p and miR-181a-5p) (Fig. 2F). To explore the role of overlap-
ping target genes in biological functions, GO and KEGG pathway analysis was performed. The results of the GO
enrichment analysis of the three modules indicated the biological process, cellular components, and molecular
function, respectively (Fig. 2G). The results of KEGG enrichment analysis demonstrated the miRNAs in cancer
and MAPK signaling pathway in regulating actin cytoskeleton (Fig. 2H). Taken together, the miRNA-mRNA
regulatory networks might really involve in regulating the biological functions of growth plate chondrocytes.

miR-322 regulates the proliferation and differentiation of long bone chondrocytes in PGDM
embryos.

The heatmap plot showed that miR-322 was the most significantly up-regulated miRNA in the hypertrophic
region, so we focused on the effect of miR-322 on chondrocyte proliferation and differentiation in growth plate
below (Fig. 3A). The expression pattern of miR-322 in growth plates of mouse femur were examined using q-PCR
and fluorescence in situ hybridization (FISH). The q-PCR result showed the higher miR-322 expression in HZ
than PZ in control, but the opposite trend was found in PGDM group (Fig. 3E), which was confirmed by FISH
in femur growth plate (Fig. 3B-D). To further investigate the abnormal expression of miR-322 in the prolifera-
tive and hypertrophic regions of the growth plate of PGDM mice, we cultured ATDCS5 in the context of a high
glucose for 24 h and then detected the expression of miR-322. The result showed that after 24 h of culture, the
expression level of miR-322 increased compared with the normal group, and there was no significant difference
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Figure 1. Assessing the long bone development in the offspring of pregnant mice with diabetes. (A) Schematic
illustration of the establishment of pregestational diabetes mellitus (PGDM) mouse model and the harvest
point-in-time of offspring. (B,C) Representative alcian blue/alizarin red stained images of E18.5 mouse embryos
from control (B) and PGDM (C) groups. (D) Bar graph showing the comparison of average length of the
humerus (H), radius (R), ulna (U), femur (Fe), fibula (Fi) and tibia (T) of E18.5 mouse embryos from control
(n=4) and PGDM (n=4) groups. (E,F) Representative H&E stained images of the full-length femur (E) or
femoral growth plates (F) of E18.5 mouse embryos from control and PGDM groups. (G,H) Bar charts showing
the ratio of the growth plate to the entire femoral length (G) or the ratio of the RZ, PZ and HZ lengths to the
growth plate length (H) for the control (n=3-4) and PGDM (n=3-4) groups. RZ resting zone, PZ proliferative
zone, HZ hypertrophic zone. Scale bars for (B,C) =5 mm; (E,F) =200 mm. Each bar represents mean+S.D.;
Student’s t-test: *P<0.05, **P<0.01, **P<0.001.

between the osmotic pressure control and the control group (Fig. 3E). In contrast, the expression of miR-322
was down-regulated after 7 days of incubation in the context of high glucose (Fig. 3F), which was consistent with
the in vivo results. It was hypothesized that miR-322 was associated with the proliferation and differentiation
of chondrocytes.

Then the in vitro experiments of ATDC5 cells were employed to study chondrocyte proliferation and
relevant key gene expression when up-regulating or down-regulating miR-322 through the transfection of
miR-322 mimic or inhibitor in ATDCS5 cells after cultured in the context of neither normal or high glucose
environment(Fig. 4A,B, Fig. S4A-C). Q-PCR data manifested that high glucose inhibited the expressions of Sox9
and Pthlh; up-regulation of miR-322 (miR-322 mimic) significantly increased both gene expressions; down-
regulation of miR-322 (miR-322 inhibitor) significantly regressed the both gene expressions (Fig. 4C,D). Likewise,
we found the same variation trend in the Ki67-fluorescently labeled chondrocyte proliferation in the absence/
presence of high glucose (Fig. 4E,E1), implying the stimulative effect of miR-322 on chondrocyte proliferation
in the growth plate, which became more pronounced in the presence of high glucose.

