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Bone loss is prevalent in clinical pathological phenomena such as osteoporosis, which is characterized by
decreased osteoblast function and number, increased osteoclast activity, and imbalanced bone homeo-
stasis. However, current treatment strategies for bone diseases are limited. Regulated cell death (RCD) is a
programmed cell death pattern activated by the expression of specific genes in response to environ-
mental changes. Various studies have shown that RCD is closely associated with bone diseases, and
manipulating the death fate of osteoblasts could contribute to effective bone treatment. Recently,
microRNA-targeting therapy drugs have emerged as a potential solution because of their precise target-
ing, powerful curative effect, and limited side effects. Nevertheless, their clinical application is limited by
their inherent instability, easy enzymatic degradation, and poor membrane penetrability. To address this
challenge, a self-assembling tetrahedral DNA nanostructure (TDN)-based microRNA (Tmi) delivery system
has been proposed. TDN features excellent biocompatibility, cell membrane penetrability, serum stability,
and modification versatility, making it an ideal nucleic acid carrier for miRNA protection and intracellular
transport. Once inside cells, Tmi can dissociate and release miRNAs to manipulate key molecules in the
RCD signaling pathway, thereby regulating bone homeostasis and curing diseases caused by abnormal
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RCD activation. In this paper, we discuss the impact of the miRNA network on the initiation and termin-
ation of four critical RCD programs in bone tissues: apoptosis, autophagy, pyroptosis, and ferroptosis.
Furthermore, we present the Tmi delivery system as a miRNA drug vector. This provides insight into the

rsc.li/nanoscale clinical translation of miRNA nucleic acid drugs and the application of miRNA drugs in bone diseases.

liferation and differentiation, ultimately damaging the bone
cortex and trabeculae.? Therefore, the inhibition of aberrant

1. Introduction

With an aging global population, the prevalence of bone dis-
eases, such as osteoporosis (OP), fractures, and osteoarthritis
(OA), continues to increase year by year.'™ For instance, in the
United Kingdom, the annual medical costs of osteoporosis
and its complications have exceeded £4 billion, placing a huge
economic burden on families and society.® At the cellular
level, abnormal bone homeostasis is characterized by a sub-
stantial loss of osteoblast cells such as bone marrow mesench-
ymal stem cells (BMSC), pre-osteoblasts, and chondroblasts,
which weakens osteogenic activity.” Risk factors, such as infec-
tion, inflammation, drugs, mechanical forces, metabolic dis-
orders, and immune dysregulation, can disrupt bone homeo-
stasis, resulting in widespread osteoblast death during pro-
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osteoblast death processes and the maintenance of bone
homeostasis are crucial research priorities.

Death marks the end of cells. Regulated cell death (RCD), a
term introduced by the Nomenclature Committee on Cell
Death, describes the complex signaling pathways involving the
initiation, execution, and propagation of cell death.® It pro-
vides a classification system based on intracellular molecules
and specific signaling cascades, moving beyond simplistic
assessments of dying or dead cells based solely on macro-
scopic morphological features.””® Therefore, understanding the
distinct signaling cascades underlying RCD enables the utiliz-
ation of specific molecularly targeted drugs to regulate the
onset and cessation of cell death.’

Micro-RNAs (miRNAs), a type of non-coding RNA compris-
ing 18-25 nucleotides, serve as crucial mediators for epige-
netic regulation during organism growth and development.'®
In the cytoplasm, mature double-stranded miRNAs bind to
AGO proteins to form the RNA-induced silencing complex
(RISC). This complex binds to the 3'-untranslated region (3'-
UTR) of target mRNAs, leading to translation repression or

This journal is © The Royal Society of Chemistry 2023
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mRNA degradation.’®"? Intracellular miRNA expression can
be altered by environmental stress, enabling the epigenetic
regulation of functional genes.'® Therefore, the delivery of
miRNAs into specific cells allows for post-transcriptional gene
regulation, facilitating the overexpression of beneficial genes
and silencing of detrimental genes. This approach holds
potential as a gene therapy strategy to modulate the RCD
process in cells."*'> However, the inherent limitations of
miRNAs, including poor targeting, structural instability, a
short half-life, susceptibility to enzymatic degradation, and
limited membrane penetration, hinder their application as
nucleic acid drugs and impede their clinical translation.'®
Consequently, improving miRNA delivery strategies and
enhancing their bioavailability are crucial for realizing the
potential of gene therapy, representing significant research
focuses and challenges in recent years.

Tetrahedral DNA nanostructures (TDNs) are emerging
nano-scale nucleic acid drugs.'” They possess remarkable fea-
tures such as stability, precise programmability, simple syn-
thesis, and excellent biocompatibility.'®2° Previous studies
have shown that TDNs could remain stable for up to 24 hours
in 10% serum at 37 °C without complete degradation.>" In vivo
studies also demonstrated that TDNs can rapidly disperse in
most organs after either caudal vein or intraperitoneal injec-
tion, and their presence can still be detectable 24 hours after
intraperitoneal injection.””** These findings indicate the
strong serum stability of TDNs. Moreover, TDNs have shown
great potential in the field of tissue repair and regeneration
engineering.'®?**> Furthermore, TDNs can serve as an excel-
lent delivery vehicle to address the transport and storage
deficiencies of miRNA, enabling the delivery of miRNA nucleic
acid drugs.>**® To date, several types of TDN-based small RNA
delivery systems have been established (Fig. 1A-F), including:

