
Review Article

Weilin Shao#, Yan Feng#, Jin Huang, Tingyu Li, Shengguai Gao, Yihao Yang, Dongqi Li,
Zuozhang Yang*, Zhihong Yao*

Interaction of ncRNAs and the PI3K/AKT/mTOR
pathway: Implications for osteosarcoma

https://doi.org/10.1515/biol-2022-0936
received May 18, 2024; accepted July 09, 2024

Abstract: Osteosarcoma (OS) is the most common primary
malignant bone tumor in children and adolescents, and is
characterized by high heterogeneity, high malignancy, easy
metastasis, and poor prognosis. Recurrence, metastasis, and
multidrug resistance are the main problems that limit the
therapeutic effect and prognosis of OS. PI3K/AKT/mTOR sig-
naling pathway is often abnormally activated in OS tissues
and cells, which promotes the rapid development, metas-
tasis, and drug sensitivity of OS. Emerging evidence has
revealed new insights into tumorigenesis through the
interaction between the PI3K/AKT/mTOR pathway and
non-coding RNAs (ncRNAs). Therefore, we reviewed the
interactions between the PI3K/AKT/mTOR pathway and
ncRNAs and their implication in OS. These interactions

have the potential to serve as cancer biomarkers and ther-
apeutic targets in clinical applications.

Keywords: osteosarcoma, PI3K/AKT/mTOR, ncRNAs, bio-
markers, therapeutic targets

1 Introduction

In pediatric and adolescent populations, osteosarcoma (OS)
is a primary malignant bone tumor that often arises in the
metaphysis of the long bone [1]. The incidence of OS varies
according to sex, age, and race. The annual incidence of OS
is approximately three per million [2]. Clinically, adoles-
cents aged 10–20 years are at high risk of OS. Studies have
shown that people above the age of 50 years have the
second highest OS-associated morbidity [3]. Approximately
15–20% of patients with OS are diagnosed with clinically
detectable distant metastases, with over 85% of these
metastases occurring in the lungs [4]. With the clinical
application of neoadjuvant chemotherapy, the 5-year sur-
vival rate of patients with OS has increased to 70% [5].
However, the 5-year survival rate of OS patients with
metastasis remains below 20% [6]. Currently, standard
treatments for patients with OS are preoperative neoadju-
vant chemotherapy, surgery, and postoperative adjuvant
therapy [7]. However, the lack of targeted drugs is the
clinical bottleneck of the treatment for the patients with
OS [8]. The unknown etiology, recurrence, metastasis, mul-
tidrug resistance, and extensive histological specificity of
OS obstructs the treatment procedure of patients with OS.
Thus, it is urgent to study the pathogenesis and metastasis
of OS.

Substantial evidence suggests that the imbalance of
multiple signaling pathways is closely related to the pro-
gression of OS; while, PI3K/AKT/mTOR pathway plays a
unique role in the progression and clinical treatment of
OS [9]. The PI3K/AKT/mTOR signaling pathway plays a cru-
cial role in promoting tumor cell proliferation, migration,
epithelial–mesenchymal transition (EMT), inhibiting cell
apoptosis, and increasing sensitivity to chemotherapy
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drugs [10]. Interestingly, the PI3K/AKT/mTOR signaling pathway
is widely activated in the tissues and cells of OS. Overactivation
of this pathway has oncogenic effects. Thus, PI3K/AKT/mTOR
signaling inhibitors to block the activation of effector molecules
and promote apoptosis have become a new idea for the clinical
treatment of OS [11]. However, the biological functions and
specific regulatory mechanisms of the PI3K/AKT/mTOR sig-
naling pathway are poorly understood, andmany problems still
need to be further studied.

Some non-coding RNAs (ncRNAs) can act on certain
steps of this pathway, regulating its activity and thereby
affecting the progression of tumors [12,13]. These ncRNAs
can generally be divided into two categories based on their
effects on tumor cells. Those that are overexpressed in OS
tissues, enhance tumor progression or drug resistance by
promoting PI3K/Akt/mTOR pathway signaling; while, those
that are downregulated in tumor tissues, inhibit tumor
progression by inhibiting the PI3K/Akt/mTOR pathway. By
studying the molecular mechanisms of various ncRNAs, we
can explore the mechanisms of OS development, metas-
tasis, or drug sensitivity. Based on this theoretical founda-
tion, we reviewed the interactions between the PI3K/AKT/
mTOR pathway and ncRNAs and their implication in OS.
We hope these potential targets can be applied to clinical
practice in the future.

2 PI3K/Akt/mTOR signaling
pathway in oncology

2.1 Phosphatidylinositol 3 kinase (PI3K)

PI3K is categorized as a group of lipid kinases responsible
for phosphorylating the 3ʹ-hydroxyl groups of phosphatidy-
linositol and phosphoinositide [14]. The primary product
of this reaction is phosphatidylinositol-3,4,5-triphosphate
(PIP3), which is a crucial secondary messenger. PIP3 helps
Akt initiate signaling pathways associated with growth,
proliferation, and cell survival [15]. According to its dif-
ferent structural features and substrate preference, PI3K
is classified into three categories (Ⅰ–Ⅲ) [14]. Different types
of PI3K serve various purposes in cell signal transduction,
and their subtypes perform different tasks in cell signal
transduction. Among all PI3Ks, class I PI3K molecules
have been the most frequently studied because they are
most closely related to cancer. Class I PI3K consists of a
catalytic subunit (p110) weighing 110 kDa and a regulatory
subunit (p85) that forms heterodimers [16]. Mammals pro-
duce four variants of the p110 isoform (the α, β, γ, and δ

isoform) through different genes. Class I PI3K molecules
can be found in all types of cells, with high concentrations
of p110δ and p110γ in leukocytes [17]. Under basal condi-
tions, the regulatory subunits interact with the p110 cata-
lytic subunits, thereby securing PI3K protein heterodimers.
This interaction not only inhibits kinase activity but also
guides PI3K toward upstream regulators for activation [18].
Under physiological conditions, extracellular signals typi-
cally activate PI3K. Various stimuli can trigger PI3K activa-
tion. For example, growth factors such as epidermal growth
factor (EGF), platelet-derived growth factor, and insulin-like
growth factor (IGF-1) [19] adhere to the N-terminal extra-
cellular region of their specific transmembrane receptor
tyrosine kinases (RTKs). This binding leads to the autopho-
sphorylation of tyrosine residues within the cytoplasmic
regions of RTKs and associated linker molecules. Subse-
quently, PI3K is recruited to RTKs via the interface of p85
SH2 territories with phosphorylated tyrosine residues pre-
sent in the components of the RTK complex. This interaction
triggers the allosteric activation of PI3K [20]. In addition to
RTKs, G protein-coupled receptors constitute another impor-
tant class of traditional upstream regulators of PI3K activa-
tion. Additionally, small GTPases such as Ras and RAB5 can
stimulate PI3K activation both directly and indirectly [19].

2.2 Protein kinase B (AKT)

Serine/threonine kinase AKT encompasses a family that
includes AKT1, AKT2, and AKT3 in mammals and serves
as a crucial mediator of PI3K signaling. To activate PI3K/
AKT pathway, AKT and its upstream kinase, 3-phosphoino-
sitide-dependent protein kinase-1 (PDK1) is required for
inner cell membrane. This recruitment facilitates the phos-
phorylation of AKT at Thr308 in the provocation T-loop by
PDK1 [21]. The regulatory hydrophobic domain of AKT con-
tains a Ser473 site that can be phosphorylated by mTOR
complex 2 (mTORC2) to achieve optimal activation [22]. Acti-
vated phosphorylated AKT subsequently moves out from the
cellular membrane and phosphorylates numerous down-
stream substrates, thereby executing AKT functions [23].

2.3 Mammalian target of rapamycin (mTOR)

mTOR is a paramount protein found in various organisms,
occupying a key position in the growth and metabolism of
cells [24]. mTOR is a protein kinase belonging to the PI3K-
related kinase (PIKK) family and is primarily associated
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with regulatory processes such as cell growth, division,
metabolism, and survival [25]. mTOR functions are pri-
marily mediated by mTORC1 and mTORC2, each of which
exert different effects on cell physiology and metabolism
[26]. mTORC1 predominantly regulates cell growth and
metabolism by sensing nutritional and energy states
and controlling protein synthesis, cell growth, autophagy,
and lipid metabolism [27]. mTORC1 is also involved in
responses to changes in oxygen and energy levels [28].
In contrast, mTORC2 is associated with cell survival and
the organization of cellular cytoskeletal structures.
mTORC2 is vital in insulin signal transduction, influen-
cing lipid metabolism [29]. Disordered activation of the
mTOR pathway has been implicated in various diseases,
particularly cancers, metabolic disorders, and neurode-
generative diseases [30–32]. Consequently, inhibitors tar-
geting the mTOR pathway, such as rapamycin and its
derivatives, are used clinically as anticancer agents and
immunomodulators [33]. In summary, mTOR is a funda-
mental element of cellular physiology and diseases that
safeguards human health. Owing to its diverse roles in
various diseases, the mTOR pathway has become a hot-
spot in drug development.

