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Abstract. MicroRNAs (miRNAs or miRs) represent a class of 
regulatory non‑coding RNAs that control post‑transcriptional 
gene expression and influence multiple cancer‑associated 
biological processes. Among these molecules, miR‑324‑5p 
exhibits cancer type‑dependent functions, displaying 
tumor‑suppressive activity in certain types of malignancy while 
promoting oncogenic phenotypes in others. The molecular 
basis responsible for these opposing effects remains to be fully 
clarified. The present review summarizes evidence and inte‑
grates pan‑cancer analyses from The Cancer Genome Atlas to 
characterize the molecular mechanisms of miR‑324‑5p across 
different types of malignancies, with emphasis on experimental 
findings from animal models investigating tumor growth and 
metastasis. The clinical relevance of miR‑324‑5p, including 
its diagnostic, prognostic and therapeutic implications, is 
also discussed, together with challenges limiting clinical 
translation, particularly tumor‑specific delivery strategies and 
in vivo stability. Further elucidation of the molecular contexts 
governing miR‑324‑5p activity may facilitate its application in 
precision oncology.
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1. Introduction

Cancer development results from interactions among genetic 
abnormalities, epigenetic changes and alterations in cellular 
regulatory networks, which collectively shape tumor initia‑
tion and progression (1). Aberrations in genomic non‑coding 
regions can influence transcriptional control and participate 
in malignant transformation and tumor evolution (2). Among 
non‑coding RNAs (ncRNAs), microRNAs (miRNAs or 
miRs) constitute key post‑transcriptional regulators that have 
attracted considerable research interest due to their involvement 
in physiological regulation and pathological processes (3,4). 
Typically consisting of 17‑25 nucleotides, miRNAs regulate 
gene expression through sequence‑dependent interactions 
with target mRNAs, typically involving binding to the 
3'‑untranslated regions (UTRs) and altering downstream 
protein production. These interactions result in suppression 
of protein translation or degradation of target transcripts, 
affecting diverse cellular functions (4). In cancers, miRNAs 
may display tumor‑suppressive or ‑promoting activities by 
modulating specific molecular targets and signaling networks, 
thereby influencing tumorigenesis, tumor growth, metastasis 
and drug resistance (5‑7). The emerging diagnostic, prognostic 
and therapeutic potential of miRNAs has generated increasing 
interest in their clinical translation in oncology (7,8).

The MIR324 gene is located on chromosome 17p13.1 (9), 
and miR‑324‑5p is processed through the canonical miRNA 
biogenesis pathway. The primary miRNA transcript under‑
goes sequential cleavage by Drosha and Dicer to generate 
mature miR‑324‑5p  (10). miR‑324‑5p exhibits variable 
expression across malignancies, with both upregulation and 
downregulation (11‑13). Specifically, miR‑324‑5p expression 
is upregulated in several types of cancer, including gastric 
cancer (GC) (14,15), lung adenocarcinoma (LUAD) (16,17) 
and papillary thyroid carcinoma (PTC) (18,19). Conversely, 
downregulation of miR‑324‑5p has been observed in 
colorectal cancer (CRC) (20), live cancer (21,22), glioblastoma 
(GBM) (23,24) and melanoma (12). Furthermore, miR‑324‑5p 

miR‑324‑5p in oncology: Molecular mechanisms 
and clinical outlook (Review)

KUN ZHANG1,2*,  ZHEN XU2,3*,  YAN BIN LUO2,  CHAO QI LIU2  and  YONG QIN ZHOU2

1The First College of Clinical Medical Science, China Three Gorges University & Yichang Central People's Hospital, Yichang,  
Hubei 443002, P.R. China; 2Hubei Key Laboratory of Tumor Microenvironment and Immunotherapy, College of Basic 
Medical Science, China Three Gorges University, Yichang, Hubei 443002, P.R. China; 3Department of Obstetrics and 

Gynecology, Affiliated Renhe Hospital of China Three Gorges University, Yichang, Hubei 443002, P.R. China

Received May 5, 2026;  Accepted September 10, 2026

DOI: 10.3892/or.2026.9209

Correspondence to: Professor Yong Qin Zhou, Hubei Key 
Laboratory of Tumor Microenvironment and Immunotherapy, 
College of Basic Medical Science, China Three Gorges University, 
8 Da Xue Road, Yichang, Hubei 443002, P.R. China 
E‑mail: 13545855812@163.com

*Contributed equally

Key words: microRNA‑324‑5p, cancer, therapeutic target, biomarker, 
molecular mechanism

https://www.spandidos-publications.com/10.3892/or.2026.9209


ZHANG et al:  miR-324-5p IN ONCOLOGY2

modulates tumorigenesis and cancer progression by influ‑
encing diverse molecular pathways, including JAK2/STAT3 
signaling, rho-associated kinase 1 (ROCK1) and ETS 
proto‑oncogene 1, transcription factor (ETS1)/Sp1 transcrip‑
tion factor (SP1)‑mediated regulatory mechanisms (25‑27). 
The tissue‑specific and cancer‑type‑dependent expression 
patterns of miR‑324‑5p underscore its potential clinical value. 
Accumulating evidence has revealed the biological functions 
of miR‑324‑5p across cancer contexts (14,16,20,22,24). The 
present review summarizes the functional roles of miR‑324‑5p 
in cancer types, highlighting its regulatory mechanisms, 
biomarker potential and therapeutic implications in oncology.

2. Cancer associated with miR‑324‑5p

The Cancer Genome Atlas (TCGA) is a large‑scale cancer 
research initiative that provides multidimensional molecular 
profiling datasets from diverse tumor cohorts, including 
genomic, transcriptomic, epigenomic and copy‑number 
information  (28). To characterize miR‑324‑5p expression 
patterns across distinct tumor entities, differential expres‑
sion analysis was conducted using TCGA cancer cohorts 
(Supplementary Material 1; Table  SI). Mature miRNA 
isoform expression data for hsa‑miR‑324‑5p (miRBase acces‑
sion no. MIMAT0000761) (29,30) were retrieved from the 
TCGA/National Cancer Institute Genomic Data Commons 
(GDC) repository using the TCGAbiolinks R package 
(version 2.34.1; Bioconductor; accessed on July 21, 2026) (31). 
hsa‑miR‑324‑5p expression was normalized to counts per 
million mature miRNA reads (CPM) and transformed as 
log2(CPM + 1). Tumor‑normal expression differences were 
assessed using a two‑sided unpaired Wilcoxon rank‑sum test. 

Significant increases in miR‑324‑5p expression were 
observed in TCGA tumor cohorts, including head and neck 
squamous cell carcinoma, LUAD, uterine corpus endometrial 
carcinoma, lung squamous cell carcinoma (LUSC) and bladder 
urothelial carcinoma (BLCA; Fig. 1; Table SI). Conversely, 
decreased miR‑324‑5p expression was observed in colorectal 
adenocarcinoma (COAD), rectum adenocarcinoma (READ), 
pancreatic adenocarcinoma (PAAD) and kidney chromo‑
phobe. By contrast, no significant tumor‑normal difference 
was detected in skin cutaneous melanoma and kidney renal 
papillary cell carcinoma. 