1. ATDN-based vertex-directed connected system,>’

2. ATDN-based vertex-single-sticky end system,?®>%73°

3. ATDN-based vertex-multi-sticky end system,>***

4. ATDN-based edge-sticky end system,>>

5. ATDN-based RNA-embedded system,**

6. ATDN-based RNA-frame-surrounded system.>*

More excitingly, all six TDN-based systems have exhibited
superior cell membrane penetration and almost no cyto-
toxicity. Here, we loaded Cy5-labeled miRNAs onto TDNs and
incubated them with osteoblasts (MC3T3-E1). As anticipated,
the TDN-based miRNA (Tmi) system delivered the miRNAs
into the osteoblasts effectively (Fig. 1G). An increased amount
of red fluorescence was observed in the cytoplasm of MC3T3-
E1 cells in the Tmi treatment group, and the distribution of
red fluorescence was colocalized with green fluorescence
(Phalloidine), which suggests that Tmi is able to effectively
carry miRNA drugs into the cytoplasm for functions. In con-
trast, only faint red fluorescence was observed in the cytoplasm
in the miRNA treatment group, indicating the limited entry
capacity of miRNA alone. Similarly, we demonstrated the
miRNA drug delivery function of Tmi in bone marrow
mesenchymal stem cells (BMSCs) (Fig. 1H). As anticipated, the
Tmi treatment group showed a wider range of red fluorescence
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Fig. 1 Illustration of the microRNA-TDN delivery system (Tmi), polyacryl-
amide gel electrophoresis (PAGE) of Tmi synthesis, and fluorescence for
the cellular uptake of Tmi. (A) Diagram of six types of Tmi delivery systems.
() a TDN-based vertex-directed connected system,?” (i) a TDN-based
vertex-single-sticky end system,?52=3C (jii) a TDN-based vertex-multi-
sticky end system;>**! (iv) a TDN-based edge-sticky end system;*? (v) a
TDN-based RNA-embedded system,*® and (vi) a TDN-based RNA-frame-
surrounded system.>* (B) 8% PAGE demonstrating a TDN-based vertex-
directed connected system (lanes 1: S1; 2: S2; 3: S3; 4: S4; 5: S3-miR; 6:
TDN; 7: TDN-miR).?” (C) PAGE showing a TDN-based vertex-single-sticky
end system (from left to right: sticky S3, S1, S2, and S4, TDN, and TDN
equipped with mir-155).2 (D) PAGE analysis of a TDN-based vertex-multi-
sticky end system (from left to right: TDN, TDN-stickers, and TDN-miRs).2*
(E) 2% agarose gel electrophoresis confirming the synthesis of a TDN-
based RNA-embedded system (from left to right lane: S1; S2; S3; S4; S1 +
$3; S1 + S2 + S3; nanobox; nanobox-siR).>® (F) Agarose gel electrophoresis
proving Cy5-labeled miRNA inhibitors successfully loaded on the TDN-
based RNA-frame-surrounded system.>* (G) Fluorescence images demon-
strating that the Tmi treatment group is able to deliver a large quantities of
miRNA drugs into MC3T3-E1 cells compared to the miRNA treatment
group. Red: Cy5-miRNA; blue: nuclei; green: cytoskeleton. Scale bars:
20 pm. (H) Fluorescence images demonstrating that the Tmi treatment
group is able to deliver a large quantities of miRNA drugs into BMSCs
compared to the miRNA treatment group. Red: Cy5—-miRNA; blue: nuclei;
green: cytoskeleton. Scale bars: 20 pm. The Fig. 1B has been reproduced
from ref. 27. with permission from Wiley, copyright 2020. The Fig. 1C has
been reproduced from ref. 28. with permission from Elsevier, copyright
2022. The Fig. 1D has been reproduced from ref. 24. with permission from
Wiley, copyright 2022. The Fig. 1E has been reproduced from ref. 33. with
permission from Wiley, copyright 2022. The Fig. 1F has been reproduced
from ref. 34. with permission from Wiley, copyright 2022.
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distribution and a stronger fluorescence intensity. This
suggests that Tmi was able to carry a larger number of Cy5-
labeled miRNAs across the cell membrane barrier into the
cytoplasm of BMSCs compared to miRNA alone. It is clear that
TDNs hold great promise in the field of nucleic acid drug
delivery, with improvements in stability, drug delivery
efficiency, and membrane penetration paving the way for the
development of safe and effective nucleic acid drugs in the
future.**?°

This review aims to provide a comprehensive overview of
the potential of miRNAs in regulating different subtypes of cell
death in osteoblasts for the treatment of bone disease. We
discuss various candidate miRNAs and their regulatory mecha-
nisms in treating bone diseases, specifically those associated
with regulated cell death (RCD), such as apoptosis, autophagy,
pyroptosis and ferroptosis (Fig. 2-4). Special attention is given
to the utilization of Tmi systems as efficient and precise
vehicles for delivering miRNAs. The objective is to offer valu-
able insights into the development of safe and effective
miRNA nucleic acid drugs that can modulate bone diseases.

2. Fabrication and characteristics of
Tmi

In order to provide a clearer picture of the internal structure of
a TDN, Table 1 lists the base composition of single-stranded
DNA (ssDNA) and ssDNA with sticky ends (ssDNA-st). A TDN
nucleic acid deliver system was formed based on the Watson-
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Fig. 2 Schematic diagram illustrates the regulatory effects of miRNA
drugs on apoptotic osteoblasts by targeting the apoptosis-related sig-
naling pathway. TDNs can easily penetrate the phospholipid bilayer
without damage to the cell membrane. Based on base pair editing
technology, Tmi carries miRNA into cells to achieve gene therapy. When
bone tissue is damaged, caspase-3,6,7 can be activated through intrinsic
and extrinsic signaling pathways, leading to apoptosis. Other signaling
pathways, such as MAPK/INK, Wnt and JAK/STAT, also influence cell
proliferation and apoptosis. By targeting the corresponding mRNA,
miRNA drugs can obstruct apoptosis and encourage proliferation.
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Fig. 3 Schematic showing the application of miRNA drugs in treating
abnormal osteoblastic regulated cell death (RCD) by targeting the auto-
phagy-related signaling pathway (on the left) and the pyroptosis-related
signaling pathway (on the right). Tmi systems act as pivotal mediators in
the transport of miRNA drugs into cells, delivering miRNAs into the
cytoplasm and releasing them to form a RNA-induced silencing
complex. mTOR is a key protein in the regulation of autophagy, contri-
buting to the inhibition of autophagosomes. MiRNAs can regulate the
disorder of autophagy in pathological states by targeting key PI3K/AKT/
mTOR signaling pathways to achieve bone disease therapy. Additionally,
the classic NLRP3/caspase-1/GSDMD pathway or AIM2, NLRP1 and
other signaling pathways are activated when cells are invaded by a virus,
infected by bacteria, or fatally damaged, ultimately causing osteoblasts
pyroptosis and releasing IL-1p, IL-18 inflammatory factors. MiRNA drugs
can target mRNA and inhibit the translation of key inflammasome pro-
teins, thus impeding the process of osteoblastic pyroptosis.