With the deepening of scientific research, the mechan-
isms of the PI3K/Akt/mTOR signaling pathway are gradu-
ally being understood. In human cells, activation of the
PI3K pathway starts with RTKs, which are activated upon
ligand binding and subsequently activate PI3K, initiating
its activation. Activated-PI3K promotes the phosphoryla-
tion of phosphatidylinositol-4,5-bisphosphate (PIP2) to gen-
erate phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3
attracts proteins with PH domains, including Akt. Upon
recruitment to the cell membrane, Akt undergoes phos-
phorylation by PDK1 and mTORC1, becoming p-Akt.
p-Akt can inhibit tuberous sclerosis complex 2 (TSC2),
which in turn hydrolyzes Rheb-GTP to Rheb-GDP. Rheb-
GTP, a GTPase, directly activates mTORC1. Through a
series of actions, p-Akt promotes the activation of mTORC1,
which then influences cellular activities directly through its
own actions [23]. In patients with tumor, the PI3K/Akt/mTOR
signaling pathway often exhibits overactivation [34], pri-
marily due to dysregulation in the expression of PIK3CA
and phosphatase and tensin homolog (PTEN). PIK3CA encodes
p110α, and its increased expression can lead to overactivation
of the PI3K pathway [35]. PTEN is a tumor suppressor gene
that encodes a phosphatase capable of dephosphorylating
PIP3 to PIP2, thereby inhibiting the PI3K pathway. In
patients with OS, loss of the PTEN gene is common, which
is an important mechanism leading to overactivation of the
PI3K pathway [36].

3 Interaction of ncRNAs and the
PI3K/AKT/mTOR pathway in
oncology

ncRNAs do not possess the ability to directly translate into
proteins. However, they serve as essential transcripts for
regulating the expression of functional genes [37,38]. Based
on their nucleotide length, ncRNAs are categorized into
various species, mainly including miRNAs, lncRNAs, cir-
cRNAs, snRNAs, rRNAs, and tRNAs [39]. With the advancing
research in epigenetics, the importance of ncRNAs has gra-
dually been recognized. Experiments by Yu et al. demon-
strated that miR-4524b-5p attenuates the progression of
glioblastoma (GBM) by targeting aldehyde dehydrogenase
ALDH1A3, thereby inhibiting proliferation and radio-resis-
tance through the PI3K/AKT/mTOR signaling pathway [40].
MiR-4524b-5p acts as a targeted inhibitor of ALDH1A3,
reducing tumor cell glycolysis and lowering the activation
of the PI3K pathway, thus inhibiting GBM progression.
Research by Gao et al. indicated that circ-NIRP1, overex-
pressed in biliary tract cancer (BTC), promotes carcinogen-
esis by competitively inhibiting miR-515-5p. This inhibition
indirectly upregulates Akt2 and activates the PI3K/Akt/
mTOR pathway, promoting BTC proliferation, EMT, and
stemness [41]. Overall, the interactions between ncRNAs
and signaling pathways are increasingly recognized. How-
ever, due to their diversity and complex connections, deci-
phering their associations presents challenges. Consequently,
we summarized some common interactions between ncRNAs
and the PI3K/AKT/mTOR pathway in OS. Multiple critical
regulators originating from the PI3K/AKT/mTOR pathway
inter-regulate and activate with ncRNA, resulting in their
involvement in cancer progression. Alternatively, ncRNAs
can mediate downstream targets to reciprocally affect the
expression of key proteins through the PI3K/AKT/mTOR
pathway. Therefore, additional discussions regarding the
interaction between PI3K/AKT/mTOR and ncRNAs offer
insights into the mechanism of malignant behavior in OS.

3.1 Long non-coding RNAs (lncRNAs) in
oncology

The length of lncRNAs exceeds 200 base pairs, and studies
have shown that they participate in the regulation of tumor
growth and metastasis [42]. The expression of lncRNAs in
the human body plays a crucial role in regulating cell repli-
cation cycles, apoptosis, and impacting cell proliferation and
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migration [37,43,44]. Aberrant expression of lncRNAs can
disrupt these cellular processes, contributing to uncon-
trolled cell proliferation and migration, which are founda-
tional to cancer development. Furthermore, lncRNAs are
implicated in chemotherapy resistance; dysregulated expres-
sion is linked to reduced efficacy of chemotherapeutic drugs
such as doxorubicin [45], and in another context, lncRNAs are
associated with resistance in triple-negative breast cancer
[46]. As research on lncRNAs advances, they are widely recog-
nized as functional competitors of miRNAs, influencing cel-
lular processes [47]. Researchers believe that developing
clinical applications targeting lncRNAmechanisms is feasible.
LncRNAs are considered potential targets for prostate cancer
therapy [48], and similar studies are also emerging in OS
research. LncRNA H19 is overexpressed in OS cells and shows
substantial differences compared to its expression in normal
cells. Knockdown experiments established that the expres-
sion grade of lncRNA H19 is positively correlated with distant
metastasis in OS. LncRNA H19 further worsens the condition
in patients with OS. LncRNA H19 promotes the phosphoryla-
tion of PI3K and Akt and affects the escalation of OS by
activating the NF-κB pathway [49]. LncRNA00968 levels are
higher in OS cells than in normal and can promote tumor
cell survival and colony formation. Knockdown experiments
have shown that lncRNA00968 can target and promote the
PI3K/AKT/mTOR pathway by acting as an oncogene [50]. The
level of lncRNA RUSC1-AS1 in OS cells was higher than that in
human osteoblast cell lines. Gene knockout experiments con-
firmed that lncRNA RUSC1-AS1 enhanced the amplification
and extension of OS cells and stimulated EMT. This effect
may be achieved through direct targeting of miR-340-5p and
indirect activation of the PI3K/Akt pathway [51]. In OS cells,
lncRNA-p21 levels are lower. According to the cell growth
curve and colony formation experiments, lncRNA-p21 had
an inhibitory effect on tumor cells. Overexpression experi-
ments demonstrated that lncRNA-p21 upregulated PTEN by
targeting the oncogene miR-130b. Upregulation of PTEN inhi-
bits Akt phosphorylation and suppresses Akt pathway sig-
naling [52]. However, some lncRNAs have the opposite
mechanism. In OS cells, LncRNA UCA1 shows upregulation.
Luciferase and chromatin immunoprecipitation have shown
that the upregulation of UCA1 may be related to hypoxia
inducible factor-1 (HIF-1α). HIF-1α interlocks with the
responded elements in the UCA1 promoter region, inducing
UCA1 expression and downregulating PTEN, activating the
Akt pathway, and inducing tumor cell growth [53]. Further-
more, there may be a carcinogenic pathway for UCA1.
Through CREB1-mediated PI3K/Akt/mTOR signaling, UCA1
upregulates the expression of CREB1, competitively binds
miR-582, and accelerates EMT pathway, thereby boosting
tumor metastasis [54]. A positive feedback loop can be

formed in OS cells when lncRNA TUG1 is elevated by
FOXM1, which competitively absorbs miR-219a-5p. This trig-
gers the Akt pathway, which in turn upregulate the expres-
sion of FOXM1, hence boosting the expression of TUG1 [55].
The lncRNA FER1L4 is downregulated in OS and constrains
tumor occurrence. In FER1L4 overexpression experiments, a
decrease in the expression of the amino acids Ser 470 and
Thr 308 constituting p-Akt was detected, indicating that
FER1L4 inhibits the phosphorylation of Akt. MiRNA-18a-5p
is thought to be the target of lncRNA FER1L4, which sup-
presses miRNA-18a-5p to prevent the activation of the PI3K/
AKT signaling pathway [56]. According to the research of Li
et al., the lncRNA NNT-AS 1 is upregulated in OS tissues.
Overexpression experiments have demonstrated that the
lncRNA NNT-AS 1 can improve the capacity for invasion,
proliferation, and lifespan of U2 OS cells, and the expression
level of NNT-AS 1 is negatively correlated with miR-320a,
suggesting that NNT-AS 1 may target miR-320a and down-
regulate its expression, thereby activating Akt and pro-
moting progression of OS [57]. LncRNAs can also affect the
prognosis of OS, and certain lncRNAs can be utilized as
tumor markers in clinical applications. Compared with
normal cell types, OS cell lines exhibit much greater expres-
sion of the recently identified oncogenic RNA lncRNA LOXL1-
AS1. Functional studies have shown that LOXL1-AS1 knockout
inhibits the PI3K/AKT pathway, which in turn prevents OS
proliferation and invasion. Therefore, in the tissues of patients
with OS, the high expression of LOXL1-AS1 plays the role of an
oncogene and indicates a poor prognosis [58]. Jiang et al. [59]
revealed a strong correlation between tumor size and metas-
tasis in patients with OS and overexpression of lncRNA
DANCR. The reason for this correlation is that DANCR binds
to miR-33a-5p in a competitive manner, thereby increasing the
expression of RTK AXL. This interaction influences the expres-
sion of downstream proteins in the PI3K/Akt pathway and
affects various aspects of tumor cells, such as the self-renewal
of CSC and EMT. Consequently, DANCR was deemed a self-
sufficient prognostic element, indicating an unfavorable prog-
nosis for patients with OS.