Biological functions of miR‑324‑5p across malignancies
Oncogenic effects of miR‑324‑5p upregulation in cancer
Lung cancer (LC). LC is a significant public health challenge, 
with ~2.6 million new cases and 1.9 million deaths worldwide 
in 2024, accounting for 12.8% of all cancer cases and 19.1% 
of cancer deaths, respectively  (32). Clinical studies have 
demonstrated altered circulating miR‑324‑5p levels in patients 
with non‑small cell lung cancer (NSCLC), including increased 
plasma levels in one cohort (33,34). F‑box protein 11 (FBXO11), 
the mammalian ortholog of the Caenorhabditis elegans E‑box 
protein DRE‑1, is a member of the E3 ubiquitin ligase complex 
and is involved in multiple biological processes, including apop‑
tosis, DNA replication and transcriptional regulation (35,36). 
Mechanistically, long ncRNA (lncRNA) GATA6‑AS1 acts 
as a competing endogenous RNA (ceRNA) by sequestering 
miR‑324‑5p, thereby restoring FBXO11 expression and 

suppressing LC cell proliferation and invasiveness  (17). 
Conversely, elevated miR‑324‑5p expression negatively regu‑
lates the tumor‑suppressive activity of FBXO11, leading to 
decreased cisplatin sensitivity and enhanced chemoresistance 
in LC cells  (16). miR‑324‑5p may contribute to benzo[a]
pyrene‑7,8‑diol‑9,10‑epoxide‑induced malignant transforma‑
tion of human bronchial epithelial cells via modulation of the 
circ_0067716‑mediated miR‑324‑5p‑DNA damage‑regulated 
autophagy modulator 1 (DRAM1) axis  (37). Additionally, 
analysis of TCGA sequencing data showed higher miR‑324‑5p 
expression in LUAD and LUSC than in normal tissue samples, 
while cell‑based experiments showed that miR‑324‑5p upreg‑
ulation promotes proliferation and invasion in A549 human 
lung adenocarcinoma cells (38). However, another cell‑based 
study found that miR‑324‑5p upregulation decreases prostate 
cancer‑associated transcript 1 (PCAT‑1)‑induced proliferation 
of A549 cells and promotes apoptosis, potentially through 
the PCAT‑1/miR‑324‑5p/RAP1A (RAP1A member of RAS 
oncogene family) axis (39).

GC. GC ranks fifth worldwide in both incidence and 
mortality, with ~980,000 new cases and 642,000 deaths 
estimated globally in 2024 (32). Evidence indicates elevated 
miR‑324‑5p expression in both GC tissues and cell lines (15). 
Mechanistically, inhibition of miR‑324‑5p suppresses GC cell 
proliferation and invasive behavior while promoting apoptosis, 
potentially through relief of miR‑324‑5p‑mediated suppres‑
sion of PTEN, a downstream target negatively regulated by 
miR‑324‑5p  (15). Moreover, circ_0049447 modulates GC 
progression through sequestration of miR‑324‑5p, poten‑
tially involving a protein tyrosine phosphatase receptor Δ 
(PTPRD)‑related mechanism (40). miR‑324‑5p has been iden‑
tified as a component of a plasma small extracellular vesicle 
(sEV)‑miRNA signature associated with distant lymph node 
metastasis (41). However, another study found that miR‑324‑5p 
expression is lower in five paired clinical GC than in adjacent 
normal tissues (14). Mechanistically, inhibition of miR‑324‑5p 
reverses the antitumor effects induced by circ_0091994 
knockdown (14).

Breast cancer (BC). In 2024, ~2.4 million new breast 
cancer cases and 694,000 BC‑related deaths were esti‑
mated worldwide, accounting for 11.8% of all new cancer 
cases and 7.1% of all cancer deaths, respectively  (32). 
miR‑324‑5p contributes to BC progression  (42), with 
increased expression associated with unfavorable clinical 
outcomes  (43). TCGA transcriptomic profiling combined 
with multi‑omics analyses predicted miR‑324‑5p as a poten‑
tial regulator of Friend leukemia virus integration 1 (FLI1) 
in breast invasive carcinoma (BRCA)  (44). miR‑324‑5p 
expression shows an inverse association with FLI1 levels, 
while increased miR‑324‑5p abundance is associated 
with poorer overall survival (OS) (44). Furthermore, FLI1 
was implicated in the regulation of the BRCA immune 
microenvironment in a cell‑type‑specific manner  (44). 
In addition, the Multicase‑Control Spain (MCC‑Spain) 
project reported elevated circulating miR‑324‑5p levels in 
BC cases compared with controls  (45). Mechanistically, 
miR‑324‑5p promotes BC progression by suppressing 
glutathione peroxidase 3, thereby enhancing cellular 
proliferation, migration and invasiveness (46). Additionally, 
miR‑324‑5p regulates BC cell motility and invasiveness 
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through mechanisms involving NF‑κB signaling, a pathway 
involved in epithelial‑mesenchymal transition (EMT) and 
metastatic dissemination (47). miR‑324‑5p downregulation 
results in increased CUE domain‑containing 2 (CUEDC2) 
expression, which inhibits IκB kinase (IKK) phosphoryla‑
tion and decreases NF‑κB activity, ultimately limiting BC 
cell invasion and migration (47). These findings demonstrate 
the intricate regulatory mechanisms by which miR‑324‑5p 
influences BC progression. 

PTC. PTC is the predominant histological subtype of 
thyroid cancer. In 2024, ~959,000 new thyroid cancer cases 
and 48,000 deaths were estimated worldwide (32). Increased 
miR‑324‑5p expression in PTC tissue is associated with 
unfavorable clinicopathological characteristics, including 
lymph node metastasis (LNM), greater tumor size and 
advanced clinical stages  (19). Molecular studies indicate 
that miR‑324‑5p promotes PTC cell proliferation, migration 
and invasion (18,19). Mechanistically, miR‑324‑5p directly 
targets PTPRD and suppresses its protein expression, 
leading to CCAAT enhancer‑binding protein δ (CEBPD) 
upregulation  (18). Elevated CEBPD expression enhances 
the migratory and invasive capacities of human umbilical 
vein endothelial cells within the tumor microenvironment 
and promotes macrophage polarization toward an M2‑like 
phenotype  (18). Additionally, enhanced CEBPD levels 
reinforce M2 macrophage polarization by increasing IL‑4 
and IL‑13 production  (18), thereby contributing to PTC 
progression. Collectively, these observations highlight 
the contribution of miR‑324‑5p to PTC development and 
progression.