Crick’s complementary base pairing principle. The synthesis
methods of the TDN have been described in previous studies.
Briefly, four specifically designed ssDNA strands were mixed in
equal proportions in TM buffer (MgCl,-6H,0: 50 mmol L™,
Tris-HCL: 20 mmol L™, PH = 8.0). The mixture was then
heated at 95 °C for 10 minutes, followed by rapid annealing at
4 °C for 20 minutes. Next, the TDN was mixed with miRNAs in
equal proportions and incubated at room temperature for
30 minutes, allowing for loading of the miRNAs onto the TDN,
and generating Tmi. As depicted in Fig. 1A i-iv, the major
differences among the four types of Tmi delivery systems are
the position and number of sticky ends, which serve as
binding sites for carrying miRNA drugs and ultimately
forming Tmi drugs. Polyacrylamide gel electrophoresis further
confirmed the stepwise synthesis of the TDN using ssDNA (or
ssDNA-sticker) and the successful loading of miRNAs (Fig. 1B-
D). To optimize the transportation system of the TDN, we
developed the 5th and 6th types of Tmi delivery systems,
which respond to changes in environmental pH and intelli-
gently release the miRNA/siRNA embedded in the TDN frame-
work (Fig. 1A v-vi). The successful synthesis of these systems
was confirmed using 2% agarose gel electrophoresis (Fig. 1E
and F). Subsequently, we evaluated the efficiency of Tmi in
delivering miRNAs. Specifically, we investigated its effect on

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Schematic illustrating the application of miRNA drugs in target-
ing the ferroptosis-related signaling pathway. Excess intracellular iron
accumulation and lipid peroxidation promote ferroptosis in osteoblasts.
Tmi, as a miRNA drug, can penetrate the cell membrane and unload
functional miRNAs to exert gene silencing. They can inhibit ferroptosis
by inhibiting the production of PL-PUFA, a key component of the lipid
peroxidation system, or enhancing the expression level of the anti-
oxidant reduction system.

MC3T3-E1 cells, an osteoblast progenitor cell, and BMSCs. It
was observed that Tmi efficiently transported large quantities
of Cy5-labeled miRNA into cells in large quantities, as evi-
denced by the abundant red fluorescence in the cytoplasm of
osteoblasts (Fig. 1G and H). In contrast, the simple Cy5-
labeled miRNA treated group exhibited minimal cellular
uptake at an equivalent drug concentration.

3. MiRNA-mediated regulation of
distinct death patterns of osteoblasts

MiRNAs play a crucial role in the regulation of osteoblastic
biology and functions. Evidence from Dicer and Argonaute

Table 1 Sequence of four designed ssDNAs and the sticker sequence
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2 gene knockout experiments demonstrates that the deletion
of miRNA can lead to abnormal expression of osteogenic
makers in osteoblasts.>**® Furthermore, miRNAs have been
identified as crucial players during two pivotal phases of bone
formation: (1) the embryonic phase, during which miRNAs
promote the proliferation and osteogenic differentiation of
osteoblasts, and (2) the growth phase, where they precisely
regulate overall bone mass and maintain homeostasis.*®> For
example, alteration of miR-22 and miR-125b can modulate the
occurrence of apoptosis through mitogen-activated protein
kinase (MAPK) pathways, resulting in an increased or
decreased apoptosis mortality in osteoblasts.>” Additionally,
miRNAs can also regulate the life course of osteoblasts by
influencing other subtypes of RCD, including autophagic
death, pyroptosis, and ferroptosis.>”*° It is worth noting that
the death modes in osteoblast cell lines extend beyond the
aforementioned styles and may include necroptosis, NETotic
cell death and entotic cell death.® However, due to either the
absence of triggering mechanisms in osteoblasts or limited
supporting evidence, this paper does not delve into these
specific subroutines.

3.1. MiRNaAs in regulating osteoblast apoptosis

Apoptosis, also known as type I cell death, is an extensively
studied and the earliest identified form of RCD in organisms.
It involves the activation of the caspase protein family through
two signaling pathways: intrinsic and extrinsic, which are in
response to cellular damage or stress.**" The intrinsic signal-
ing pathway can be initiated by an imbalance in the ratio of
B-cell lymphoma 2 (Bcl-2)/Bcl2-associated X (Bax) proteins,
leading to increased mitochondrial membrane permeability.
Consequently, cytochrome C is released into the cytoplasm,
activating downstream caspase-9 and caspase-3 and ultimately
inducing apoptosis.*”> On the other hand, the extrinsic
pathway is triggered by the death-inducing signaling complex
(DISC), involving Fas death domain-associated protein (FADD)
and the caspase-8 cascade, culminating in the activation of
caspase-3 and the induction of apoptosis.*" Therefore, target-
ing crucial components of the signaling pathway, such as
caspase-3, can block the cascade response and inhibit osteo-
blast apoptosis (Fig. 2).