Similarly, the expression of the lncRNA ANRIL per-
forms an essential function in the prognostic prediction
of OS sufferers [60]. Experimental evidence has demon-
strated that ANRIL expression in OS tissues is notably
higher than that in adjoining non-cancerous tissues.
ANRIL enhances the proliferation and invasion of OS
cells, and its knockdown appreciably induces mobile
apoptosis, confirming its association with a negative
prognosis for OS. Specifically, this could also be due to
a decrease in the phosphorylation tiers of PI3K and Akt
after ANRIL knockdown, leading to subsequent signaling
cascade reactions.
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In addition to influencing the occurrence and prog-
nosis of OS, lncRNAs affect the resistance of OS to che-
motherapeutic drugs. The lncRNA OPI5-AS1 is upregulated
in OS MG-63 and Sao-S 2 cells and regulates tumor cellphone
resistance to cisplatin. Dual-luciferase reporter gene assays
have located that lncRNA OPI5-AS1 can absorb miR-340-5p
and regulate the goal lysophosphatidic acid acyltransferase
β (LPAATβ) of miR-340-5p. LPAATβ can deactivate the PI3K/
AKT pathway. In summary, lncRNA OPI5-AS1 may activate
the PI3K/AKT pathway via focused on miR-340-5p to upre-
gulate LPAATβ, improving tumor resistance to cisplatin [61].

In addition to cisplatin resistance, OS’s resistance in OS
remains a serious issue. These results suggest that lncRNA
PVT1 contributes to chemotherapy resistance in OS cells
[62]. Comparative studies of cells overexpressing lncRNA
PVT1 after gemcitabine treatment and lncRNA PVT1-depleted
cells revealed that lncRNA PVT1 promoted proliferation and
anti-apoptotic capabilities, whereas lncRNA PVT1 depletion
intensified apoptotic tendencies. Subsequent experiments
indicated that lncRNA PVT1 downregulates the levels of
miR-152. Notably, lncRNA PVT1 induces the activation of
the PI3K/Akt, an effect that can be counteracted by miR-
152 and its mimic. This series of experimental results demon-
strated that lncRNA PVT1 can activate the PI3K/Akt pathway
by downregulating miR-152, thereby increasing OS resis-
tance to gemcitabine.

In summary, the roles of lncRNAs in OS vary depending
on their different mechanisms.

3.2 MicroRNAs (miRNAs) in oncology

miRNAs are a type of ncRNAs that are approximately 22
nucleotides long and are transcribed from endogenous
genes. Their structure is single-stranded, and their primary
role in organisms is to engage in post-transcriptional man-
agement of gene expression [63]. In recent years, as science
and technology have progressed, there has been a growing
recognition that the expression of miRNAs is associated
with the occurrence of many cancers. miRNAs have the
potential to feature either as tumor suppressors or promo-
ters through the inhibition of oncogenes’ or tumor sup-
pressor genes’ mRNA [64], respectively, and are also related
to tumor metastasis and drug resistance [65]. Many studies
have shown that miRNAs contribute to the pathogenesis of
breast cancer [66], renal cancer [67], gastric cancer [68], thus
attracting attention and OS. Qi et al. [69] employed a co-
culture system comprising human bone marrow stem cells
and OS cells to examine the effect of mesenchymal stem cells
(MSC)-derived exosomes on OS cells. They found that these

exosomes considerably promoted OS proliferation and inva-
sion. Subsequent investigations unveiled an overexpression
of miR-21-5p in MSC, targeting PIK3R1, which encodes the
p85α subunit that regulates PI3K by binding to its p110 sub-
unit. miR-21-5p initiates PI3K/Akt/mTOR signaling by inhi-
biting PIK3R1. Wang et al. [70] discovered that miR-384
was reduced in OS cell lines and functioned as a tumor
suppressor gene. Overexpression of miR-384 significantly
reduced the phosphorylation of PI3K and Akt, inhibited
proliferation and invasion of MG63 cells, and accelerated
apoptosis. Stem-loop binding protein (SLBP) is a target of
miR-384, which regulates its expression. SLBP knockout under-
mined the tumor-promoting effect of miR-384 silencing in OS
cell lines, indicating that downregulation of miR-384 pro-
motes tumor growth by upregulating SLBP and activating
the PI3K/Akt pathway. Qi et al. [71] found that miR-29a-3p
was downregulated in OS cell lines. Overexpression of miR-
29a-3p hinders the proliferation and invasion of OS cells
and supports apoptosis and autophagy. Thus, it is consid-
ered a tumor suppressor. IGF1 activates the IGF1R/PI3K/
Akt pathway to promote the occurrence and progression of
OS. miR-29a-3p inhibits this phenomenon, thus exerting a
tumor-suppressive effect. Liu et al. [72] discovered that over-
expression of miR-342-5p substantially inhibited the prolif-
eration and invasion of OS cells, enhanced apoptosis, and
increased sensitivity to doxorubicin. Wnt7b is upregulated
in OS cell lines and assists in tumor cell proliferation, pos-
sibly by activating mTOR C1 via PI3K/Akt. MiR-342-5p targets
Wnt7b and inhibits its expression, thus serving as a tumor
suppressor. Wang et al. [73] discovered that miR-485-3p was
downregulated in OS cell lines. Dual-luciferase assays veri-
fied that miR-485-3p may want to directly bind to Akt3
mRNA, inhibiting the Akt/mTOR pathway in tumor cells,
thus inhibiting cellular glycolysis, proliferation, and inva-
sion, and acting as a tumor suppressor. Jin et al. [74] found
that miR-1224-5p is downregulated in OS tissues. Overexpres-
sion of miR-1224-5p targets PLK1, reduces the phosphoryla-
tion of PI3K, Akt, and mTOR, and negatively regulates the
PI3K/Akt/mTOR pathway, and inhibits tumor growth and
EMT. Ru et al. [75] demonstrated that miR-564 was down-
regulated in patients with OS. Overexpression of miR-564
directly targets Akt, inhibits its transcription and transla-
tion, and suppresses tumor cell glycolysis, thereby inhibiting
cell proliferation by reducing cellular activity. Xu et al. [76]
demonstrated that the expression level of miR-149-5p was
remarkably downregulated in OS. TNFRSF12A, also known
as FN14, is a member of the tumor necrosis factor (TNF)
receptor superfamily and a direct target of miR-149-5p.
MiR-149-5p inhibited TNFRSF12A. TNFRSF12A, when bound
to its ligand TNF-like weak inducer of apoptosis (TWEAK),
can activate multiple signaling pathways, thereby affecting
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the tumor microenvironment and promoting tumor cell sur-
vival and migration. MiR-149-5p inhibits the PI3K/Akt pathway
by suppressing TNFRSF12A. Liu et al. [77] showed that heat
shock protein 90 (HSP90) can stabilize the phosphorylation
state of Akt, and miR-485-5p can target both HSP90 and Akt,
inhibiting Akt’s translation and phosphorylation, thereby inhi-
biting the pathway and OS progression.

Some miRNAs also possess a function similar to that of
lncRNAs, affecting chemotherapy resistance in OS. Meng
et al. [78] indicate the engagement of miRNA-22 in the
evolution of cisplatin resistance. miR-22 was shown to
inhibit the proliferation of MG63/CDDP cells both in vitro
and in vivo, thereby enhancing their resistance to cisplatin-
induced proliferation. miR-22 can reduce the translation
and phosphorylation of PI3K, Akt, and mTOR, thereby
decreasing cisplatin-induced autophagy. However, miR-22
also promotes apoptosis in tumor cells and enhances their
sensitivity to cisplatin.

In summary, current research on the relationship
between miRNAs and tumors continues to deepen.

3.3 Circular RNAs (circRNAs) in oncology

circRNAs were discovered in 1976, formed by precursor
mRNA by means of back-splicing, connecting the 3ʹ splice
web page to the 5ʹ splice site [79]. With recent advances in

research, circRNAs have been recognized to possess unique
effects on malignant tumors. circRNAs exhibit varied
expression patterns across diseases and contribute to the
pathogenesis of these conditions [80]. Li et al. [81] indicated
that hsa-circ-0006101 (commonly recognized as circ-ORC2) is
upregulated in the cytoplasm of OS cells and orchestrates
miR-19a expression through direct binding. miR-19a nega-
tively regulates its downstream target PTEN. PTEN down-
regulation weakens the inhibition of Akt phosphorylation,
activates PI3K/Akt, and promotes the proliferation and inva-
sion of OS. Similarly, Liu et al. [82] illustrated that circROCK1
expression is lower in OS and sponges miR-532-5P, causing
its expression to decrease. Conversely, downregulation of
miR-532-5P promotes PTEN expression, playing a cancer-
suppressive role through a similar mechanism. Li et al.
[83] demonstrated that silencing circ-0001785 leads to the
downregulation of the phosphorylated forms of the three
proteins PI3K, Akt, and mTOR, with little change in their
total expression, suggesting that circ-0001785 can directly
inhibit the phosphorylation of PI3K, Akt, and mTOR, thus
suppressing the activity of the PI3K/Akt/mTOR pathway and
affecting apoptosis. In accordance with a study by Yang et al.
[84], circ-001422 was found to be increased in OS cells and
directly sponge miR-195-5p, leading to the upregulation of its
downstream target fibroblast growth factor 2 (FGF2), activa-
tion of the PI3K/Akt pathway, and promotion of cancer pro-
gression while inhibiting apoptosis. Zhang et al. [85] showed
that silencing circRNA-CIRH1A significantly increased the