Pancreatic cancer (PC). PC is characterized by an unfa‑
vorable prognosis. In 2024, ~531,000 new cases and 491,000 
deaths from PC were estimated worldwide (32), reflecting its 
high mortality burden. miRNAs participate in PC development 
by regulating molecular targets involved in tumor proliferation 
and apoptosis, including KLF3 (48,49). Evidence has implicated 
miR‑324‑5p in PC progression (48,49). Increased miR‑324‑5p 
expression is detected in PC cell lines and patient‑derived 
tumor samples (49). Inhibition of miR‑324‑5p suppresses PC 
cell proliferation and induces apoptosis, whereas restoration 
of miR‑324‑5p expression enhances proliferative activity 
and attenuates apoptotic responses  (49). Mechanistically, 
Krüppel‑like factor 3 (KLF3) is a direct downstream target 
of miR‑324‑5p. By suppressing KLF3 expression, miR‑324‑5p 
promotes PC cell proliferation and decreases apoptosis (49). 
Collectively, these data demonstrate that miR‑324‑5p 
contributes to PC progression through regulation of the 
KLF3‑mediated molecular pathway. In addition, a recent study 
implicates miR‑324‑5p in trace element metabolism (50,51). 
In pancreatic ductal adenocarcinoma (PDAC) specimens, 
miR‑324‑5p abundance is negatively associated with selenium, 
manganese and zinc levels, suggesting a potential role for 
miR‑324‑5p in trace element homeostasis (50).

Bladder cancer. Bladder cancer is a common malignant 
neoplasm of the urinary system. In 2024, ~635,000 new 
bladder cancer cases and 228,000 deaths were estimated 
worldwide (32). Elevated urinary miR‑324‑5p levels have been 
detected in patients with bladder cancer (52), while increased 
miR‑324‑5p abundance has also been observed in surgically 
resected bladder cancer tissues compared with matched 

Figure 1. hsa‑miR‑324‑5p expression between tumor and normal samples across TCGA cancer cohorts. hsa‑miR‑324‑5p expression levels were normalized to 
CPM and transformed as log2(CPM+1). Samples were compared using a two‑sided Wilcoxon rank‑sum test when both groups contained ≥2 samples. Statistical 
significance was based on unadjusted P‑values. *P<0.05; **P<0.01; ***P<0.001. CPM, counts per million; ns, not significant; TCGA, The Cancer Genome Atlas; 
LAML, acute myeloid leukemia; UCS, uterine carcinosarcoma; SKCM, skin cutaneous melanoma; UVM, uveal melanoma; ACC, adrenocortical carcinoma; 
OV, ovarian serous cystadenocarcinoma; PCPG, pheochromocytoma and paraganglioma; UCEC, uterine corpus endometrial carcinoma; DLBC, lymphoid 
neoplasm diffuse large B cell lymphoma; THYM, thymoma; THCA, thyroid carcinoma; LUSC, lung squamous cell carcinoma; BLCA, bladder urothelial 
carcinoma; MESO, mesothelioma; TGCT, testicular germ cell tumors; LUAD, lung adenocarcinoma; HNSC, head and neck squamous cell carcinoma; ESCA, 
esophageal carcinoma; LIHC, liver hepatocellular carcinoma; CHOL, cholangiocarcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell 
carcinoma and endocervical adenocarcinoma; STAD, stomach adenocarcinoma; KIRP, kidney renal papillary cell carcinoma; LGG, brain lower grade glioma; 
SARC, sarcoma; READ, rectum adenocarcinoma; PAAD, pancreatic adenocarcinoma; KIRC, kidney renal clear cell carcinoma; COAD, colon adenocarci‑
noma; PRAD, prostate adenocarcinoma; KICH, kidney chromophobe; GBM, glioblastoma multiforme.
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adjacent tumor tissues (53). Mechanistic investigations have 
implicated miR‑324‑5p in bladder cancer progression through 
regulatory associations involving regulator of calcineurin 1 
(RCAN1), FosB proto‑oncogene, AP‑1 transcription factor 
subunit (FOSB) and eyes absent homolog 4 (EYA4) (52,53). In 
particular, suppression of RCAN1 and EYA4 expression was 
associated with enhanced bladder cancer cell proliferation, 
colony formation and invasive behavior (53). Taken together, 
these findings indicate that miR‑324‑5p may contribute to 
bladder cancer progression by promoting oncogenic processes.

Oncogenic effects of miR‑324‑5p downregulation in cancer
CRC. In 2024, >2 million new CRC cases and ~918,000 
deaths were estimated worldwide, making CRC the third 
most commonly diagnosed cancer and the second leading 
cause of cancer death globally (32). TCGA analysis identified 
decreased miR‑324‑5p levels in COAD and READ samples 
compared with corresponding normal tissue. One study 
reported decreased miR‑324‑5p levels in CRC cells  (20). 
Overexpression of miR‑324‑5p inhibited CRC cell prolifera‑
tion, migration and invasion (20). Mechanistically, embryonic 
lethal abnormal vision Drosophila‑like protein 1 (ELAVL1) 
was a direct target of miR‑324‑5p. Through regulation of inva‑
sion‑associated effectors, including MMP9, urokinase‑type 
plasminogen activator (uPA) and uPA receptor (uPAR), 
ELAVL1 influences CRC tumor growth and metastatic poten‑
tial  (20). Moreover, hsa_circ_0079662 serves as a ceRNA 
that sequesters miR‑324‑5p, preventing miRNA‑mediated 
repression of homeobox A9 (HOXA9) and enhancing tumor 
cell proliferation and oxaliplatin resistance (54). Additionally, 
miR‑324‑5p directly regulates superoxide dismutase 2 
(SOD2), resulting in decreased stemness characteristics of 
CRC cells and improved responsiveness to chemotherapy 
with folinic acid, oxaliplatin and fluorouracil (FOLFOX) (55). 
Supplementation with dietary n‑3 polyunsaturated fatty acids 
experimentally elevates miR‑324‑5p levels, counteracting 
carcinogen‑induced suppression and protecting against 
colorectal carcinogenesis  (56). These effects may involve 
Dicer‑mediated miRNA biogenesis. Reduced Dicer expres‑
sion is associated with advanced CRC and poorer overall 
survival (57), whereas experimental Dicer deficiency disrupts 
miRNA maturation, promotes cytoskeletal remodeling and 
intestinal inflammation, and increases tumor formation (58). 
Decreased miR‑324‑5p levels are reported in intestinal epithe‑
lial cells from Dicer‑deficient mice and in Dicer‑deficient CRC 
cell lines (58). Mechanistically, miR‑324‑5p is a downstream 
component of the Dicer‑mediated miRNA network, regulating 
high‑mobility group box‑containing protein 3 (HMGXB3) 
and WAS protein family member 2 (WASF‑2). This regula‑
tory pathway contributes to preservation of intestinal epithelial 
integrity, decreased inflammatory responses and inhibited 
tumor initiation (58). Furthermore, one study in COAD revealed 
that augmenting miR‑324‑5p levels or suppressing the 
lncRNA VPS9D1‑AS1 limits tumor cell proliferation (59). 
VPS9D1‑AS1 serves as a ceRNA by sequestering miR‑324‑5p, 
thereby decreasing miR‑324‑5p‑mediated repression of inte‑
grin subunit α2 (ITGA2) and driving COAD progression (59). 
Kang et al (60) observed decreased miR‑324‑5p expression in 
F‑box and WD repeat domain‑containing 7 (FBXW7)‑mutant 
rectal neuroendocrine tumors (NETs), where miR‑324‑5p was 

among seven miRNAs identified through NanoString‑based 
profiling of tumor samples. The altered expression pattern 
of miR‑324‑5p may reflect FBXW7‑associated molecular 
changes and the biological heterogeneity of rectal NETs (60).