Using the same strategy, we investigated the effect of miR-322 on chondrocyte differentiation following the
7 days differentiation-culture medium incubation after transfection in the context of neither normal or high
glucose environment (Figs. 3G, 5A, Fig. S4D,E). Quantitative PCR showed the inhibitive expression of Runx2
and Col10al in miR-322 mimic group, but significant increase in miR-322 inhibitor groups (Fig. 5B,C). Alcian
blue staining showed that entire chondrocyte spheroids with miR-322 inhibitor reversed the decrease of miR-
322-induced chondrocyte differentiation (Fig. 5D). Furthermore, immunofluorescent staining of Runx2 (Fig. 5E)
and Col10al (Fig. 5F) in ATDCS5 cells showed that high glucose inhibited both gene expressions; blocking miR-
322 with miR-322 inhibitor transfection re-up-regulated the expressions of Runx2 and Col10al, which have been
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suppressed by over-expressing miR-322 with miR-322 mimic transfection (Fig. 5E1,F1). These data indicated
that miR-322 might inhibit chondrocyte differentiation, especially in the presence of high glucose.

The regulatory effect of miR-322 on chondrocyte proliferation and differentiation in the
growth plate was achieved by targeting Adamts5, Col12al, and Cbx6

To uncover the mechanism for miR-322 regulatory effect, we employed those mentioned intersecting regulatory
networks of miRNA322-mRNA to screen potential target genes (Fig. 6A,B). The results indicate that Adamts5,
Coll2al, and Cbx6 mRNA could be the potential target genes since they were decreased upon miR-322 mimic
transfection and increased by miR-322 inhibitor transfection (Fig. 6C,D).
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«Figure 2. Bioinformatic analysis of miRNA-mRNA regulatory networks in growth plate. (A) The volcano plot
using [log2FC|>1.5 and P<0.05 as cut off values for DEM (differentially expressed miRNA) in the proliferative
and hypertrophic regions of the growth plate using the GSE98036 dataset. Note: red dots represent up-regulated
DEM (n=10), green dots represent down-regulated DEM (n =2), and gray dots represent non-DEM. (B,C)

The top 10 results of GO (B) and KEGG (C) analysis enriched by DEM in miEAA (microRNA enrichment
analysis and annotation). Note: the bars were sorted by p-value; the size of the bubbles indicates the degree of
enrichment, with larger bubbles reflecting a higher gene ratio. (D) The volcano plot using [log2FC|>1.5 and

P <0.05 as cut off values for DEG (differentially expressed gene) in the proliferative and hypertrophic regions of
the growth plate using the GSE7685 dataset. Note: red dots represent up-regulated DEG (n=400), green dots
represent down-regulated DEG (n=712), and gray dots represent non-DEG. (E) The overlapping genes between
DEGs and DEM’s target genes which prodected from miRDB, TargetScan, Starbase and Tarbase . Note: blue
circle represent DEM’s target genes, and red circle represents DEGs. (F) The miRNA-mRNA regulatory network
with 40 nodes and 39 interactions (F). Note: a red circle represents mRNA, and a blue circle represents miRNA.
(G,H) GO (G) and KEGG (H) analysis using DAVID database for overlapping target genes. Note: the top 5

GO functional annotation in three modules were screened as different colors; a bobble plot depicting enriched
pathways; red indicates a high p value and blue indicates a low p value; the size of the bubbles indicates the
degree of enrichment, with larger bubbles indicating a higher gene ratio.

To further confirm that miR-322 regulates proliferation and differentiation by targeting Adamts5, Coll2al,
and Cbx6, we manipulated the Adamts5, Col12al, and Cbx6 mRNA levels by transfecting siRNAs in ATDCS5 cells
(Fig. 7A,EN). The Quantitative PCR results showed that inhibiting Col12al (Fig. 7C,D) and Cbx6 (Fig. 7H,I)
expressions by transfecting their inhibitors could significantly reverse the increase of Sox9 and PthIh expressions
induced by transfecting Si-Col12al or Si-Cbx6 only, but no similar trend was found when Admts5 was inhibited
by its inhibitor transfection (Fig. 7M,N). Immunofluorescent staining of PCNA in ATDCS5 cells, which were
similarly manipulated by transfections of their corresponding siRNAs, also manifested that inhibiting Col12al
or Cbx6 expressions by transfecting their inhibitors could significantly reverse the increase of chondrocyte
proliferation induced by transfecting Si-Col12al or Si-Cbx6 only (Fig. 7E-E1,]-J1,0-O1).