Several studies have reported on miRNAs that promote
osteoblast apoptosis. Wang et al. discovered that miR-let-7b
can target cyclin D and its overexpression can limit the cellular
viability of MC3T3-E1 cells and facilitate apoptosis by blocking

ssDNA Sequence (5’-3')

S1 ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAA
S2 ACATGCGAGGGTCCAATACCGACGATTACAGCTTGCTACACGATTCAGACTTAGGAATGTTCG
S3 ACTACTATGGCGGGTGATAAAACGTGTAGCAAGCTGTAATCGACGGGAAGAGCATGCCCATCC
S4 ACGGTATTGGACCCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGGCATGCTCTTCCCG
Sticker TTAAGACCTGTGAA

S1-sticker ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAA-

TTAAGACCTGTGAA

This journal is © The Royal Society of Chemistry 2023
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the Wnt/B-catenin pathway.*® Similarly, Chen et al. found that
miR-22 negatively affects osteoblastic proliferation and osteo-
genic expression. It binds to ESR1 and indirectly inactivates
the MAPK/JNK and p38 pathways, leading to apoptosis in
MC3T3-E1-E1 cells.** Wang et al. also showed that miR-34a
could inhibit fibroblast growth factor receptor 1 (FGFR1) and
promote osteoblast apoptosis.*”> Additionally, other studies
found that miR-107 can downregulate calcium binding protein
39 (CAB39), thereby inhibiting the activation of the nuclear
factor E2-related factor 2 (Nrf2) cascade of the AMP-activated
protein kinase (AMPK) pathway and facilitating oxidative
injury and cellular apoptosis.*® MiR-133a plays an important
role in bone metabolism, which can significantly promote
apoptosis of BMSC and inhibit osteogenesis by jamming
MAPK/ERK signaling.?” MiR-135b can inhibit the Janus kinase
2/Signal transducer and activator of transcription 3 (JAK2/
STAT3) signaling pathway, leading to a decreased alkaline
phosphatase (ALP) activity and osteoblast-specific proteins and
ultimately to osteoblast apoptosis.”® Overexpression of
miR-139-3p promotes the apoptosis of MC3T3-E1-E1 cells and
inhibits differentiation via targeting the ETS transcription
factor ELK1. However, Wang et al. were able to reverse the
negative effects of miR-139-3p on osteoblasts by utilizing the
sponge effect of long non-coding RNA ODSM.*° In osteoporo-
sis, miR-140-3p promotes osteoblastic apoptosis and inhibits
cellular proliferation by blocking the phosphatidylinositol
3-kinase (PI3K)/AKT pathway. Furthermore, it also stimulates
osteoclastic differentiation, exacerbating the imbalance of
bone homeostasis.”® Tian et al reported that miR-141 can
target TGF-p to promote osteoblast apoptosis, while inhibiting
miR-141 can up-regulate the expression of runt related tran-
scription factor 2 (Runx2), secreted phosphoprotein 1 (Spp1),
Bcl-2 and bone morphogenetic protein 2 (BMP-2), and reduce
the expression of Bax and RANK in rat femoral head tissues,
thus protecting against osteonecrosis.”® Similarly, another
study indicated that miR-141 could promote osteoblast apopto-
sis and lead to osteoporosis.>® Activation of the PI3K pathway
is positively associated with osteoblast proliferation and osteo-
genic differentiation. Mi et al. showed that PI3KR1 is one of
the targets of miR-7223-5p. Thus, overexpressing miR-7223-5p
could inhibit the PI3K/AKT pathway, reduce the activity of
osteoblasts, and induce apoptosis.®® Sun et al. found that the
upregulation of miR-211 significantly inhibited the PI3K/AKT
pathway, which also promoted the activation of the caspase-9/
3 apoptotic pathway.>® Recent studies have shown that
miR-223-3p and miR-701-3p can downregulate fibroblast
growth factor receptor 2 (FGFR2) and FGFR3, respectively,
resulting in decreased levels of these receptors and promoting
osteoblast apoptosis.®>>® Moreover, miR-3074-5p has been
found to target Smad4 protein, leading to inhibition of the
TGF-B/Smad signaling pathway and initiation of the apoptotic
program in MC3T3-E1-E1 cells. Meanwhile, downregulation of
Smad4 synergistically blocked ERK, PI3K/AKT and JAK/STAT
signaling pathways and exacerbated apoptosis.®’

Researchers also found that some miRNAs inhibit osteo-
blast apoptosis. Dong et al. reported that miR-23a could down-
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regulate the expression of Fas receptor protein, leading to a
reduction in apoptosis in TNF-a-stimulated MC3T3-E1-E1
cells.’® Li et al. reported that miR-26a, which decreases the
expression of zeste homologue 2 (EZH2), slows down the apop-
tosis of osteoblasts and reduces osteoclasts to ameliorate the
progression of steroid-induced osteonecrosis.”®> Ren et al.
found that miR-27a not only inhibits osteoblast apoptosis but
also promotes osteogenic differentiation by activating the cryp-
tochrome circadian regulator 2 (CRY2)/ERK1/2 axis.®®
Similarly, Qiu et al. found that BMSC-derived miR-150-3p inhi-
bits apoptosis and promotes the expression of osteogenic-
related proteins such as Runx2 and Ostrix.®" Other miRNAs,
such as miR-193a-3p and miR-708, target PTEN to improve the
activity of MC3T3-E1-E1 cells, reduce reactive oxygen species
(ROS) levels, and inhibit cell apoptosis to promote fracture
repair.’®°%%*% MiR-206 and miR-214 act as silencers to
inhibit E74-like factor 3 (Elf3) and Sox4, which increases the
levels of ALP and calcium deposition and ameliorates osteo-
blastic apoptosis.®* Additionally, miR-214 mediates the phos-
phorylation of PI3K/AKT or MAPK/JNK signaling pathways to
assist fracture healing.®>®® MiR-497, a down-regulator of
leucine-rich alpha-2-glycoprotein-1 (LRG1), was corroborated
to indirectly engage in activating the TGF-f1/Smads pathway,
via which the oxidative stress can be suppressed and restore
osteoblastic viability.®” Similarly, MiR-655-3p also engaged in
activating the Smad signaling pathway to inhibit osteoblast
apoptosis. It has been demonstrated that lysine-specific
histone demethylase 1 (LSD1) is the downstream target gene of
miR-655-3p, which further effected the BMP-2/Smad signaling
to promote osteogenesis.®® Caspase-3 is one of the most criti-
cal components in the activation of the apoptosis cascade.
Therefore, downregulation of caspase-3 can block the process
of apoptosis. MiR-758-3p could target caspase-3 and signifi-
cantly reduce osteoblast apoptosis in osteoporosis patients.®®
MiR-3175 and miR-4523 silence DDB1 and CUL4-associated
factor 1 (DCAF1) or phosphoglycerate kinase 1 (PGK1), respect-
ively, efficiently activating the nuclear-factor-E2-related factor 2
(Nrf2) cascade to protect osteoblasts.”>”*