Hepatocellular carcinoma (HCC). In 2024, ~843,000 
new liver cancer cases and 732,000 deaths were estimated 
worldwide (32). HCC represents the predominant histological 
subtype of primary liver cancer  (61). Recent studies have 
highlighted miR‑324‑5p‑associated regulatory networks 
involved in HCC progression, immune regulation and prog‑
nosis (62,63). Notably, miR‑324‑5p expression is reduced in 
hepatitis C virus (HCV)‑infected HCC cells but is restored 
following IFN‑α treatment, indicating its involvement in the 
molecular interplay between HCV infection and the response 
to IFN‑α therapy (64). Similarly, HCC tissue and cell‑based 
models exhibit diminished miR‑324‑5p expression  (27). 
Conversely, increasing miR‑324‑5p expression inhibits the 
invasive capacity and metastatic properties of HCC cells (27). 
Mechanistically, miR‑324‑5p regulates ETS1 and SP1, resulting 
in the downregulation of MMP2 and MMP9, and decreased 
HCC cell invasion and migration (27). In addition to direct 
target regulation, miR‑324‑5p activity in HCC is modulated 
by multiple lncRNAs (27). For example, LINC00491 serves as 
a ceRNA that binds miR‑324‑5p, thereby increasing ROCK1 
expression and promoting liver cancer progression  (22). 
Similarly, lnc RP11‑85G21.1, is abundantly expressed in HCC 
cells and cell‑derived exosomes, where it promotes malignant 
phenotypes by modulating the functional availability of 
miR‑324‑5p (65). LINC01134 interacts with miR‑324‑5p and 
attenuates its suppressive effect on insulin‑like growth factor 2 
mRNA binding protein 1 (IGF2BP1) (13). Through stabiliza‑
tion of Yin Yang‑1 (YY1) transcripts, IGF2BP1 increases YY1 
expression, which promotes LINC01134 transcription and 
creates a positive feedback mechanism contributing to HCC 
progression (13). Moreover, evidence suggests an association 
between C‑type lectin domain family 4s (CLEC4s) member 
expression in HCC tissue and infiltration of immune cells (66). 
miR‑324‑5p, a potential regulator of CLEC4s, may modulate 
the HCC immune microenvironment by targeting CLEC4s 
expression (66). In HCC, exosomal circGSE1 interacts with 
miR‑324‑5p and modulates the transforming growth factor β 
receptor 1 (TGFBR1)/Smad3 pathway, resulting in enhanced 
regulatory T cell (Treg) expansion and immune evasion (21). In 
addition, (1E,4E)‑1,5‑bis(2‑bromophenyl) penta‑1,4‑dien‑3‑one 
(GL63), a synthetic derivative of curcumin, displays antitumor 
activity, partially by modulating circZNF83, a ceRNA within 
the miR‑324‑5p regulatory network, thereby attenuating malig‑
nant phenotypes and promoting apoptosis in HCC cells (25). 
Collectively, these data elucidate the intricate molecular 
pathways involving miR‑324‑5p in HCC pathogenesis and 
therapy.

Cervical cancer (CC). In 2024, ~604,000 new CC cases and 
280,000 deaths were estimated worldwide (32). Accumulating 
evidence implicates miR‑324‑5p in the regulation of CC 
progression and treatment response through diverse molecular 
pathways  (11,67). Decreased expression of miR‑324‑5p is 
reported in CC tissue, indicating its potential involvement 
in tumor development  (11). Mechanistically, LINC00511 
attenuates miR‑324‑5p activity through competitive binding, 
resulting in DRAM1 dysregulation and altered proliferative 
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and migratory behavior of CC cells (11). Moreover, re‑expres‑
sion of miR‑324‑5p increases the radiosensitivity of CC cells 
by enhancing apoptosis and limiting migratory capacity (67). 
This radiosensitizing effect is mediated, at least partially, 
by directly targeting ELAVL1, followed by modulation of 
apoptosis‑associated proteins, including Bcl‑2 and Bax (67). 
Therefore, miR‑324‑5p may be a critical regulator of CC 
pathogenesis and treatment‑associated responses.

Ovarian cancer (OC). In 2024, ~331,000 new ovarian 
cancer cases and 204,000 deaths were estimated world‑
wide  (32). Dysregulated miRNA profiles contribute to 
OC progression and therapeutic response  (68). Survival 
analyses of serous OC cohorts reveal that patients with lower 
miR‑324‑5p levels exhibit poorer OS  (69,70) and , in one 
cohort, with shorter progression‑free intervals (69). Notably, 
although miR‑324‑5p downregulation is associated with 
olaparib resistance, inhibition of the ataxia telangiectasia 
and Rad3‑related/checkpoint kinase 1 (ATR/CHK1) pathway 
suppresses miR‑324‑5p expression and enhances olaparib 
sensitivity in BRCA2‑mutant olaparib‑resistant ovarian 
cancer cells (PEO1‑OR) (69). Computational network analysis 
has identified G2/M checkpoint‑associated genes, including 
tyrosine 3‑monooxygenase/tryptophan 5‑monooxygenase 
activation protein θ, as potential downstream effectors of 
miR‑324‑5p, suggesting miR‑324‑5p may influence cell cycle 
regulation during the development of olaparib resistance (69). 
Furthermore, circZNF609 promotes OC progression by 
sequestering miR‑324‑5p and relieving miR‑324‑5p‑mediated 
repression of voltage‑dependent anion channel 1 expres‑
sion (71). Conversely, enforced miR‑324‑5p expression impairs 
OC cell proliferative and invasive capacity and decreases 
xenograft tumor growth, highlighting its tumor‑suppressive 
function in OC (71).