Figure 1: Mechanism of PI3K/Akt/mTOR pathway in OS.
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level of miR-1276, damaging the activation of the PI3K/Akt
pathway and limiting the proliferation of U20 and MG63
cells. Liu et al. indicated that circRNA-103801 is increased
in OS cell lines and is involved in the PI3K/Akt pathway,
thereby affecting the growth abilities of OS [86]. Li and Li
showed that hsa-circ-0007534 in OS can enhance the phos-
phorylation of Akt and the subsequent activation of cell
signaling pathways [87]. Shi et al. reported that circRNA-
NIRP1 is upregulated in OS and competitively binds to
miR-532-3p to upregulate Akt3, thus enhancing the activity
of the PI3K/Akt pathway and strengthening the malignancy
of OS [88]. Hao et al. reported that the overexpression of
circRNA-0088214 could inhibit the phosphorylation of Akt to
suppress the PI3K/Akt pathway, thereby to cisplatin resistance

and promoting apoptosis [89]. Zhang et al. confirmed that
hsa-circ-0005909 is upregulated in tumor cells and acts as a
molecular sponge for miR-338-3p, reducing its expression
compared to that in adjacent cancer tissues. HGMA1, an onco-
gene that encodes a protein that recognizes and binds con-
tinuous A–T base pairs, is involved in gene expression
regulation, and is a target of miR-338-3p. The downregulation
ofmiR-338-3p inversely affects the expression of HGMA1. Upre-
gulation of HGMA1 activates the PI3K/Akt pathway, which
affects tumor progression [90]. In summary, circRNAs mainly
affect tumor cells by spongingmiRNAs and sometimes directly
influence the phosphorylation of signaling molecules. Further
research on this mechanism may provide new insights into
the pathogenesis and therapeutic concepts of OS.

Figure 2: Interactions between the PI3K/AKT/mTOR pathway and ncRNAs in OS.
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3.4 Small interfering RNA (siRNAs) in
oncology

siRNAs are nucleic acids whose primary role in the body is
to degrade target genes via RNA interference. As our under-
standing of siRNAs deepens, the mechanism of siRNA is
thought to be applicable to the treatment of tumors. Hu
et al. [91] suggested that siRNAs can silence related onco-
genes or cancer-promoting regulatory genes in a sequence-
specific manner, thereby reducing the probability of tumor
occurrence. Furthermore, studies by Kara et al. [92] pro-
posed that siRNAs can also be used to treat existing cancers
or serve as delivery vehicles for certain targeted anti-tumor
drugs. Nanotherapy has a vast potential for development.
However, surgery combined with adjuvant radiotherapy

and chemotherapy remains the primary approach for
treating OS. siRNA is a hot field today, and as our under-
standing deepens, researchers will have updated insights
into tumor treatment.

To provide a more visual representation of the role of
the PI3K/Akt/mTOR pathway and ncRNAs in OS, the rela-
tionship is summarized. Figure 1 summarizes the impact of
the PI3K/Akt/mTOR pathway and ncRNAs on the progression
of OS. Three types of ncRNAs exert varying effects on tumor
proliferation, metastasis, and other biological behaviors by
interacting with the PI3K/Akt/mTOR pathway, ultimately
impacting patients with OS on a macroscopic scale. Figure
2 summarizes the roles of various RNAs discussed in this
study. Tables 1 and 2 further show the target mechanisms
and action proteins of different ncRNAs, compiled from

Table 1: ncRNAs acted as oncogenes in OS

ncRNAs Targets Biological function Ref.

lncRNA H19 NF-κB pathway Promotes migration and invasion [49]
lncRNA MIAT miR-141-3p/SIX1 Promotes tumor development [93]
lncRNA HOTAIR miR-6888-3p/SYK Promotes the proliferation and migration [94]
lncRNA 00968 / Promotes cell survival and colony formation [50]
lncRNA RUSC1-AS1 miR-340-5p Promotes the progression and EMT both in vitro and in vivo [51]
lncRNA MSC-AS1 miR-142/CDK6 Promotes OS progression and sensitivity to cisplatin [95]
lncRNA UCA1 HIF-1α/PTEN Promotes cell growth [53]

miR-582/CREB1 Promotes EMT and metastasis [54]
lncRNA TUG1 miR-219a-5p/FOXM1 Accelerated OS proliferation, migration, and invasion [55]
lncRNA NNT-AS1 miR-320a Enhance the continuation of U2 OS and prolong the life span of tumor cells [57]
lncRNA OPI5-AS1 miR-340-5p/LPAATβ Causes cisplatin resistance in OS [61]
lncRNA LOXL1-AS1 / Promotes cell proliferation, migration, and invasion [58]
lncRNA DNACR miR-33a-5p/AXL Promotes tumor progression and cancer stemness features [59]
lncRNA ANRIL / Accelerates the tumor development [60]
lncRNA PVT1 miR-152/c-MET Enhance chemoresistance of OS to gemcitabine [62]
LncRNA DBH-AS1 Promotes cell proliferation, migration and invasion, and inhibits apoptosis in OS [96]
LncRNA01060 / Promotes OS cell malignant behaviors, hyperproliferation, invasion, migration, and EMT [97]
miR-17 SASH1 Promotes OS cells proliferation, migration, and inhibits apoptosis [98]
miR-21 PTEN Promotes proliferation and inhibits apoptosis [99]
miR-22 PI3K/Akt/mTOR Enhanced the anti‑proliferative ability of CDDP in vivo and in vitro [78]
miR-21-5p PIK3R1 Promote OS cell proliferation and invasion [69]
miR-23b-3p VEPH1 Accelerated the tumor development [100]
miR-106b Promote proliferation and invasion [101]
miR-373 p53 Promotes growth and cellular invasion in OS cells [102]
miR-802 p27 Promoted the progress of EMT, migration, and invasion [103]
miR-221 PTEN Induces cell survival and cisplatin resistance [104]
miR-196a Promotes cell proliferation and inhibits cell apoptosis [105]
miR-200c CDH1 Promotes the progression and metastasis [106]
circRNA-ORC2 miR-19a/PTEN Promotes OS cell growth and invasion [81]
circRNA-0001785 miR-1200/HOXB2 Promotes proliferative ability, inhibits the apoptosis of OS cells [83]
circRNA-001422 miR-195-5p/FGF2 Promotes tumor proliferation and metastasis, and inhibits apoptosis [84]
circRNA-CIRH1A miR-1276 Promotes the proliferation, invasion, migration [85]
circRNA-103801 / Accelerates the development of OS [86]

miR-338-3p, HIF-1/Rap1 Accelerates proliferation [107]
circRNA-0007534 AKT/GSK-3β Promotes cell growth and inhibits apoptosis [87]
circRNA-NIRP1 miR-532-3p/PI3K/AKT Promotes the malignant degree of OS [88]
circRNA-0005909 miR-338-3p/HGMA1 Promotes the OS progression [90]
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respective referenced literature sources. Figures 1 and 2
were made by the authors using the Biorender (https://
app.biorender.com/).

4 Discussion and perspectives

OS is the most common primary malignant tumor of the
bone and soft tissue, garnering considerable attention due
to its high tumor heterogeneity, poor prognosis, and lung
metastasis. Currently, surgery and chemotherapy are the
main treatment strategy for patients with OS. However, the
lack of targeted drugs is the clinical bottleneck of the treat-
ment for the patients with OS. Thus, there is a need urgent
to study the pathogenesis and metastasis of OS. As one
of the important signal transduction pathways in tumor
cells, PI3K/AKT/mTOR signaling pathway plays an impor-
tant role in the development and drug sensitivity of OS,
with functions such as accelerating cell cycle, promoting

cell proliferation, invasion and metastasis, and enhancing
drug sensitivity.

Increasing evidence suggests that ncRNAs can regulate
the PI3K/Akt/mTOR signaling pathway in OS. This pathway
influences tumor progression and may exacerbate che-
motherapy resistance. Numerous ncRNAs in OS tissues
have the capability of promoting or inhibiting the activa-
tion of the PI3K/Akt/mTOR pathway. This study reviews the
interactions between various ncRNAs and the PI3K/Akt/
mTOR pathway and discovers new applications of ncRNAs
based on their effects on this pathway. We categorize
ncRNAs that regulate signaling pathways into two types.
Some RNAs are upregulated in OS tissues, indicating their
oncogenic potential. These ncRNAs activate the PI3K/Akt/
mTOR pathway, promoting cancer cell proliferation, inva-
sion, inhibiting apoptosis, and enhancing drug resistance.
Conversely, other ncRNAs are downregulated in OS tissues,
exerting opposite effects to inhibit tumor progression.
Therefore, we can utilize these molecular mechanisms to
predict the prognosis of OS by measuring the expression

Table 2: ncRNAs acted as tumor suppressors in OS

ncRNAs Targets Biological function Ref.

lncRNA p21 miR-130b/PTEN Inhibits OS cell growth and colony formation [52]
lncRNA FER1L4 miR-18a-5p Promotes apoptosis and inhibited the EMT [56]