Notably, several miRNAs were reported to display disputed
impacts in regulating the apoptotic fate of osteoblasts. For
instance, Luo et al. demonstrated that miR-142 mimics signifi-
cantly increase the expression of Bax and caspase-3, while
decreasing the expression of Bcl-2.”> In addition, BMP-2 was
identified as one of the targets of miR-142, suggesting that
miR-142 could facilitate apoptosis and suppress osteogenic
expression by inhibiting the BMP/Smad signaling pathway.”>
Controversially, Zheng et al. reported that miR-142 has a pro-
tective effect on osteoblasts in a high-glucose environment.”®
They showed that miR-142 can block the Wnt signaling
pathway by targeting p-catenin to suppress the onset of high
glucose-induced apoptosis. Another debated one is miR-146a,
which was reported to be engaged in both promoting and inhi-
biting osteoblastic apoptosis.”*”> Cao et al. demonstrated that
the expression of caspase-3 and Bax could be inhibited by
downregulation of miR-146a. Thus, making use of the com-
petitive endogenous RNA (ce-RNA) mechanism of circRNA-

This journal is © The Royal Society of Chemistry 2023
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Rtn4 to sponge miR-146a can significantly attenuate apoptosis
in osteoblasts.”® Differently, Nan et al. reported that miR-146a
could protect against steroid-induced osteonecrosis.”* They
showed that miR-146a down-regulated the ROS levels and pro-
tected bone trabecular structures via down-mediating the Wnt/
FOXO signaling pathway.

In summary, various miRNAs can regulate different apopto-
tic pathways in osteoblasts under pathological conditions, and
the use of effective transmembrane transporters of miRNAs is
a prerequisite for regulation. TDNs can carry functional
miRNAs or inhibitors to overexpress or suppress the post-tran-
scription levels of apoptosis-related mRNAs, thereby achieving
targeted therapy.”® More importantly, previous studies have
demonstrated the excellent biological properties of the TDN
vector itself in regulating apoptosis activation.”””” It has an
effect on Bcl-2/Bax regulation, caspase-3 inhibition, and cellu-
lar viability activation. For instance, Zhou et al. reported that
TDNs can significantly upregulate the expression of Bcl-2
while decreasing the expression of caspases-3. Moreover, the
expression of caspase-3 was negatively correlated with the con-
centration gradient of TDNs. Flow cytometry also showed that
250 nmol L' TDN could significantly reduce the percentage of
apoptosis cells.®* Shi et al. observed that TDN treatment could
upregulate the expression of Bcl2 and decrease the expression
of Bax and caspase-3 to block chondrocytes apoptosis.”” Flow
cytometry also revealed that the number of chondrocytes in
the early and late phase apoptosis stages decreased by half in
the TDN treatment group. In general, when the intrinsic and
extrinsic pathways are triggered in a pathological state, mul-
tiple signaling pathways eventually lead to apoptosis.
Therefore, combining the anti-apoptotic effect of TDN itself
with specific miRNA nucleic acid drugs enables a powerful
miRNA-targeting drug therapy (Fig. 2).

3.2. MiRNA in regulating the autophagy of osteoblasts and
chondrocytes

Autophagy, also referred to as type II cell death, is a cellular
process by which cells degrade intracellular damaged, degener-
ated, and senescent macromolecules or organelles in response
to adversity, enabling nutrient recycling and the maintenance
of cellular homeostasis. Therefore, autophagy is generally con-
sidered as a self-protective measure of organisms.®’ For
example, impaired chondrocyte autophagy is considered a sig-
nificant contributor to cartilage degradation in OA.%* Likewise,
the absence of autophagy in osteoblasts results in accumu-
lation of harmful substances within cells, ultimately leading to
apoptosis and disease exacerbation. However, excessive acti-
vation of autophagy can also lead to cell death, known as
“autophagy-dependent cell death” or autosis.*> Hence, com-
prehending the mechanisms of autophagy is crucial for regu-
lating its activity. Mammalian rapamycin complex 1 (mTORC1)
serves as a key regulator of autophagy, and the inhibition of
mTORC1 activity triggers the formation of autophagosomes.
Under normal physiological conditions, mTOR exists in an
activated state and phosphorylates ULK1, suppressing the for-
mation of the ULK complex and downstream Beclin1-Vps34,
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thereby impeding autophagic vesicle formation.** Thus,
miRNAs can directly or indirectly regulate key mTORC1 by tar-
geting signaling pathways, such as PI3K/AKT, to regulate osteo-
blast autophagy®® (Fig. 3A).