Multiple myeloma (MM). MM is a hematological 
malignancy driven by the uncontrolled expansion of clonal 
plasma cells in the bone marrow microenvironment, which 
is associated with clinical complications, including renal 
dysfunction, hypercalcemia, anemia and osteolytic bone 
lesions (72). Increased miR‑324‑5p expression may attenuate 
MM progression by suppressing cell proliferation, viability 
and cancer stem‑like characteristics  (73,74). miR‑324‑5p 
enhances the therapeutic response to bortezomib (BTZ) 
by regulating multidrug resistance‑associated proteins and 
apoptosis‑associated members of the Bcl‑2 family (73). At the 
molecular level, circATIC participates in a ceRNA regula‑
tory network by sequestering miR‑324‑5p, thereby relieving 
miR‑324‑5p‑mediated suppression of hepatocyte growth factor 
(HGF) expression. This regulatory pathway enhances prolif‑
eration, migration, invasion and glycolytic reprogramming 
while attenuating apoptosis in MM cells (74). Collectively, 
these results identify miR‑324‑5p as a key target downstream 
of circATIC and regulator of MM biology.

GBM. GBM is a highly aggressive primary brain malig‑
nancy  (75). Despite multimodal treatment, the median 
overall survival is ~15 months, and the 5‑year survival rate 
remains ~5.8% (76). In GBM tissue, decreased miR‑324‑5p 
abundance is observed with upregulation of circ_0079593 
and X‑box binding protein 1 (XBP1) (77). Mechanistically, 
miR‑324‑5p directly binds XBP1 and suppresses its expres‑
sion, thereby limiting GBM cell proliferation (77). By contrast, 

circ_0079593 promotes GBM progression by competitive 
binding with miR‑324‑5p, thereby increasing XBP1 expres‑
sion (77). Furthermore, lncRNA NEAT1 contributes to GBM 
progression through a ceRNA mechanism, in which it binds 
miR‑324‑5p and prevents miR‑324‑5p‑mediated suppression 
of potassium channel tetramerization domain‑containing 20 
(KCTD20). Restoration of KCTD20 expression promotes 
GBM cell proliferation and attenuates apoptosis (78). circ‑
SERPINE2 contributes to GBM progression by competitively 
binding miR‑324‑5p and miR‑361‑3p, thereby relieving 
miRNA‑mediated suppression of Bcl‑2 and promoting 
malignant cell survival  (79). Conversely, miR‑324‑5p 
exerts inhibitory effects on GBM by targeting enhancer 
of zeste homolog 2 (EZH2), thereby limiting tumor growth 
and increasing temozolomide  (TMZ) responsiveness  (23). 
Therefore, miR‑324‑5p appears to function as a negative 
regulator of GBM progression.

Hematological malignancy. Hematological malignancy 
comprise neoplastic disorders involving molecular alterations 
and exhibiting substantial variability in treatment response. A 
circulating miRNA study in diffuse large B cell lymphoma 
(DLBCL) have linked miR‑324‑5p to responsiveness to 
rituximab, cyclophosphamide, doxorubicin, vincristine and 
prednisone (80). Tumor miRNA profiling demonstrated an asso‑
ciation between miR‑324‑5p expression and survival outcomes 
in patients with DLBCL (81). Circulating and tissue‑derived 
miR‑324‑5p display divergent expression patterns in DLBCL, 
with elevated serum levels observed in refractory patients but 
decreased expression detected in tumors from non‑responsive 
cases  (80). Re‑expression of miR‑324‑5p impairs DLBCL 
cell survival through thioredoxin reductase 1 regulation and 
ferroptosis induction, providing functional evidence for its 
context‑dependent antitumor activity  (80). Bioinformatics 
suggests a potential role for miR‑324‑5p in acute myeloid 
leukemia (AML) (82). A miRNA profiling study identified 
miR‑324‑5p among the miRNAs upregulated in primary AML 
samples compared with normal bone marrow (83). A bioin‑
formatic analysis predicted a hsa_circ_0058058/miR‑324‑5p 
regulatory axis involving adaptor‑associated protein complex 
1 γ1 subunit (AP1G1) and SP1, suggesting this network may 
contribute to AML progression (82). Collectively, the aforemen‑
tioned studies indicate that miR‑324‑5p has context‑dependent 
roles in hematological malignancy with its biological effects 
varying across disease entities and regulatory networks. The 
expression patterns, regulatory mechanisms and biological 
functions of miR-324-5p across different cancer types are 
summarized in Table I.

miR‑324‑5p mediates tumor‑associated pathways. The major 
tumor‑associated signaling pathways involving miR‑324‑5p 
are summarized in Fig. 2.

TGF‑β pathway. TGF‑β signaling is extensively involved 
in tumor biology and influences multiple cell programs, 
including differentiation, cell motility, EMT and metastatic 
spread  (84). In prostate cancer, lncRNA PCAT7 promotes 
TGFBR1 expression by competitively interacting with 
miR‑324‑5p, thereby increasing TGF‑β pathway activity. 
This PCAT7/miR‑324‑5p/TGFBR1 regulatory pathway 
contributes to prostate cancer bone metastasis  (85). 
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Conversely, exosome‑derived circGSE1 in HCC decreases 
miR‑324‑5p availability, resulting in TGFBR1 upregulation, 
Smad3‑dependent signaling activation and increased Treg 
infiltration, thereby promoting tumor immune escape (21). 
The influence of miR‑324‑5p on TGF‑β signaling is shaped 
by tumor‑specific ceRNA networks, resulting in distinct 
functional outcomes across cancer types.

Hedgehog (Hh) pathway. Hh signaling is key to develop‑
mental patterning and the maintenance of tissue homeostasis 
in adulthood, whereas aberrant pathway activity is associated 
with tumor progression (86). In MM, the miR‑324‑5p locus 
resides within a chromosomal region typically affected by 17p 
deletion. Patients with del(17p) frequently exhibit decreased 
miR‑324‑5p expression, resulting in enhanced Hh pathway 
activity  (73). Experimental findings show miR‑324‑5p 
negatively regulates the Hh pathway by targeting Gli family 
zinc finger 1 and Smoothened, with consequent inhibition of 
MM cell proliferation, survival and stem‑like behavior (73). 
Moreover, restoration of miR‑324‑5p expression disrupts 
the supportive interactions between MM and bone marrow 
stromal cells (73). Increased miR‑324‑5p levels also regulate 
multidrug resistance‑associated proteins and Bcl‑2 family 
members via Hh pathway inhibition, thereby improving the 

therapeutic response to BTZ in MM (73). Overall, miR‑324‑5p 
influences MM progression and treatment sensitivity through 
Hh pathway regulation, suggesting this miRNA may represent 
a candidate for therapeutic intervention in MM.

JAK2/STAT3 pathway. JAK2/STAT3 signaling coordinates 
cellular activities and has been implicated in both tumorigen‑
esis and malignant progression (87). Zhao et al (25) reported 
that GL63, a curcumin derivative, suppresses circZNF83 
expression, thereby restoring miR‑324‑5p availability and 
relieving circZNF83‑mediated sequestration of miR‑324‑5p. 
Increased miR‑324‑5p activity suppresses cyclin‑dependent 
kinase 16 (CDK16), leading to decreased JAK2/STAT3 
signaling activity and suppression of malignant phenotypes 
in HCC (25). Thus, GL63 may inhibit JAK2/STAT3 signaling 
in HCC via the circZNF83/miR‑324‑5p/CDK16 regulatory 
pathway (25).