/ Promotes apoptosis and suppresses EMT and stemness markers [108]
lncRNA GASL1 Inhibits proliferation and invasion of OS cells [109]
lncRNA GAS5 miR-23a-3p Suppresses the proliferation and invasion [110]
lncRNA 00619 HGF Inhibits proliferation, migration, and invasion and improves apoptosis of OS cells [111]
lncRNA 00628 Inhibited the proliferation, invasion, and migration and promoted cell apoptosis [112]
miR-384 SLBP Inhibits the growth and metastasis [70]
miR-340-5p NRF2 Inhibits the malignant phenotypes of OS [113]
miR-29a-3p IGF1 Repressed the OS evolvement through inducing autophagy [71]
miR-29b Spin 1 Represses OS cell self-renewal, differentiation, and drug resistance [114]
miR-342-5p Wnt7b Inhibits OS cell growth, migration, invasion, and sensitivity to doxorubicin [72]
miR-485-3p c-MET, AKT3/mTOR Inhibits OS glycolysis and metastasis [73]

HSP90/AKT1 Suppress OS cell proliferation and migration [77]
miR-1224-5p PLK1 Inhibits the proliferation, invasion, and EMT [74]
miR-564 Akt Inhibits the proliferation [75]
miR-149-5p TWEAK/Fn14 Inhibit the survival and migration of tumor cells [76]
miR-122-5p TP53 Inhibits the proliferation and promote the apoptosis of OS cells [115]
miR-497 Inhibits cell survival and enhanced the sensitivity to cisplatin [116]
miR-449a EZH2 Inhibits cell proliferation, invasion, and migration [117]
miR-520d-3p MIG-7 Inhibits vasculogenic mimicry formation and metastasis [118]
miR-100 IGFIR Inhibits OS cell proliferation, migration, and invasion and enhances chemosensitivity [119]
miR-206 PAX3/MET Reduces OS cell malignancy in vitro [120]
miR-375 PIK3CA Inhibits the tumorigenesis [121]
miR-146b-5p TRAF6 Inhibits the proliferation [122]
miR-223 Hsp90B1 Inhibits the cell growth [114]
miR-16-5p TSPAN15 Inhibits the proliferation, migration, and invasion [123]
circRNA-ROCK1 miR-532-5p/PTEN Suppresses OS proliferation and migration [82]
circRNA-0088214 AKT Suppresses tumor progression [89]
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levels and trends of RNA or PI3K/Akt pathway molecules in
vivo. As described, taking lncRNA LOXL1-AS1 as an example,
its upregulation in OS tissues has oncogenic effects. Thus,
clinically measuring the expression level of lncRNA LOXL1-
AS1, if found to be elevated above normal levels, indicates a
potentially poorer prognosis for the patient. With further
research, more ncRNAs with similar functions will likely
be discovered, expanding our options for diagnosing dis-
eases and predicting prognosis more accurately.

Many key proteins in the PI3K/AKT/mTOR signaling
pathway are also important targets for drug design, and
the study of small molecule inhibitors has also made great
progress. Many drug candidates have entered clinical stu-
dies, including PI3K inhibitors, AKT inhibitors, and dual
PI3K/mTOR inhibitors. Researchers have proposed a nano-
carrier for targeted delivery of ncRNAs for gene therapy.
This nanocarrier exhibits low cytotoxicity and effective
intracellular transmission in tumor cells. For example,
the results of some researchers suggest that delivery of
miR-22 targeting the PI3K/Akt pathway has good anti-tumor
activity [124]. However, applying theoretical concepts to
clinical practice faces several challenges. First, RNA expres-
sion involves complex mechanisms and whether clinical
interventions can adjust RNA expression to affect pathway
activation remains unclear. Second, each patient with OS
may have different genes with abnormal expression genes,
posing difficulties in whether such carriers can deliver
other types of RNAs and how therapeutic nucleic acids
can be obtained. Third, the cost-effectiveness of this treat-
ment method is a concern. Whether costs can be controlled
and reduced determines its feasibility for widespread imple-
mentation globally, which needs careful consideration.

Therefore, further understanding of the function and
molecular mechanism of the interaction of PI3K/AKT/
mTOR signaling pathway and ncRNAs is of great signifi-
cance for finding new therapeutic approaches and potential
targets for OS, and ultimately improving the prognosis of
patients with OS.

Funding information: This work was financially funded by
the National Science Foundation of China (No. 81960488),
The Science Foundation of Yunnan Province (No. 202201AT070012),
and The Science and Technology Innovation TeamTraining Project
of Kunming Medical University (No. CXTD202212).

Author contributions: Y.Z. and Y.Z. designed the frame-
work of the manuscript; S.W., F.Y., L.T., and G.S. wrote the
manuscript and participated in the revision. H.J., Y.Y., and
L.D. checked the related literature. All authors reviewed the
final version and agreed to its submission. All authors have
read and agreed to the published version of the manuscript.

Conflict of interest: Authors state no conflict of interest.

Data availability statement: Data sharing is not applicable
to this article as no datasets were generated or analyzed
during the current study.

References

[1] Nirala BK, Yamamichi T, Yustein JT. Deciphering the signaling
mechanisms of osteosarcoma tumorigenesis. Int J Mol Sci.
2023;24(14):11367.

[2] Cimmino A, Fasciglione GF, Gioia M, Marini S, Ciaccio C. Multi-
anticancer activities of phytoestrogens in human osteosarcoma.
Int J Mol Sci. 2023;24(17):13344.

[3] Gill J, Gorlick R. Advancing therapy for osteosarcoma. Nat Rev Clin
Oncol. 2021;18:609–24.

[4] Liao Y, Yi Q, He J, Huang D, Xiong J, Sun W, et al. Extracellular
vesicles in tumorigenesis, metastasis, chemotherapy resistance
and intercellular communication in osteosarcoma.
Bioengineered. 2023;14:113–28.

[5] Mosca N, Alessio N, Di Paola A, Marrapodi MM, Galderisi U,
Russo A, et al. Osteosarcoma in a ceRNET perspective. J Biomed
Sci. 2024;31:59.

[6] Miwa S, Shirai T, Yamamoto N, Hayashi K, Takeuchi A, Igarashi K,
et al. Current and emerging targets in immunotherapy for
osteosarcoma. J Oncol. 2019;2019:7035045.

[7] Lindsey BA, Markel JE, Kleinerman ES. Osteosarcoma overview.
Rheumatol Ther. 2017;4:25–43.

[8] Ning B, Liu Y, Huang T, Wei Y. Autophagy and its role in osteo-
sarcoma. Cancer Med. 2023;12:5676–87.

[9] Ji Z, Shen J, Lan Y, Yi Q, Liu H. Targeting signaling pathways in
osteosarcoma: Mechanisms and clinical studies. MedComm.
2023;4:e308.

[10] Liu X, Wang N, He Z, Chen C, Ma J, Liu X, et al. Diallyl trisulfide
inhibits osteosarcoma 143B cell migration, invasion and EMT by
inducing autophagy. Heliyon. 2024;10:e26681.

[11] Chen C, Guo Y, Huang Q, Wang B, Wang W, Niu J, et al. PI3K
inhibitor impairs tumor progression and enhances sensitivity to
anlotinib in anlotinib-resistant osteosarcoma. Cancer Lett.
2022;536:215660.

[12] Lee YJ, Kim WR, Park EG, Lee DH, Kim JM, Shin HJ, et al. Exploring
the key signaling pathways and ncRNAs in colorectal cancer. Int J
Mol Sci. 2024;25(8):4548.

[13] Abu-Alghayth MH, Khan FR, Belali TM, Abalkhail A, Alshaghdali K,
Nassar SA, et al. The emerging role of noncoding RNAs in the
PI3K/AKT/mTOR signalling pathway in breast cancer. Pathol Res
Pract. 2024;255:155180.

[14] Zhi F, Li B, Zhang C, Xia F, Wang R, Xie W, et al. NLRP6 potentiates
PI3K/AKT signalling by promoting autophagic degradation of
p85α to drive tumorigenesis. Nat Commun. 2023;14:6069.

[15] Li P, Huang D, Gu X. Exploring the dual role of circRNA and PI3K/
AKT pathway in tumors of the digestive system. Biomed
Pharmacother. 2023;168:115694.

[16] Rezaei S, Nikpanjeh N, Rezaee A, Gholami S, Hashemipour R,
Biavarz N, et al. PI3K/Akt signaling in urological cancers: tumor-
igenesis function, therapeutic potential, and therapy response
regulation. Eur J Pharmacol. 2023;955:175909.

10  Weilin Shao et al.



[17] Leiphrakpam PD, Are C. PI3K/Akt/mTOR signaling pathway as a
target for colorectal cancer treatment. Int J Mol Sci.
2024;25(6):3178.

[18] Guo H, German P, Bai S, Barnes S, Guo W, Qi X, et al. The PI3K/AKT
pathway and renal cell carcinoma. J Genet Genomics = Yi chuan
xue bao. 2015;42:343–53.

[19] Zoi V, Kyritsis AP, Galani V, Lazari D, Sioka C, Voulgaris S, et al. The
role of curcumin in cancer: a focus on the PI3K/Akt pathway.
Cancers. 2024;16(8):1554.

[20] Fruman DA, Rommel C. PI3K and cancer: lessons, challenges and
opportunities. Nat Rev Drug Discovery. 2014;13:140–56.

[21] Du W, Tu S, Zhang W, Zhang Y, Liu W, Xiong K, et al. UPP1
enhances bladder cancer progression and gemcitabine resistance
through AKT. Int J Biol Sci. 2024;20:1389–409.

[22] Manning BD, Toker A. AKT/PKB signaling: navigating the network.
Cell. 2017;169:381–405.