The same strategy was used to assess the effects of Adamts5, Coll2al, and Cbx®6 as the target genes of miR-
322 in chondrocyte differentiation (Fig. 8). Quantitative PCR results showed the increase of Runx2 expression
after inhibiting Adamts5, Col12al, or Cbx6 expressions by transfecting their inhibitors (Fig. 8A,FK); as well
as the increase of Coll0al expression after inhibiting Adamts5 or Col12al expressions (Fig. 8B,G,L). And the
immunofluorescent staining of Runx2 (Fig. 8C-C1,H-H1,M-M1) and Col10al (Fig. 8E-E1,J-J1,0-O1) was imple-
mented in ATDCS5 cells, in which the expression levels of Adamts5, Col12al, and Cbx6 were manipulated by
transfections of their corresponding siRNAs. A similar trend was observed in alcian blue staining (Fig. 8D,IN).

Discussion
The STZ-induced diabetic model has been widely used since it can reliably offer an experimental platform to
research mammalian diabetes®. In this study, the diabetic mouse model demonstrated the endochondral bone
growth restriction, and we assumed that the pathological mechanism was involved in the accumulation of pro-
liferative chondrocytes in the proliferative zone, i.e., disturbance of coordinated proliferation and differentiation
of chondrocytes, which gives the assurance of incessant elongation of the epiphyseal growth plate. Based on
these experimental results, we presume that MiRNA-322-5p (miR-322) plays an important role in the pathol-
ogy of diabetic complications. The miR-322 is a new-found factor in regulating the functions of osteoblasts and
osteoclasts during osteogenesis. For instance, it has been described that miR-322 stabilizes MEK1 expression
by inhibiting RAF/MEK/ERK pathway in cartilage cells*” and modulating Osterix mRNA stability by targeting
Tob23%. Meanwhile, miR-322 has also been found to be down-regulated in the embryos of nondiabetic and dia-
betic dams, indicating that maternal diabetes and hyperglycemia had a negative regulative effect on miR-322,
which represses the translation of TRAF3 by interacting with 3’-UTR of TRAF3 in neural progenitor cells®.

However, no studies have been conducted to establish potential miRNA-mRNA regulatory networks dur-
ing cartilage development to provide novel prospects for understanding abnormal development of long bone.
In this study, a miRNA-mRNA regulatory network potentially involved in the process from PZ to HZ was first
constructed using GEO datasets. The 3 miRNAs and 39 mRNAs were consequently identified by miRDB, Tar-
getScan, Starbase, and Tarbase (Figs. 1, 2). Of all these nodes, miR-322 was significantly up-expressed in the
hypertrophic zone of the growth plate (Fig. 3).

miR-322 plays a crucial role in cartilage formation. Previous studies have indicated that miR-322, which is
up-regulated by Sox9, directly targets Smad7, leading to increased cartilage differentiation and reduced hyper-
trophic differentiation, decreased early apoptosis rate of MSCs, and assisting BMP2 in promoting cartilage
formation®. Additionally, experimental research conducted by Bluhm et al. demonstrated that miR-322 inhibits
RAF/MEK/ERK pathway activation in cartilage cells’’. Moreover, the expression and function of miR-322 may
vary depending on the location. miR-322 and miR-503 are highly expressed in the prehypertrophic/hypertrophic
zone of the growth plate and articular cartilage. They could stimulate RANKL or reduce OPG expression, induc-
ing osteoclast formation and bone remodeling at the cartilage-bone junction*'. In mice with genetic ablation
of the cartilage-specific Mirc24 cluster encoding miR-322 (Col2al-Cre-Mirc24tm1M mice), key transcription
factors involved in ECM production, such as SOX9 and its co-factor SOX6, have been found significantly down-
regulated*?. Additionally, the level of miR-322 was decreased in the damaged cartilage of mice with destabilized
meniscus-induced osteoarthritis*, suggesting a potential involvement of miR-322 in cartilage homeostasis and
degeneration. Interestingly, offspring of low-birth-weight non-catch-up growth (LBW-NCG) rats exhibited high
expression of miR-322 and low expression of GHR and IGF-1 in the liver. Overexpression of miR-322 suppressed
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Figure 3. miR-322 is chosen and its expression on growth plate of control and PGDM mouse femur. (A)