NF‑κB pathway. NF‑κB signaling regulates tumor cell 
biology, including proliferation, inflammatory activity, 
survival and immune escape (88). Persistent disturbance of 
this pathway may promote malignant transformation, invasion 
and metastatic dissemination. Elevated miR‑324‑5p levels are 
detected in NSCLC cells and other malignancies carrying 

Figure 2. miR‑324‑5p‑mediated tumor pathway. miR‑324‑5p‑associated regulatory networks modulate TGFBR1 expression and TGF‑β signaling. In MM, 
miR‑324‑5p suppresses the Hedgehog pathway through Smo and Gli, decreases MDR protein and Bcl‑2 expression and enhances bortezomib sensitivity. In 
HCC, increased miR‑324‑5p activity suppresses CDK16 expression and attenuates JAK2/STAT3 signaling. miR‑324‑5p downregulates CUEDC2, thereby 
affecting NF‑κB‑associated cancer stem‑like phenotypes. CUEDC2, CUE domain‑containing 2; TGFBR1, transforming growth factor β receptor 1; Smo, 
smoothened; Gli1, Gli family zinc finger 1; MM, multiple myeloma; CDK16, cyclin‑dependent kinase 16; HCC, hepatocellular carcinoma; circ, circular; miR, 
microRNA.
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Table I. Expression, regulatory mechanisms and biological functions of miR‑324‑5p in cancer.

A, LC

Regulation	 Biological effects 	 Regulatory pathway/targets 	 Role	 (Refs.)

Up	 Contributes to LC initiation	 circ_0067716/miR‑324‑5p/	 Tumor‑promoting	 (37)
		  DRAM1
Up	 Enhances proliferation and invasiveness of	 GATA6‑AS1/miR‑324‑5p/	 Tumor‑promoting	 (17)
	 LC cells via FBXO11 regulation	 FBXO11
Up	 Promotes LC progression by suppressing	 miR‑324‑5p/FBXO11	 Tumor‑promoting	 (16)
	 FBXO11‑mediated tumor inhibition and
	 decreasing cisplatin sensitivity
Up	 Promotes LC cell proliferation and invasion	 GPX3, RCAN1 and MGAT3	 Tumor‑promoting	 (38)
Not	 Suppresses LC cell proliferation and	 PCAT‑1/miR‑324‑5p/RAP1A	 Tumor‑suppressive	 (39)
assessed	 promotes apoptosis by targeting RAP1A

B, GC

Up	 Enhances metastatic behavior by regulating	 circ_0049447/miR‑324‑5p/	 Tumor‑promoting	 (40)
	 GC cell migration and invasion	 PTPRD
Down 	 Suppresses GC cell viability and promotes	 hsa_circ_0091994/miR‑324‑	 Tumor‑suppressive 	 (14)
	 apoptosis via HMGA1 regulation	 5p/HMGA1
Up	 Promotes GC cell proliferation, migration	 miR‑324‑5p/PTEN	 Tumor‑promoting	 (15)
	 and invasion while inhibiting apoptosis via
	 PTEN regulation

C, Breast cancer

Up	 Promotes tumor progression by enhancing	 miR‑324‑5p/GPX3	 Tumor‑promoting	 (46)
	 proliferation, migration, invasion and
	 unfavorable clinical outcomes
Up	 Elevated circulating miR‑324‑5p contri‑	 Circulating miR‑324‑5p;	 Biomarker	 (45)
	 butes to diagnostic prediction of breast	 seven‑miRNA signature
	 cancer
Up	 Regulates cell motility and invasiveness	 miR‑324‑5p/CUEDC2/	 Tumor‑promoting	 (47)
	 via modulation of NF‑κB signaling and	 NF‑κB
	 EMT‑associated processes

D, PTC

Up	 Promotes proliferation, migration and	 miR‑324‑5p/PTPRD; miR‑	 Tumor‑promoting	 (18)
	 invasion of thyroid cancer cells and	 324‑5p/PTPRD/CEBPD
	 remodels the tumor microenvironment via
	 endothelial activation and M2 macrophage
	 polarization

E, PC

Up	 Promotes PC cell proliferation and	 miR‑324‑5p/KLF3	 Tumor‑promoting	 (49)
	 suppresses apoptosis, thereby facilitating
	 tumor progression

F, Bladder cancer

Up	 Promotes proliferation, colony formation	 miR‑324‑5p/RCAN1 and	 Tumor‑promoting	 (53)
	 and invasion of bladder cancer cells	 EYA4	

https://www.spandidos-publications.com/10.3892/or.2026.9209
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Table I. Continued.

G, CRC

Regulation	 Biological effects 	 Regulatory pathway/targets 	 Role	 (Refs.)

Down	 Restores miR‑324‑5p‑mediated inhibition	 miR‑324‑5p/ELAVL1 	 Tumor‑suppressive	 (20)
	 of tumor growth and invasion
Down	 Suppresses CRC cell proliferation and	 miR‑324‑5p/ELAVL1/	 Tumor‑suppressive	 (18)
	 invasion by regulating invasion‑associated	 MMP9/uPA/uPAR
	 proteins
Down	 Promotes tumor cell proliferation and	 hsa_circ_007966/miR‑324‑	 Tumor‑promoting	 (54)
	 oxaliplatin resistance by sequestering	 5p/HOXA9	 (ceRNA‑mediated)
	 miR‑324‑5p, thereby decreasing 
	 miR‑324‑5p‑mediated suppression
	 of HOXA9
Down	 Restores miR‑324‑5p expression and	 Dietary n‑3 PUFA/miR‑	 Tumor‑suppressive	 (55)
	 suppresses colorectal carcinogenesis by	 324‑5p
	 counteracting carcinogen‑induced miRNA
	 downregulation
Down	 Decreases cancer stem cell‑like properties	 miR‑324‑5p/SOD2	 Tumor‑suppressive	 (55)
	 and enhances FOLFOX sensitivity via
	 SOD2 regulation 
Down	 Loss of Dicer‑mediated miR‑324‑5p	 Dicer/miR‑324‑5p/	 Tumor‑suppressive	 (58)
	 regulation promotes intestinal	 HMGXB3/WASF‑2
	 inflammation, barrier disruption and
	 tumor initiation
Down	 Inhibits COAD cell proliferation by	 VPS9D1‑AS1/miR‑324‑	 Tumor‑suppressive	 (59)
	 restoring miR‑324‑5p activity	 5p/ITGA2