[23] Glaviano A, Foo ASC, Lam HY, Yap KCH, Jacot W, Jones RH, et al.
PI3K/AKT/mTOR signaling transduction pathway and targeted
therapies in cancer. Mol Cancer. 2023;22:138.

[24] Marques-Ramos A, Cervantes R. Expression of mTOR in normal
and pathological conditions. Mol Cancer. 2023;22:112.

[25] Hua H, Kong Q, Zhang H, Wang J, Luo T, Jiang Y. Targeting mTOR
for cancer therapy. J Hematol Oncol. 2019;12:71.

[26] Panwar V, Singh A, Bhatt M, Tonk RK, Azizov S, Raza AS, et al.
Multifaceted role of mTOR (mammalian target of rapamycin)
signaling pathway in human health and disease. Signal Transduct
Target Ther. 2023;8:375.

[27] Tian T, Li X, Zhang J. mTOR signaling in cancer and mTOR inhi-
bitors in solid tumor targeting therapy. Int J Mol Sci.
2019;20(3):755.

[28] Melanis K, Stefanou MI, Themistoklis KM, Papasilekas T. mTOR
pathway – a potential therapeutic target in stroke. Ther Adv
Neurol Disord. 2023;16:17562864231187770.

[29] Yang G, Murashige DS, Humphrey SJ, James DE, Positive A.
Feedback loop between Akt and mTORC2 via SIN1 phosphoryla-
tion. Cell Rep. 2015;12:937–43.

[30] Mir SA, Dar A, Alshehri SA, Wahab S, Hamid L, Almoyad MAA, et al.
Exploring the mTOR signalling pathway and its inhibitory
scope in cancer. Pharmaceuticals (Basel, Switzerland).
2023;16(7):1004.

[31] Davoody S, Asgari Taei A, Khodabakhsh P, Dargahi L. mTOR sig-
naling and Alzheimer’s disease: what we know and where we are?
CNS Neurosci Ther. 2024;30:e14463.

[32] Goul C, Peruzzo R, Zoncu R. The molecular basis of nutrient
sensing and signalling by mTORC1 in metabolism regulation and
disease. Nat Rev Mol Cell Biol. 2023;24:857–75.

[33] Gao X, Zhao F, Wang Y, Ma X, Chai H, Han J, et al. Discovery of
novel hybrids of mTOR inhibitor and NO donor as potential anti-
tumor therapeutics. Bioorg Med Chem. 2023;91:117402.

[34] Janku F. Phosphoinositide 3-kinase (PI3K) pathway inhibitors in
solid tumors: from laboratory to patients. Cancer Treat Rev.
2017;59:93–101.

[35] Yu L, Wei J, Liu P. Attacking the PI3K/Akt/mTOR signaling pathway
for targeted therapeutic treatment in human cancer. SemCancer
Biol. 2022;85:69–94.

[36] Zheng C, Tang F, Min L, Hornicek F, Duan Z, Tu C. PTEN in
osteosarcoma: recent advances and the therapeutic potential.
Biochim Biophys Acta Rev Cancer. 2020;1874:188405.

[37] Kopp F, Mendell JT. Functional classification and experimental
dissection of long noncoding RNAs. Cell. 2018;172:393–407.

[38] Yan H, Bu P. Non-coding RNA in cancer. Essays Biochem.
2021;65:625–39.

[39] Zhang Y, Mao Q, Xia Q, Cheng J, Huang Z, Li Y, et al. Noncoding
RNAs link metabolic reprogramming to immune microenviron-
ment in cancers. J Hematol Oncol. 2021;14:169.

[40] Yu H, Li X, Li Y, Wang T, Wang M, Mao P. MiR-4524b-5p-targeting
ALDH1A3 attenuates the proliferation and radioresistance of
glioblastoma via PI3K/AKT/mTOR signaling. CNS Neurosci Ther.
2024;30:e14396.

[41] Gao X, Yu S, Liu S, Zhang S, Sha X, Sun D, et al. Circular RNA
nuclear receptor interacting protein 1 promoted biliary tract
cancer epithelial–mesenchymal transition and stemness by reg-
ulating the miR-515-5p/AKT2 axis and PI3K/AKT/mTOR signaling
pathway. Environ Toxicol. 2023;38:2632–44.

[42] Lin C, Yang L. Long noncoding RNA in cancer: wiring signaling
circuitry. Trends Cell Biol. 2018;28:287–301.

[43] Wong CM, Tsang FH, Ng IO. Non-coding RNAs in hepatocellular
carcinoma: molecular functions and pathological implications.
Nat Rev Gastroenterol Hepatol. 2018;15:137–51.

[44] Mirzaei S, Zarrabi A, Hashemi F, Zabolian A, Saleki H, Ranjbar A,
et al. Regulation of nuclear factor-kappaB (NF-κB) signaling
pathway by non-coding RNAs in cancer: inhibiting or promoting
carcinogenesis? Cancer Lett. 2021;509:63–80.

[45] Ashrafizaveh S, Ashrafizadeh M, Zarrabi A, Husmandi K,
Zabolian A, Shahinozzaman M, et al. Long non-coding RNAs in the
doxorubicin resistance of cancer cells. Cancer Lett.
2021;508:104–14.

[46] Kansara S, Pandey V, Lobie PE, Sethi G, Garg M, Pandey AK.
Mechanistic involvement of long non-coding RNAs in oncother-
apeutics resistance in triple-negative breast cancer. Cells.
2020;9(6):1511.

[47] Mirzaei S, Gholami MH, Hushmandi K, Hashemi F, Zabolian A,
Canadas I, et al. The long and short non-coding RNAs modulating
EZH2 signaling in cancer. J Hematol Oncol. 2022;15:18.

[48] Mirzaei S, Paskeh MDA, Okina E, Gholami MH, Hushmandi K,
Hashemi M, et al. Molecular landscape of LncRNAs in prostate
cancer: a focus on pathways and therapeutic targets for inter-
vention. J Exp Clin Cancer Res: CR. 2022;41:214.

[49] Zhao J, Ma ST. Downregulation of lncRNA H19 inhibits migration
and invasion of human osteosarcoma through the NF-κB
pathway. Mol Med Rep. 2018;17:7388–94.

[50] Liu G, Yuan D, Sun P, Liu W, Wu PF, Liu H, et al. LINC00968
functions as an oncogene in osteosarcoma by activating the PI3K/
AKT/mTOR signaling. J Cell Physiol. 2018;233:8639–47.

[51] Tong CJ, Deng QC, Ou DJ, Long X, Liu H, Huang K. LncRNA RUSC1-
AS1 promotes osteosarcoma progression through regulating the
miR-340-5p and PI3K/AKT pathway. Aging. 2021;13:20116–30.

[52] Han W, Liu J. LncRNA-p21 inhibited the proliferation of osteosar-
coma cells via the miR-130b/PTEN/AKT signaling pathway.
Biomed Pharmacother. 2018;97:911–8.

[53] Li T, Xiao Y, Huang T. HIF‑1α‑induced upregulation of lncRNA UCA1
promotes cell growth in osteosarcoma by inactivating the PTEN/
AKT signaling pathway. Oncol Rep. 2018;39:1072–80.

[54] Ma H, Su R, Feng H, Guo Y, Su G. Long noncoding RNA UCA1
promotes osteosarcoma metastasis through CREB1-mediated
epithelial-mesenchymal transition and activating PI3K/AKT/mTOR
pathway. J Bone Oncol. 2019;16:100228.

[55] Li Y, Zhang T, Zhang Y, Zhao X, Wang W. Targeting the FOXM1-
regulated long noncoding RNA TUG1 in osteosarcoma. Cancer Sci.
2018;109:3093–104.

Interaction of ncRNAs and the PI3K/AKT/mTOR pathway  11



[56] Ye F, Tian L, Zhou Q, Feng D. LncRNA FER1L4 induces apoptosis
and suppresses EMT and the activation of PI3K/AKT pathway in
osteosarcoma cells via inhibiting miR-18a-5p to promote SOCS5.
Gene. 2019;721:144093.

[57] Li C, Zhang S, Qiu T, Wang Y, Ricketts DM, Qi C. Upregulation of
long non-coding RNA NNT-AS1 promotes osteosarcoma pro-
gression by inhibiting the tumor suppressive miR-320a. Cancer
Biol Ther. 2019;20:413–22.

[58] Chen S, Li W, Guo A. LOXL1-AS1 predicts poor prognosis and
promotes cell proliferation, migration, and invasion in osteosar-
coma. Biosci Rep. 2019;39(4):BSR20190447.

[59] Jiang N, Wang X, Xie X, Liao Y, Liu N, Liu J, et al. lncRNA DANCR
promotes tumor progression and cancer stemness features in
osteosarcoma by upregulating AXL via miR-33a-5p inhibition.
Cancer Lett. 2017;405:46–55.

[60] Yu G, Liu G, Yuan D, Dai J, Cui Y, Tang X. Long non-coding RNA
ANRIL is associated with a poor prognosis of osteosarcoma and
promotes tumorigenesis via PI3K/Akt pathway. J Bone Oncol.
2018;11:51.

[61] Song L, Zhou Z, Gan Y, Li P, Xu Y, Zhang Z, et al. Long noncoding
RNA OIP5-AS1 causes cisplatin resistance in osteosarcoma
through inducing the LPAATβ/PI3K/AKT/mTOR signaling pathway
by sponging the miR-340-5p. J Cell Biochem. 2019;120:9656–66.