In terms of miRNAs promoting chondrocyte autophagy,
Feng et al. found that upregulation of let-7e could promote
chondrocyte autophagy and inhibit apoptosis in knee osteoar-
thritis.®® PI3K is one of the target genes of miR-27, whose over-
expression can block the PI3K/AKT/mTOR axis and induce
chondrocyte autophagy.’® Similarly, miR-34a-5p promotes
chondrocyte autophagy, inhibits cell proliferation, and exacer-
bates OA disease.®” MiR-100-5p targets the 3-UTR of mTOR to
inhibit translation and significantly upregulates OA chondro-
cyte autophagy levels.®® The upregulation of miR-335-5p in OA
chondrocytes can promote chondrocyte autophagy, improving
cell survival and alleviating inflammation.’®> On the other
hand, some miRNAs can inhibit chondrocyte autophagy. For
instance, miR-7 can exacerbate OA by inhibiting autophagy
and activating the PI3K/AKT/mTOR pathway. Herein, the use
of the siRNA silencing or ce-RNA mechanism to reduce the
expression of miR-7 is a potential therapeutic measure.’®
MiR-375 acts as a catalyst in the exacerbation of OA, which
targets ATG2B to inhibit autophagy while stimulating endo-
plasmic reticulum.’® MiR-411 was identified to block chondro-
cyte autophagy in OA by targeting hypoxia-inducible factor 1
alpha (HIF-1a). When transfected with miR-411 mimics, chon-
drocytes were detected to express decreased levels of auto-
phagy-related molecular including LC3, ULK-1, p62 and
Beclin-1.9

In terms of miRNAs promoting osteoblast autophagy,
miR-199a-3p has been found to induce autophagy by targeting
IGF-1 and mTOR, aggravating osteoporosis under estrogen-
deficient conditions.”® According to Huang’s investigation,
the miR-1252-5p/GNBI1 axis can promote osteoporosis by acti-
vating osteoblast autophagy and suppressing viability, thus
reversing this pathway may be a potential therapeutic strategy
for osteoporosis.’® On the other hand, some miRNAs have
been found to inhibit osteoblast autophagy. Lu et al. observed
that silencing miR-15b in osteoporotic mice resulted in
increased bone mineral density. Further investigation revealed
that miR-15b regulates KDM6B by targeting USP7, which ulti-
mately inhibits osteoblast autophagy and aggravates osteo-
porosis.”> Feng et al. reported that miR-204 can negatively
regulate autophagy and osteogenic differentiation by targeting
microtubule-associated light chain 3B (LC3B), a key com-
ponent in autophagosome assembly.’® Conversely, miR-27a-5p
plays a protective role in bone tissue. Li et al. discovered that
exosome-derived miR-27a-5p could target ATG4B to mediate
autophagy and stimulate osteogenesis in osteoblasts.®”
Overall, it is evident that even autophagy, which is typically
considered “protective”, can inhibit the survival of chondro-
cytes/osteoblasts and negatively impact osteogenic differen-
tiation. Therefore, modulating intracellular miRNAs to main-
tain appropriate levels of autophagy may be an ideal thera-
peutic strategy for the treatment of both osteoarthritis and
osteoporosis.
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Our previous studies have demonstrated the positive regu-
latory effect of TDN on cellular autophagy.””*® Specifically,
Shao et al. showed that TDNs have pro-chondrogenic regenera-
tive potential.’® Shi et al. observed that TDNs can increase the
number of LC3-positive autophagosomes in chondrocytes
using immunofluorescence. Western blotting also confirmed
an increase in the amount of LC3 protein.’® In an
IL-1p-induced OA model, the amount of autophagy markers,
LC3-1I, Beclinl and Atg7, was decreased, while the TDN was
found to enhance chondrocyte autophagy by upregulating the
expression of LC3-1I, Beclin1 and Atg7, which exhibited a pro-
tective effect against OA.”” Therefore, based on the protective
function of the TDN itself, carrying miRNAs to mediate the
osteoblast autophagy function at the same time, a more
optimal therapeutic effect may be achieved.

3.3. MiRNAs in regulating osteoblast pyroptosis

Pyroptosis is a form of regulated cell death (RCD) character-
ized by the formation of pores in the cell membrane through
the action of gasdermin proteins.® In response to harsh con-
ditions such as viral or bacterial infections or exposure to
lethal hazards, the inflammasome complex within cells can be
activated. The classical inflammasome complex consists of
pattern recognition receptors, such as NLR family pyrin
domain containing 3 (NLRP3), or absent in melanoma 2
(AIM2), along with apoptosis-associated speck-like protein con-
taining a CARD (ASC) and pro-caspase-1.'% Activation of the
inflammasome complex leads to the activation of caspase-1,
which in turn cleaves the gasdermin D (GSDMD) protein to
generate the effector “GSDMD-N domain” that ultimately
forms pores in the cell membrane.'® Pyroptotic cells exhibit
swelling, rupturing and release of cytokines IL-1p and IL-18">
(Fig. 3B).