H, HCC

Down	 Suppresses invasion and migration by	 miR‑324‑5p/ETS1, SP1/	 Tumor‑suppressive	 (27)
	 inhibiting extracellular matrix remodeling	 MMP2 and MMP9
Down	 Enhances proliferation and migration via	 lnc85/miR‑324‑5p	 Tumor‑suppressive	 (65)
	 modulation of miR‑324‑5p availability
Down	 Facilitates tumor progression by activation	 LINC01134/miR‑324‑5p/	 Tumor‑promoting	 (13)
	 of an IGF2BP1/YY1 positive feedback	 IGF2BP1/YY1	 (ceRNA‑mediated)
	 loop
Down	 May regulate the immune microenviron‑	 miR‑324‑5p/CLEC4s	 Context‑dependent	 (66)
	 ment via modulation of CLEC4s expression
	 and immune cell infiltration
Down	 Promotes immune evasion by enhancing	 Exosomal circGSE1/miR‑	 Tumor‑promoting	 (21)
	 Treg expansion via TGF‑β signaling	 324‑5p/TGFBR1/Smad3	 (immune
	 activation		  regulation)
Down	 GL63 inhibits tumor growth by suppressing	 GL63/circZNF83/miR‑324‑	 Tumor‑suppressive	 (25)
	 the JAK2/STAT3 pathway	 5p/CDK16/JAK2/STAT3

I, Gallbladder cancer

Down	 Inhibits migration, invasion and EMT of	 miR‑324‑5p/TGFB2	 Tumor‑suppressive	 (90)
	 gallbladder cancer cells

J, CC

Down	 Promotes proliferation and migration via	 RNA LINC00511/ceRNA/	 Tumor‑suppressive	 (11)
	 regulation of DRAM1 expression 	 miR‑324‑5p/DRAM1
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Table I. Continued.

J, CC

Regulation	 Biological effects 	 Regulatory pathway/targets 	 Role	 (Refs.)

Down	 Enhances radiosensitivity by promoting	 miR‑324‑5p/ELAVL1/Bax/	 Tumor‑suppressive	 (67)
	 apoptosis and suppressing migration	 Bcl‑2

K, Endometrial cancer

Down	 Inhibits the proliferation, migration and	 miR‑324‑5p/HMGA1	 Tumor‑suppressive	 (91)
	 invasion of endometrial cancer cells

L, OC

Down	 Low miR‑324‑5p expression is associated	 ATR/CHK1	 Context‑dependent	 (68)
	 with poor OS and shorter PFI and influences
	 olaparib resistance
Down	 Modulates G2/M checkpoint regulation	 miR‑324‑5p/YWHAQ 	 Tumor‑suppressive 	 (68)
	 and olaparib response via YWHAQ‑
	 associated mechanisms 
Down	 Suppresses proliferation, migration,	 circZNF609/miR‑324‑5p/	 Tumor‑suppressive	 (71)
	 invasion and tumor growth by inhibiting	 VDAC1
	 VDAC1 expression

M, MM

Down	 Suppresses proliferation, viability and	 miR‑324‑5p/Bcl‑2 family	 Tumor‑suppressive	 (73)
	 cancer stem‑like properties and enhances	 and multidrug resistance‑
	 bortezomib sensitivity	 associated proteins
Down	 Promotes proliferation, migration, invasion	 circATIC/miR‑324‑5p/HGF	 Tumor‑promoting	 (74)
	 and glycolytic reprogramming via HGF		  (ceRNA‑mediated)
	 activation following miR‑324‑5p
	 sequestration

N, GBM

Down	 Suppresses proliferation by directly	 miR‑324‑5p/XBP1	 Tumor‑suppressive	 (77)
	 targeting XBP1
Down	 Promotes proliferation by sequestering	 circ_0079593/miR‑324‑5p/	 Tumor‑promoting	 (77)
	 miR‑324‑5p, thereby decreasing miR‑	 XBP1	 (ceRNA‑mediated)
	 324‑5p‑mediated suppression of XBP1
Down	 Enhances proliferation and decreases	 NEAT1/miR‑324‑5p/	 Tumor‑promoting	 (78)
	 apoptosis through KCTD20 activation	 KCTD20	 (ceRNA‑mediated)
Down	 Promotes malignant cell survival via Bcl‑2	 circSERPINE2/miR‑324‑	 Tumor‑promoting	 (79)
	 upregulation	 5p/miR‑361‑3p/Bcl‑2	 (ceRNA‑mediated)
Down	 Inhibits tumor growth and increases	 miR‑324‑5p/EZH2	 Tumor‑suppressive	 (23)
	 temozolomide sensitivity via EZH2
	 suppression
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gain‑of‑function TP53 mutations  (89). At the molecular 
level, mutant p53 enhances miR‑324‑5p transcription via 
the c‑Myc signaling pathway, resulting in CUEDC2 down‑
regulation and NF‑κB activation. This regulatory pathway 
promotes key cancer stem‑like properties, including increased 
proliferation, survival and chemotherapy resistance  (89). 
Conversely, miR‑324‑5p silencing restores CUEDC2 expres‑
sion, suppresses NF‑κB signaling activity and attenuates 
cancer‑like phenotypes (89). Available evidence implicates 
the TP53/c‑Myc/miR‑324‑5p/CUEDC2 pathway in coupling 
miR‑324‑5p activity with NF‑κB signaling and cancer 
stem‑like properties (89).

miR‑324‑5p af fects tumor growth and metastasis in 
animal models. Several in vivo studies have evaluated the 
tumor‑regulatory functions of miR‑324‑5p in cancer models 
(Table II) (14,22,49,58,59,79,90,91). These studies indicate 
that miR‑324‑5p‑related interventions can influence tumor 
growth, metastasis and treatment‑associated phenotypes 
through mechanisms involving direct target gene regulation, 
EMT‑associated changes, ceRNA networks and intestinal 
barrier‑associated pathways. These in vivo findings comple‑
ment cell‑based evidence and provide additional support for 
the context‑dependent role of miR‑324‑5p in tumor regulation. 

miR‑324‑5p regulates tumor growth, invasion and metastasis 
through target‑gene‑associated pathways. Integrin and focal 
adhesion kinase (FAK) signaling pathways are key regulators 
of tumor invasion and metastatic progression (92,93). ITGA9 
is directly regulated by miR‑324‑5p through interaction 
with the ITGA9 3'UTR (94). In rhabdomyosarcoma (RMS), 
miR‑324‑5p‑mediated suppression of ITGA9 limits prolifera‑
tive and invasive behavior in vitro and decreases tumor growth 

in mouse xenograft models (94). Decreased ITGA9 levels are 
accompanied by reduced FAK phosphorylation, indicating that 
the miR‑324‑5p/ITGA9 pathway may regulate RMS progres‑
sion via FAK‑related signaling (94). In a COAD xenograft 
model, enforced miR‑324‑5p expression and VPS9D1‑AS1 
silencing markedly inhibits tumor growth. VPS9D1‑AS1 regu‑
lates the miR‑324‑5p/ITGA2 pathway by limiting miR‑324‑5p 
activity, thereby favoring ITGA2 expression and COAD 
progression (59). 