[62] Sun ZY, Jian YK, Zhu HY, Li B. lncRNAPVT1 targets miR-152 to
enhance chemoresistance of osteosarcoma to gemcitabine
through activating c-MET/PI3K/AKT pathway. Pathol Res Pract.
2019;215:555–63.

[63] Lu TX, Rothenberg ME. MicroRNA. J Allergy Clin Immunol.
2018;141:1202–7.

[64] Chen H. microRNA-based cancer diagnosis and therapy. Int J Mol
Sci. 2023;25(1):230.

[65] Zhou JL, Deng S, Fang HS, Yu G, Peng H. Hsa-let-7g promotes
osteosarcoma by reducing HOXB1 to activate NF-kB pathway.
Biomed Pharmacother. 2019;109:2335–41.

[66] Sengupta D, Deb M, Kar S, Pradhan N, Parbin S, Kirtana R, et al.
Dissecting miRNA facilitated physiology and function in human
breast cancer for therapeutic intervention. Semin Cancer Biol.
2021;72:46–64.

[67] Gui CP, Liao B, Luo CG, Chen YH, Tan L, Tang YM, et al. circCHST15
is a novel prognostic biomarker that promotes clear cell renal cell
carcinoma cell proliferation and metastasis through the miR-
125a-5p/EIF4EBP1 axis. Mol Cancer. 2021;20:169.

[68] Christodoulidis G, Koumarelas KE, Kouliou MN, Thodou E,
Samara M. Gastric cancer in the era of epigenetics. Int J Mol Sci.
2024;25(6):3381.

[69] Qi J, Zhang R, Wang Y. Exosomal miR-21-5p derived from bone
marrow mesenchymal stem cells promote osteosarcoma cell
proliferation and invasion by targeting PIK3R1. J Cell Mol Med.
2021;25:11016–30.

[70] Wang Y, Huang H, Li Y. Knocking down miR-384 promotes growth
and metastasis of osteosarcoma MG63 cells by targeting SLBP.
Artif Cells Nanomed Biotechnol. 2019;47:1458–65.

[71] Qi S, Xu L, Han Y, Chen H, Cheng A. miR-29a-3p mitigates the
development of osteosarcoma through modulating IGF1
mediated PI3k/Akt/FOXO3 pathway by activating autophagy. Cell
Cycle (Georgetown, TX). 2022;21:1980–95.

[72] Liu Q, Wang Z, Zhou X, Tang M, Tan W, Sun T, et al. miR-342-5p
inhibits osteosarcoma cell growth, migration, invasion, and sen-
sitivity to doxorubicin through targeting Wnt7b. Cell Cycle
(Georgetown, TX). 2019;18:3325–36.

[73] Wang Q, Liu MJ, Bu J, Deng JL, Jiang BY, Jiang LD, et al. miR-485-3p
regulated by MALAT1 inhibits osteosarcoma glycolysis and
metastasis by directly suppressing c-MET and AKT3/mTOR sig-
nalling. Life Sci. 2021;268:118925.

[74] Jin B, Jin D, Zhuo Z, Zhang B, Chen K. MiR-1224-5p activates
autophagy, cell invasion and inhibits epithelial-to-mesenchymal
transition in osteosarcoma cells by directly targeting PLK1
through PI3K/AKT/mTOR signaling pathway. OncoTargets Ther.
2020;13:11807–18.

[75] Ru N, Zhang F, Liang J, Du Y, Wu W, Wang F, et al. MiR-564 is
down-regulated in osteosarcoma and inhibits the proliferation of
osteosarcoma cells via targeting Akt. Gene. 2018;645:163–9.

[76] Xu RD, Feng F, Yu XS, Liu ZD, Lao LF. miR-149-5p inhibits cell
growth by regulating TWEAK/Fn14/PI3K/AKT pathway and pre-
dicts favorable survival in human osteosarcoma. Int J
Immunopathol Pharmacol. 2018;32:2058738418786656.

[77] Liu Q, Wang Z, Zhou X, Tang M, Tan W, Sun T, et al. miR-485-5p/
HSP90 axis blocks Akt1 phosphorylation to suppress osteosar-
coma cell proliferation and migration via PI3K/AKT pathway.
J Physiol Biochem. 2020;76:279–90.

[78] Meng CY, Zhao ZQ, Bai R, Zhao W, Wang YX, Xue HQ, et al.
MicroRNA‑22 mediates the cisplatin resistance of osteosarcoma
cells by inhibiting autophagy via the PI3K/Akt/mTOR pathway.
Oncol Rep. 2020;43:1169–86.

[79] Xiao MS, Ai Y, Wilusz JE. Biogenesis and functions of circular RNAs
come into focus. Trends Cell Biol. 2020;30:226–40.

[80] Chen LL. The expanding regulatory mechanisms and cellular
functions of circular RNAs. Nat Rev Mol Cell Biol. 2020;21:475–90.

[81] Li X, Sun XH, Xu HY, Pan HS, Liu Y, He L. Circ_ORC2 enhances the
regulatory effect of miR-19a on its target gene PTEN to affect
osteosarcoma cell growth. Biochem Biophys Res Commun.
2019;514:1172–8.

[82] Liu Y, Qiu G, Luo Y, Li S, Xu Y, Zhang Y, et al. Circular RNA ROCK1, a
novel circRNA, suppresses osteosarcoma proliferation and
migration via altering the miR-532-5p/PTEN axis. Exp Mol Med.
2022;54:1024–37.

[83] Li S, Pei Y, Wang W, Liu F, Zheng K, Zhang X. Circular RNA 0001785
regulates the pathogenesis of osteosarcoma as a ceRNA by
sponging miR-1200 to upregulate HOXB2. Cell Cycle (Georgetown,
TX). 2019;18:1281–91.

[84] Yang B, Li L, Tong G, Zeng Z, Tan J, Su Z, et al. Circular RNA
circ_001422 promotes the progression and metastasis of osteo-
sarcoma via the miR-195-5p/FGF2/PI3K/Akt axis. J Exp Clin Cancer
Res: CR. 2021;40:235.

[85] Zhang M, Wang X, Zhao J, Yan J, He X, Qin D, et al. CircRNA-CIRH1A
promotes the development of osteosarcoma by regulating
PI3K/AKT and JAK2/STAT3 signaling pathways. Mol Biotechnol.
Published online, August 23, 2023.

[86] Liu W, Zhang J, Zou C, Xie X, Wang Y, Wang B, et al. Microarray
expression profile and functional analysis of circular RNAs in
osteosarcoma. Cell Physiol Biochem: Int J Exp Cell Physiol
Biochem Pharmacol. 2017;43:969–85.

[87] Li B, Li X. Overexpression of hsa_circ_0007534 predicts unfavor-
able prognosis for osteosarcoma and regulates cell growth and
apoptosis by affecting AKT/GSK-3β signaling pathway. Biomed
Pharmacother. 2018;107:860–6.

[88] Shi Z, Wang K, Xing Y, Yang X. CircNRIP1 encapsulated by bone
marrow mesenchymal stem cell-derived extracellular vesicles
aggravates osteosarcoma by modulating the miR-532-3p/AKT3/
PI3K/AKT axis. Front Oncol. 2021;11:658139.

12  Weilin Shao et al.



[89] Hao Z, Yang Y, Xu D, Feng H, Li K, Ji C, et al. Over-expression of
hsa_circ_0088214 suppresses tumor progression by inhibiting Akt
signaling pathway in osteosarcoma. J Orthop Surg Res.
2023;18:385.

[90] Zhang C, Na N, Liu L, Qiu Y. CircRNA hsa_circ_0005909 promotes
cell proliferation of osteosarcoma cells by targeting miR-338-3p/
HMGA1 axis. Cancer Manag Res. 2021;13:795–803.

[91] Hu B, Zhong L, Weng Y, Peng L, Huang Y, Zhao Y, et al.
Therapeutic siRNA: state of the art. Signal Transduct Target Ther.
2020;5:101.

[92] Kara G, Calin GA, Ozpolat B. RNAi-based therapeutics and tumor
targeted delivery in cancer. Adv Drug Delivery Rev.
2022;182:114113.

[93] Ji Q, Zhu J, Fang CL, Jin H, Zhan DP, Huang J. Down-regulation of
MIAT suppresses osteosarcoma progression by acting as a ceRNA
for miR-141-3p to regulate SIX1-mediated PI3K/AKT pathway. Eur
Rev Med Pharmacol Sci. 2020;24:2218–28.

[94] Wu W, Wang L, Li S. Hox transcript antisense RNA knockdown
inhibits osteosarcoma progression by regulating the phosphoi-
nositide 3-kinase/AKT pathway through the microRNA miR-6888-
3p/spleen tyrosine kinase axis. Bioengineered. 2022;13:9397–410.

[95] Zhang L, Zhao G, Ji S, Yuan Q, Zhou H. Downregulated long non-
coding RNA MSC-AS1 inhibits osteosarcoma progression and
increases sensitivity to cisplatin by binding to microRNA-142. Med
Sci Monitor: Int Med J Exp Clin Res. 2020;26:e921594.