A heat map depicting a variety of 12 DEM expression in PZ and HZ (combined with P-HZ) of growth plate
(Note: P-HZ represents Pre-hypertrophic zone). (B,C) Representative images of miR-322 fluorescence in situ
hybridization (FISH) in RZ, PZ and HZ from control (B) and PGDM (C) groups. All slides were counterstained
with DAPI. (D) Bar charts showing the comparisons of relative fluorescence intensities of miR-322 in PZ and
HZ from control (n=4) and PGDM (n =3) groups. Each bar represents mean + S.D.; Student’s t-test.: *P<0.05,
**P<0.01, ***P<0.001. (E) q-PCR data showing the expression of miR-322 in PZ and HZ from control and
PGDM mouse embryos. Student’s t-test, n=5 for control and n=3 PGDM groups, respectively. (F,G) The q-PCR
data showing the expression of miR-322 in ATDCS5 cells in the incubation time of 24 h (for cell proliferation)

(F) or 7 days (in presence of ITS—for cell differentiation) (G) in control, mannitol (as osmotic control) and high
glucose groups (n =3, respectively). Scale bars 200 pum in the left of (B,C), 10 pm in the right of (B,C). Each bar
represents mean = S.D.; ANOVA: *P<0.05, **P<0.01, **P<0.001.

the expression of the growth hormone receptor (GHR), and inadequate calorie intake during pregnancy led to
catch-up growth failure. The authors also observed reduced expression of the GH receptor in the tibial cartilage
of non-catch-up low birth weight rats, suggesting a potential increase in miR-322 expression in the cartilage of
low birth weight rats. However, the specific mechanism is unknown*.

Here, we found that the expression of miR-322 was specifically suppressed in the PGDM-enlarged hyper-
trophic zone of the mouse growth plate and enhanced in the proliferative zone at the same time (Fig. 3). Based
on these observations, we speculate that the miR-322 role is probably complicated in the hyperglycemia-induced
pathological process of bone development. This is to say that the altered expression of miR-322 expression in
the context of hyperglycemia might directly cause chondrocyte proliferation and differentiation by targeting
relevant genes.

So, we next intended to explore if miR-322 regulated chondrocyte proliferation and differentiation at the
growth plate in the context of hyperglycemia. In order to verify this speculation, we determined the expressions of
Sox9 and PthIh, the chondrocyte proliferation-related genes, in the ATDCS5 cells that miR-322 level was manipu-
lated through the transfections of miR-322 negative control (NC), its mimic or inhibitor in absence/presence
of high glucose (Fig. 4). The following results were shown: (1) high glucose inhibited the expressions of Sox9
and Pthlh; (2) inhibiting miR-322 by transfection of its inhibitor could significantly reverse miR-322-induced
the increased of Sox9 and PthIh expressions; (3) likewise, the increased Ki67-labeled chondrocyte proliferation
caused by miR-322 mimic transfection was significantly regressed again by miR-322 inhibitor transfection in
presence of high glucose (Fig. 4). Using the same strategy, we uncovered the miR-322 inhibitor transfection suc-
cessfully reversed the expressions of chondrocyte differentiation-related genes, Runx2 and Col10al, as well as
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Figure 4. Determining the proliferation of chondrocytes in ATDC5 cells in presence of high glucose
environment after manipulating miR-322 level. (A) The qRT-PCR data showing the expression level of miR-
322 in ATDCS cells in different groups (Note: NC represents negative control of miR-322 mimic and inhibitor)
following 24-h transfection. (B) The cell viability in different groups was detected using CCK8 after 24- and
48-h incubation following transfection. (C,D) q-PCR data showing the expression of sox9 (C) and pthlh (D)

in ATDCS5 cells transfected with miR-322 mimics or inhibitor. (E,E1) Representative Ki67 staining following
the transfection of miR-322 mimics or inhibitor in ATDCS5 cells. All slides were counterstained with DAPI

(E). Bar charts showing the ratio comparisons of Ki67* cell numbers among different groups (E1). Scale bar

100 um in (E). For each group in graphics, n=3. Each bar represents mean+S.D.; ANOVA: *P<0.05, **P<0.01,
PP <0.001.

the chondrocyte differentiation in ATDCS cells in presence of high glucose (Fig. 5). These data clearly confirmed
that miR-322 was indeed involved in the pathological processes of chondrocyte proliferation and differentiation
in growth plate in the context of congenital diabetes. However in the context of high-glucose environment, the
expression of miR-322 increased during chondrocyte proliferation, but there were not significantly increases
in the expression of Sox9 and pthlh (the proliferation markers) (Fig. 4C,D). This could be because high glucose
itself inhibited cartilage proliferation, while miR-322 could not rescue this event unless it was overexpressed to
a very high level. This might also be the reason for no changes in the ratio of PZ to total growth plate length in
PGDM. And the possible reason for the relatively increased length of HZ in PGDM was that in a high-glucose
environment, the expression of miR-322 decreased during chondrocyte differentiation, weakening its effect on
differentiation inhibition.