Numerous studies have established a close relationship
between chondrocyte pyroptosis and the progression of OA.
MiRNAs were identified to regulate chondrocyte pyroptosis
and play a significant role in the disease process.'®® For
instance, miR-107, miR-140-5p and miR-326 have been shown
to inhibit the activation of pyroptosis pathways in chondro-
cytes, thereby mitigating OA progression.'**'%® Qian et al.
found that miR-107 can directly target caspase-1, inhibiting
the activation of GSDMD proteins and suppressing the release
of inflammatory cytokines, thereby promoting cartilage matrix
secretion.'® MiR-140-5p downregulates the binding level of
histone B to NLRP3 by binding to the 3-UTR of histone B,
thereby inhibiting the activation of inflammasome.'%®
Moreover, Xu et al. revealed that miR-326 in BMSCs exosomes
regulates the STAT1/NF-«kB/p65 pathway by targeting HDAC3 to
significantly downregulate the expression levels of IL-1f, IL-18,
ASC, NLRP3, and GSDMD and inhibit pyroptosis.'®®
Additionally, miR-155 alleviates OA by inhibiting chondrocyte
pyroptosis through targeting SMAD2 to inhibit NLRP3/
caspase-1 activation.'”” Zhang et al. also found that upregulat-
ing the expression level of miR-200-3p in BMSCs can suppress
pyroptosis in inflammatory states, promoting the survival of
more BMSCs and alleviating bone loss.'®®
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Theoretically, miRNAs that can target the key molecules in
the pyroptosis signaling pathway may be potential therapeutic
nucleic acid agents. Since the published research studies on
osteoblastic pyroptosis are limited, below we additionally list
some miRNAs which can target key mRNAs of pyroptosis,
aiming at providing ideas for inhibiting pathological pyropto-
sis in osteoblast cell lines. Duan et al. showed that miR-133a
could target NLRP3 and mitigate the progression of acute
aortic coarctation by inhibiting endothelial pyroptosis.'®
Similarly, miR-223, miR-590-3p, and miR-672-5p downregulate
NLRP3, NLRP1, and AIM2, respectively, to inhibit inflamma-
some activation and prevent pyroptosis.''®''" Zhang et al.
reported that miR-223 is able to downregulate NLRP3
expression and inhibit inflammasome.'*® NLRP1 is a homolo-
gous protein of NLRP3 and forms a NLRP1/ASC/caspase-1
inflammasome complex to trigger cellular pyroptosis. Gu et al.
found that miR-590-3p simultaneously interrupts the trans-
lation level of NLRP1 and caspase-1 with superior inhi-
bition.""" MiR-214-3p also targets caspase-1 and reduces the
level of GSDMD-N domain products, and therefore decreases
the level of pyroptosis.*® In addition, miR-672-5p targets AIM2
and inhibits the activation of AIM2/ASC/caspase-1 inflamma-
some, which plays an important role in preventing virus-
induced and intracellular bacteria-induced pyroptosis.''* At
the downstream of the pyroptosis pathway, GSDMD is the
most important executor to induce membrane perforation.'*®
Therefore, GSDMD-targeted miRNA may be the most promis-
ing agent for pyroptosis therapy. Both miR-193a and
miR-204 have been reported to directly target GSDMD, while
inhibiting caspase-1 and caspase-11 to protect cells from
pyroptosis.' 4113

Based on these candidate miRNAs, special Tmi can be
fabricated, which has the potential to inhibit pyroptosis gene
expression. Additionally, Tmi has the ability to promote
various cellular activities and protect cells during patho-
logical states.”®''®'"” Studies have identified the regulatory
effect of TDN on pyroptosis both in vitro and in vivo. For
example, Jiang et al. found that TDNs can significantly
inhibit the activated production of cleaved caspase-1 and
GSDMD-N domains, and suppress the release of inflamma-
tory factors such as IL-1f and IL-18, thereby inhibiting cell
pyroptosis."*® Similarly, Chen et al. reported that TDNs have
a therapeutic effect on the systemic inflammatory state of
sepsis by inhibiting macrophage pyroptosis.'’® In an LPS-
stimulated inflammation model, macrophages showed a sig-
nificant increase in the expression of NLRP3, cleaved
caspase-1, and GSDMD-N. However, after TDN treatment, the
expression of these pyroptosis-related proteins was signifi-
cantly decreased, and the inflammatory factors, IL-18 and
IL-1pB, were suppressed. Nevertheless, given that the subjects
in these studies were not osteoblasts, further investigation is
required to determine the effect of TDN on osteoblastic pyr-
optosis. By combining the TDN with specific miRNAs to
target pyroptosis-related genes, it is expected that the trans-
lation of the therapeutic nucleic acid drug from zero to one
can be achieved.
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3.4. MiRNAEs in regulating osteoblast ferroptosis

In recent years, ferroptosis has garnered attention as a form of
RCD. 1t is associated with excess intracellular iron (Fe**) con-
centration and accumulation of lipid peroxidation.'*
Ferroptotic cells exhibit reduced mitochondrial cristae and
atrophied or ruptured mitochondrial membranes.'" At the
molecular level, ferroptosis is primarily mediated by two key
components: (1) a lipid peroxidation system, which generates
multiple lipid peroxidation products via Fenton or Haber
Weiss reactions when cells are under iron overload, ultimately
triggering ferroptosis; and (2) an antioxidant system, which
primarily consists of the cystine glutamate transporter system
XC- and phospholipid peroxidase glutathione peroxidase 4
(GPX4). The antioxidant system utilizes glutathione (GSH) to
reduce membranal peroxide polyunsaturated fatty acids
(PL-PUFAs) and intracellular ROS to inhibit ferroptosis.'*>
Additionally, cells can scavenge lipid peroxidation by generat-
ing ubiquinol and tetrahydrobiopterin (BH4) through FSP1-
coenzyme Q;, and the GTP cyclohydrolase 1 (GCH1)
axis.'**'?° Therefore, a standoff exists between oxidation and
antioxidation. The protection of the antioxidant system elimin-
ates the peroxidised lipids generated intracellularly in a timely
manner, preventing cellular ferroptosis (Fig. 4).

MiRNAs, as the smallest non-coding RNA, play a crucial
role in regulating various physiological processes of cells.
However, their functions in ferroptosis remain largely unex-
plored. In theory, blocking the pathway of PL-PUFA can
impede the occurrence of ferroptosis by reducing the concen-
tration of phospholipid substrates or suppressing the activity
of phospholipid peroxidase.'*® Acyl-CoA synthase long chain
family member 4 (ACSL4) is an enzyme that facilitates the inte-
gration of free PUFAs into long-chain PL-PUFA, which pro-
motes the production of lipid peroxidation substrates. To this
end, Ou et al. found that miR-4291 can target ACSL4, suppres-
sing the synthesis of substrates and inhibiting ferroptosis."*”
Similarly, miR-124-3p.1 can target lysophosphatidylcholine
acyltransferase 3 (LPCAT3), another crucial enzyme in produ-
cing PL-PUFAs, to prevent ferroptosis."”® Additionally, Bin
et al. demonstrated that miR-10a-5p can inhibit chondrocyte
ferroptosis by targeting IL-6R.**° Li et al. found that miR-874-
3p could inhibit ferroptosis by targeting activation transcrip-
tion factor 3 (ATF3)."*° Iron response element-binding protein
2 (IREB2) is a significant regulator of cellular iron homeosta-
sis, and Li et al. reported that miR-29-3p could reduce the level
of ferroptosis through the targeted downregulation of (IREB2)
expression.”" The transferrin receptor protein (TFRC) encodes
a cell surface receptor necessary for cellular iron uptake. Wang
et al. reported that miR-370 targets TFRC and inhibits
ferroptosis.'3