[96] Liu ZB, Wang JA, Lv RQ. Downregulation of long non-coding RNA
DBH-AS1 inhibits osteosarcoma progression by PI3K-AKT sig-
naling pathways and indicates good prognosis. Eur Rev Med
Pharmacol Sci. 2019;23:1418–27.

[97] Zhang Q, Tang X, Zhou Y, Chen X, Peng K, Jiang R, et al. LINC01060
knockdown inhibits osteosarcoma cell malignant behaviors in
vitro and tumor growth and metastasis in vivo through the PI3K/
Akt signaling. Cancer Biol Ther. 2023;24:2198904.

[98] Wu D, Zhang H, Ji F, Ding W. MicroRNA-17 promotes osteosar-
coma cells proliferation and migration and inhibits apoptosis by
regulating SASH1 expression. Pathol Res Pract. 2019;215:115–20.

[99] Yang J, Zou Y, Jiang D. Honokiol suppresses proliferation and
induces apoptosis via regulation of the miR‑21/PTEN/PI3K/AKT
signaling pathway in human osteosarcoma cells. Int J Mol Med.
2018;41:1845–54.

[100] Fan L, Cao X, Lei Y. MicroRNAmiR-23b-3p promotes osteosarcoma
by targeting ventricular zone expressed PH domain-containing 1
(VEPH1)/phosphatidylinositol 3-kinase/protein kinase B (PI3K/
AKT) pathway. Bioengineered. 2021;12:12568–82.

[101] Xu M, Zhang YY, Wang HF, Yang GS. The expression and function
of miRNA-106 in pediatric osteosarcoma. Eur Rev Med Pharmacol
Sci. 2017;21:715–22.

[102] Liu Y, Cheng Z, Pan F, Yan W. MicroRNA-373 promotes growth and
cellular invasion in osteosarcoma cells by activation of the PI3K/
AKT-Rac1-JNK pathway: the potential role in spinal osteosarcoma.
Oncol Res. 2017;25:989–99.

[103] Gao LF, Jia S, Zhang QM, Xia YF, Li CJ, Li YH. MicroRNA-802 pro-
motes the progression of osteosarcoma through targeting p27
and activating PI3K/AKT pathway. Clin Transl Oncol: Off Publ Fed
Span Oncol Soc Natl Cancer Inst Mexico. 2022;24:266–75.

[104] Zhao G, Cai C, Yang T, Qiu X, Liao B, Li W, et al. MicroRNA-221
induces cell survival and cisplatin resistance through PI3K/Akt
pathway in human osteosarcoma. PLoS One. 2013;8:e53906.

[105] Shang Y, Wang LQ, Guo QY, Shi TL. MicroRNA-196a overexpres-
sion promotes cell proliferation and inhibits cell apoptosis

through PTEN/Akt/FOXO1 pathway. Int J Clin Exp Pathol.
2015;8:2461–72.

[106] Berlanga P, Muñoz L, Piqueras M, Sirerol JA, Sánchez-
Izquierdo MD, Hervás D, et al. miR-200c and phospho-AKT as
prognostic factors and mediators of osteosarcoma progression
and lung metastasis. Mol Oncol. 2016;10:1043–53.

[107] Li ZQ, Wang Z, Zhang Y, Lu C, Ding QL, Ren R, et al.
CircRNA_103801 accelerates proliferation of osteosarcoma
cells by sponging miR-338-3p and regulating HIF-1/Rap1/PI3K-Akt
pathway. J Biol Regul Homeost Agents. 2021;35:1021–28.

[108] Ma L, Zhang L, Guo A, Liu LC, Yu F, Diao N, et al. Overexpression of
FER1L4 promotes the apoptosis and suppresses epithelial–me-
senchymal transition and stemness markers via activating PI3K/
AKT signaling pathway in osteosarcoma cells. Pathol Res Pract.
2019;215:152412.

[109] Gao F, Xu F. Long non-coding RNA GASL1 inhibits proliferation
and invasion of osteosarcoma cells via modulation of the PI3K/
Akt pathway. Arch Med Sci. 2023;19:717–23.

[110] Liu J, Chen M, Ma L, Dang X, Du G. LncRNA GAS5 suppresses the
proliferation and invasion of osteosarcoma cells via the miR-23a-
3p/PTEN/PI3K/AKT pathway. Cell Transplant.
2020;29:963689720953093.

[111] Zi X, Zhang G, Qiu S. Up-regulation of LINC00619 promotes
apoptosis and inhibits proliferation, migration and invasion while
promoting apoptosis of osteosarcoma cells through inactivation
of the HGF-mediated PI3K-Akt signalling pathway. Epigenetics.
2022;17:147–60.

[112] He R, Wu JX, Zhang Y, Che H, Yang L. LncRNA LINC00628 over-
expression inhibits the growth and invasion through regulating
PI3K/Akt signaling pathway in osteosarcoma. Eur Rev Med
Pharmacol Sci. 2018;22:5857–66.

[113] Fan HP, Wang SY, Shi YY, Sun J. MicroRNA-340-5p inhibits the
malignant phenotypes of osteosarcoma by directly targeting
NRF2 and deactivating the PI3K/AKT pathway. Eur Rev Med
Pharmacol Sci. 2021;25:3661–9.

[114] Li G, Cai M, Fu D, Chen K, Sun M, Cai Z, et al. Heat shock protein
90B1 plays an oncogenic role and is a target of microRNA-223 in
human osteosarcoma. Cell Physiol Biochem: Int J Exp Cell Physiol
Biochem Pharmacol. 2012;30:1481–90.

[115] Li KW, Wang SH, Wei X, Hou YZ, Li ZH. Mechanism of miR-122-5p
regulating the activation of PI3K-Akt-mTOR signaling pathway on
the cell proliferation and apoptosis of osteosarcoma cells through
targeting TP53 gene. Eur Rev Med Pharmacol Sci.
2020;24:12655–66.

[116] Shao XJ, Miao MH, Xue J, Xue J, Ji XQ, Zhu H. The down-regulation of
MicroRNA-497 contributes to cell growth and cisplatin resistance
through PI3K/Akt pathway in osteosarcoma. Cell Physiol Biochem:
Int J Exp Cell Physiol Biochem Pharmacol. 2015;36:2051–62.

[117] Lu DG, Tang QL, Wei JH, He FY, Lu L, Tang YJ. Targeting EZH2 by
microRNA-449a inhibits osteosarcoma cell proliferation, invasion
and migration via regulation of PI3K/AKT signaling pathway and
epithelial–mesenchymal transition. Eur Rev Med Pharmacol Sci.
2020;24:1656–65.

[118] Yao N, Zhou J, Song J, Jiang Y, Zhang J. miR-520d-3p/MIG-7 axis
regulates vasculogenic mimicry formation and metastasis in
osteosarcoma. Neoplasma. 2022;69:764–75.

[119] Liu Y, Zhu ST, Wang X, Deng J, Li WH, Zhang P, et al. MiR-100
inhibits osteosarcoma cell proliferation, migration, and invasion
and enhances chemosensitivity by targeting IGFIR. Technol
Cancer Res Treat. 2016;15:Np40–8.

Interaction of ncRNAs and the PI3K/AKT/mTOR pathway  13



[120] Zhan FB, Zhang XW, Feng SL, Cheng J, Zhang Y, Li B, et al.
MicroRNA-206 reduces osteosarcoma cell malignancy in vitro by
targeting the PAX3-MET axis. Yonsei Med J. 2019;60:163–73.

[121] Shi ZC, Chu XR, Wu YG, Wu JH, Lu CW, Lü RX, et al. MicroRNA-375
functions as a tumor suppressor in osteosarcoma by targeting
PIK3CA. Tumour Biol: J Int Soc Oncodev Biology Med.
2015;36:8579–84.

[122] Jiang M, Lu W, Ding X, Liu X, Guo Z, Wu X. p16INK4a inhibits the
proliferation of osteosarcoma cells through regulating the miR-
146b-5p/TRAF6 pathway. Biosci Rep. 2019;39(2):BSR20181268.

[123] Yu JB, Zhang HJ, Yan LW, Chang F, Jia ZW, Yang XR. [microRNA-16-
5p targeted tetraspanin 15 gene to inhibit the proliferation,
migration and invasion of osteosarcoma cell through phospoi-
nositide 3-kinase/protein kinase B signaling pathway]. Zhonghua
yi xue za zhi. 2020;100:1668–75.

[124] Chen D, Lei C, Liu W, Shao M, Sun M, Guo J, et al. Reduction-
responsive nucleic acid nanocarrier-mediated miR-22
inhibition of PI3K/AKT pathway for the treatment of patient-
derived tumor xenograft osteosarcoma. Bioact Mater.
2023;28:376–85.

14  Weilin Shao et al.


	1 Introduction
	2 PI3K/Akt/mTOR signaling pathway in oncology
	2.1 Phosphatidylinositol 3 kinase (PI3K)
	2.2 Protein kinase B (AKT)
	2.3 Mammalian target of rapamycin (mTOR)

	3 Interaction of ncRNAs and the PI3K/AKT/mTOR pathway in oncology
	3.1 Long non-coding RNAs (lncRNAs) in oncology
	3.2 MicroRNAs (miRNAs) in oncology
	3.3 Circular RNAs (circRNAs) in oncology
	3.4 Small interfering RNA (siRNAs) in oncology

	4 Discussion and perspectives
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