Regarding what are the potential target genes for miR-322 to mediate chondrocyte proliferation and dif-
ferentiation in the context of hyperglycemia, we employed down-expressed DEGs and four databases: miRDB,
TargetScan, Starbase, and Tarbase to predict the potential miRNAs, and the corresponding result displayed that
there were three potential target genes, i.e., Adamts5, Col12al, and Cbx6, which were also verified by quantita-
tive PCR (Fig. 6). The Adamts family is a group of proteases that act as key enzymes to catalyze the degradation
of specific matrix components and regulate the renewal of the extracellular matrix. Among them, Adamts5 is
involved in extracellular matrix degradation*® and is related to arthritic cartilage breakdown*. In addition,
Adamts5 may take part in the transdifferentiation of mast chondrocytes to osteoblasts?’, the differentiation
of mesenchymal stem cells, as well as chondrocyte proliferation*. Col12al (type XII collagen) is a member of
the protofibril-associated collagens*’ and is involved in bone formation by regulating osteoblast polarity and
communication®. As a key gene in the early stages of cartilage tissue formation, Col12al is indispensable for
cartilage differentiation and matrix accumulation®. Gene array analysis showed that the expression of Col12al
increased, while Sox9 expression decreased at E15.0 compared to E13.0, and the expression of Coll2al and
Sox9 remained inversely proportional between E14.0 and E13.0°2. This may partially explain our experimental
results (Fig. 7A-E), as reduced expression of Col12al could lead to increased expression of Sox9, thus taking
part in chondrocyte proliferation. Cbx6 (Chromobox6) is a subunit of polycomb repressive complex 1 (RC1) that
plays a role in activity-mediated epigenetic regulation of gene expression. The function of the CBX6 gene has
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Figure 5. Determining the differentiation of chondrocytes in ATDCS5 cells in presence of high glucose
environment after manipulating miR-322 level. (A) The q-PCR data showing the expression level of miR-322 in
ATDCS cells in different groups after 7 days incubation following transfection. (B,C) The q-PCR data showing
the expression of Runx2 (B) and Col10al (C) in ATDCS5 cells, which were incubated for 7 days after transfected
with miR-322 mimics or inhibitor. (D) Representative alician blue staining of ATDCS5 cells incubated for

7 days after transfection with miR-322 mimics or inhibitor. (E,F) Representative immunofluorescence images
of Runx2 (E) and Col10al (F) in ATDCS5 cells transfected with miR-322 mimics or inhibitor. All slides were
counterstained with DAPI. (E1,F1) Bar charts showing the comparisons of relative fluorescence intensities of
Runx2 (E1) and Col10al (F1) in different groups. Scale bar 50 um in the left and middle panels of (E) and (F),
and 20 um in the right panels. For (E1) and (F1), n=200. For each group in graphics, n=3. Each bar represents
mean +S.D.; ANOVA: *P<0.05, **P<0.01, **P<0.001.

currently limited to tumorgenesis, where it acted as an oncogene or tumor suppressor depending on the cancer
type, but its role in cartilage has not yet been reported. Our experimental results (Fig. 7F-]J) demonstrated that
down-regulation of Cbx6 promoted chondrocyte proliferation. Additionally, existing research has indicated a
relationship between Cbx6 and Snail/Zeb1°?, suggesting the neccessity for further investigating the role of Cbx6
in high-glucose-mediated chondrocyte proliferation. Thus, we manipulated the expression levels of Adamts5,
Coll2al, and Cbx6 through transfection of their corresponding mimic and inhibitor in ATDCS5 cells and then
determined chondrocyte proliferation or differentiation and the relevant crucial gene expressions (Figs. 7, 8).
The result demonstrated that Col12al and Cbx6 might act as the target genes on miR-322-regulated chondrocyte
proliferation since their inhibitor transfection could successfully re-drop the increase of chondrocyte prolifera-
tion and relevant gene expressions (Sox9 and PthIh) induced by their mimic transfection (Fig. 7). Meanwhile,
Adamts5, Col12al and Cbx6 probably work as the target genes on miR-322-regulated chondrocyte differentiation
since their inhibitor transfection could successfully re-upregulate the drop of chondrocyte differentiation and
relevant gene expressions (Runs2 and Col10al) induced by their mimic transfection (Fig. 8).