Inhibiting ferroptosis can protect cells, while promoting
ferroptosis can damage cells. In cancer research, miRNAs have
been utilized in cancer research to induce ferroptosis and kill
tumour. Ou et al. reported that circRNA cirLMO1 can decrease
miR-4291 to promote ferroptosis in cervical cancer."”’
Similarly, in osteosarcoma, Xu et al. found that miR-1287-5p
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directly targets GPX4 to promote ferroptosis and improve sen-
sitivity to cisplatin chemotherapy.’*® SLC7A11, which plays a
crucial role in regulating ferroptosis through the transport of
cystine and glutamate. Cai et al. showed that miR-587 can
target SLC7A11 to promote ferroptosis in ovarian cancer
cells.”**

Unfortunately, direct evidence regarding the effects of TDN
on ferroptosis in osteoblasts is currently lacking. Nevertheless,
existing studies have demonstrated the anti-inflammatory and
antioxidant properties of TDN, particularly its ability to inhibit
cellular reactive oxygen species (ROS) production.'?> ™7
Therefore, it is reasonable to speculate that the TDN has an
inhibitory function on lipid peroxide production, subsequently
regulating the process of ferroptosis.’**'® Additionally, it is
certain that the TDN as a carrier enables delivery of functional
miRNA cargos such as miR-4291 (targeting ACSL4) and
miR-124-3p (targeting LPCAT3) to realize ferroptosis therapy.

4. Conclusion and prospects

Maintaining bone homeostasis is crucial for preventing bone
diseases, as an adequate number of osteoblasts is essential for
bone regeneration and treatment. However, during the differ-
entiation of stem cells into osteoblasts or chondrocytes, abnor-
mal environments and pathological conditions can trigger the
RCD process, resulting in increased mortality of pre-osteo-
blasts and mature differentiated osteoblasts."*"'** This dis-
turbance of the osteogenic homeostasis macroscopically leads
to bone diseases."**'**

MiRNAs are post-transcriptional regulators that play a
pivotal role in gene regulation. By assembling into the RISC,
miRNAs can silence gene expression through inhibiting the
translation of the corresponding mRNAs.'*® Therefore,
miRNAs can modulate the expression of key molecules in the
RCD signaling pathway, thus manipulating the initiation or
inhibition of the osteoblastic death program and treating bone
diseases. Research studies have demonstrated that screening
effective miRNAs to block apoptosis, autosis, pyroptosis and
ferroptosis in osteoblasts is a promising therapeutic
approach.”%97:105146

However, miRNAs have inherent limitations including
instability, susceptibility to enzymatic degradation, and poor
cellular membrane penetrability. Although current transfec-
tion reagents can facilitate miRNA delivery to the cytoplasm,
they are unsuitable for therapeutic applications in humans
due to their cytotoxicity. Fortunately, a potential solution to
this challenge is presented by Tmi, which offers advantages
such as affordability, ease of synthesis, programmable editing,
excellent biocompatibility, efficient cellular penetration, and
minimal cytotoxicity.'>?*® Building upon the Tmi delivery
system that carries miRNAs into cells and targets key genes
involved in RCD, it is feasible to regulate osteoblastic RCD.
Notably, while this paper focuses on the regulatory role of
miRNAs in the RCD pathway, siRNAs, which share a similar
structure and function, can also exert silencing effects through

Nanoscale, 2023,15, 12840-12852 | 12847


https://doi.org/10.1039/d3nr02318d

Published on 24 July 2023. Downloaded on 7/14/2025 1:09:16 AM.

Minireview

the RISC mechanism.>**>** Moreover, siRNAs can be designed
to match the base sequences completely, providing stronger
specificity and more effective silencing compared to the partial
base pairing of miRNAs’ seed region (positions 2-7), and all of
the key molecules involved in the RCD pathway can be
designed for siRNA-targeting sites.'*”

In this review, the role of miRNAs as molecular targeted
agents in four modes of regulated cell death in osteoblasts is
summarized. The use of Tmi as a miRNA delivery system is
proposed, considering its excellent biocompatibility and cell
membrane penetration. Notably, the Tmi delivery system not
only transports miRNA but also protects it, which may play an
important role in the field of bone diseases. Although the Tmi
system has several advantages, there is still room for improve-
ment. First, enzyme resistance needs to be enhanced, as its
retention time in serum is currently about 24 hours.***
Second, the specific tissue targeting of Tmi needs improve-
ment. The current administration methods of Tmi are mainly
intravenous injection and local injection, which implies a
broad distribution of TDN drugs and limited tissue specificity.
Although aptamer modification and biofilm coating can
enhance the targeting ability, more optimization techniques
are needed.*"'*® Third, the delivery efficiency of TDN needs to
be optimized. Different ssDNA editing methods result in
varying amounts of miRNA carried by 1 unit of the Tmi deliv-
ery system (Fig. 1A). Thus, exploring Tmi delivery systems with
higher unit delivery efficiency, stronger miRNA protection
efficiency, good cell membrane permeability, and biocompat-
ibility is necessary. With the help of highly membrane-pene-
trating and excellent biocompatible Tmi, miRNAs are able to
overcome their own defects and effectively deliver intracellu-
larly to exert gene silence,'® ultimately realizing the clinical
application of RNA nucleic acid drugs.
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