In sum, the hyperglycemic state during pregnancy could interfere with the normal expression of miR-322
in the growth plate, and miR-322, in turn can target Adamts5, Col12al, and Cbx6 and regulate the expressions
of chondrocyte proliferation and differentiation-related genes, which would be the leading causes of abnormal
chondrocyte proliferation and differentiation in growth plate of bone development caused by PGDM. However,
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Figure 6. Prediction of miR-322 target genes and validation of putative target genes. (A,B) Venn diagram
showing the down-regulated genes in DEG, which were taken to intersect with predicted genes of miR-322 to
find potential target genes. (C,D) The q-PCR data showing the mRNA expressions of miR-322 potential target
genes in ATDCS5 cells transfected with miR-322 mimic (C) or inhibitor (D). For NC, mimic and inhibitor group,
n =3, respectively. Each bar represents mean + S.D.; Student’s t-test: *P <0.05, **P<0.01, ***P<0.001.

some in vivo research, such as investigating the skeletal development of offspring from miR-322 knockout mice
combined with diabetes during pregnancy, and dual-luciferase assay should be conducted for further study.
There is no doubt that more precise biological studies on the underlying mechanism are required to develop a
theoretical framework for clinical application (i.e., combat diabetic complications on fetal skeletal development)
in the future.
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Figure 7. Determining the proliferation of chondrocytes using ATDCS cells after manipulating miR-322 and
its potential target gene levels. (A,F,K) The q-PCR data showing Col12al (A), Cbx6 (G), and Adamts5 (M)
expression in ATDCS5 cells transfected with si-NC, si-Col12al, si-Cbx®6, or si-Adamts5 and miR-322 inhibitor.
(B,G,L) The cell viability was detected using CCK8 assay in the above cells. (C,D,H-IL,M,N) The q-PCR data
showing Sox9 (C,H,M) or Pthlh (D,I,N) expression in ATDCS5 cells transfected with si-NC, si-Col12al, si-Cbx®6,
si-Adamts5, or the co-transfected group with miR-322 inhibitor. (E,J,O) Representative images of PCNA
immunofluorescent staining from the groups of si-NC, si-Col12al, si-Cbx®6, si-Adamts5, or the co-transfected
group with miR-322 inhibitor. (E1,J1,01) Bar charts showing the ratio comparisons of PCNA* cell numbers
in different groups. Scale bar 100 pum in (E,J,0), and for each group in graphics, n=3-5. Each bar represents

mean+S.D.; ANOVA: *P<0.05, **P<0.01, **P<0.001.
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Figure 8. Determining the differentiation of chondrocytes using ATDCS cells after manipulating miR-322 and
its potential target gene levels. (A,B,F-G,K-L) The q-PCR data showing the expressions of Runx2 (A,F,K), and
Coll2al (B,G,L) in ATDCS5 cells 7 days later following the above transfection. (C,E,H,J,M,0) Representative
images of Runx2 (C,H,M) and Col10 (E,J,O) immunofluorescence in ATDCS5 cells from si-NGC, si-Adamts5,
si-Col12al, si-Cbx6 and the co-transfected group with miR-322 inhibitor. (C1,E1,H1,J1,M1,01) Bar charts
showing the comparisons of relative fluorescence intensities of Runx2 (C1,H1,M1) and Col10 (E1,J1,01) among
the above groups. (D,I,N) Alician blue staining in ATDCS5 cells 7 days later following the above transfection.
Scale bar 40 pm in the upper panel lines of (C,E,H,J,M,0); 20 um in the lower panel of (C,E,H,J,M,0). For

each group in (A,B,F-G,K-L), n=3. For each group in (C1,E1,H1,J1,M1,01), n=200. Each bar represents
mean+S.D.; ANOVA: *P<0.05, **P<0.01, ***P<0.001.

Scientific Reports|  (2024) 14:20136 | https://doi.org/10.1038/s41598-024-69523-z nature portfolio



www.nature.com/scientificreports/

Data availability

The data that support the findings of this study are available in GEO at https://www.ncbi.nlm.nih.gov/geo.
These data were derived from the following resources available in the public domain: GSE98036 , https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98036; GSE7685, https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgitacc=GSE7685.
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