Beyond integrin‑associated pathways, miR‑324‑5p is 
associated with EMT regulation and metastatic dissemina‑
tion. In gallbladder carcinoma (GBC), elevated miR‑324‑5p 
expression decreases cell motility, invasion and EMT‑related 
phenotypes, leading to fewer hepatic metastatic lesions 
in  vivo  (90). Conversely, miR‑324‑5p is downregulated in 
liver cancer tissue and cells models relative to corresponding 
non‑tumor controls and its restoration suppresses tumor‑asso‑
ciated phenotypes (22,27). Mechanistically, miR‑324‑5p limits 
tumor expansion and metastatic potential by modulating 
ROCK1 (22).

miR‑324‑5p regulates tumor growth by modulating 
transcriptional factors. In endometrial cancer xenografts, 
miR‑324‑5p inhibits subcutaneous tumor formation by 
suppressing high mobility group AT‑hook 1 (HMGA1) expres‑
sion  (91). In a PC xenograft model, miR‑324‑5p promotes 
xenograft tumor growth by targeting KLF3. Conversely, 
inhibition of miR‑324‑5p markedly attenuates tumor growth (49).

miR‑324‑5p regulates tumor progression via ceRNA networks. 
circRNAs and lncRNAs modulate miR‑324‑5p activity in 
ceRNA networks, thereby affecting tumor‑associated pheno‑
types. In a GBM xenograft model, loss of circSERPINE2 
markedly inhibits tumor growth  (79). Mechanistically, 

Table I. Continued.

O, DLBCL

Regulation	 Biological effects 	 Regulatory pathway/targets 	 Role	 (Refs.)

Down	 Inhibits lymphoma cell survival and	 miR‑324‑5p/TXNRD1	 Context‑dependent	 (80)
(tumor	 promotes ferroptosis via TXNRD1
tissue); up	 suppression
(serum)

LC, Lung cancer; DRAM1, DNA damage‑regulated autophagy modulator 1; FBXO11, F‑box protein 11; GC, gastric cancer; PTPRD, protein 
tyrosine phosphatase receptor Δ; GPX3, glutathione peroxidase 3; IKK, IκB kinase; CUEDC2, CUE domain‑containing 2; PTC, papillary 
thyroid carcinoma; CEBPD, CCAAT enhancer‑binding protein Δ; PC, pancreatic cancer; KLF3, Krüppel‑like factor 3; CRC, colorectal cancer; 
ELAVL1, embryonic lethal abnormal vision Drosophila‑like protein 1; HOXA9, homeobox A9; SOD2, superoxide dismutase 2; HMGB3, 
HMG‑box containing 3; WASF‑2, WAS protein family member 2; ITGA2, integrin subunit α2; COAD, colorectal adenocarcinoma; HCC, 
hepatocellular carcinoma; ROCK1, rho‑associated kinase 1; ETS1, E26 transformation‑specific 1; SP1, specificity protein 1; IGF2BP1, 
insulin‑like growth factor 2 mRNA binding protein 1; YY1, Yin Yang‑1; CLEC4s, C‑type lectin 4s; TGFBR1, transforming growth factor β 
receptor 1; GL63, (1E,4E)‑1,5‑bis(2‑bromophenyl) penta‑1,4‑dien‑3‑one; CDK16, cyclin‑dependent kinase 16; EMT, epithelial‑mesenchymal 
transition; CC, cervical cancer; ceRNA, competing endogenous RNA; HMGA1, high mobility group A1; OC, Ovarian cancer; VDAC1, 
voltage‑dependent anion channel 1; MM, Multiple myeloma; Gli1, Gli family zinc finger 1; Smo, Smoothened; Hh, Hedgehog; BTZ, bort‑
ezomib; MRP, multidrug resistance‑associated protein; HGF, hepatocyte growth factor; GBM, glioblastoma; XBP1, X‑box binding protein 1; 
KCTD20, potassium channel tetramerization domain‑containing 20; EZH2, zeste homolog 2; TMZ, temozolomide; DLBCL, diffuse large B 
cell lymphoma; R‑CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone; TXNRD1, thioredoxin reductase 1; MGAT3, 
mannosyl (β‑1,4‑) glycoprotein β‑1,4‑N‑acetylglucosaminyltransferase; PCAT‑1, prostate cancer associated transcript 1.
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Table II. Animal models investigating miR‑324‑5p‑mediated tumor progression and regulatory mechanisms.

				    Key in vivo phenotypic	 miR‑324‑5p‑
Cancer 	 Animal model	 Treatment	 Intervention 	 outcomes	 associated pathways	 (Refs.)

Gastric	 BALB/c nude	 Not	 hsa_circ_0091994	 Decreased tumor	 hsa_circ_0091994/	 (14)
cancer 	 xenograft model	 applicable	 knockdown 	 growth; miR‑324‑5p	 miR‑324‑5p/HMGA1
				    restoration
Liver	 Nude mouse	 Xenograft	 LINC00491	 Increased tumor	 LINC00491/	 (22)
cancer 	 xenograft and	 tumors and	 overexpression	 growth and metastasis	 miR‑324‑5p/ROCK1
	 metastasis	 lung metastasis		  and proliferation
	 models			   markers
PDAC 	 BALB/c nude	 miR‑324‑5p	 miR‑324‑5p	 Decreased tumor	 miR‑324‑5p/KLF3	 (49)
	 subcutaneous	 antagomir	 inhibition	 volume/weight and
	 xenograft model	 (5 nmol, every		  PCNA‑positive cells
		  5 days for
		  35 days)
Colo‑	 Intestinal	 miR‑324‑5p	 Dicer deletion to	 Dicer deficiency	 Dicer/miR‑324‑5p/	 (58)
rectal	 epithelial Dicer‑	 agomiR	 decrease miR‑	 promotes intestinal	 HMGXB3/WASF‑2
cancer	 deficient mouse	 (10 nmol); 3%	 324‑5p; miR‑324‑	 injury and tumori‑
	 model (DSS/	 DSS‑induced	 5p agomiR rescue	 genesis; miR‑324‑5p
	 AOM‑DSS	 colitis and	 treatment in DSS	 rescue restores
	 CRC models)	 AOM/DSS‑	 model	 intestinal protection
		  induced CRC
		  models
COAD	 Nude mouse	 Transfection	 VPS9D1‑AS1	 Decreased tumor	 VPS9D1‑AS1/	 (59)
	 xenograft	 before	 knockdown	 growth	 miR‑324‑5p/ITGA2
		  implantation			   ceRNA 
Gliobla	 Nude mouse	 ~1x106 cells	 circSERPINE2	 Decreased tumor	 circSERPINE2/	 (79)
stoma	 xenograft model 	 injected	 knockdown	 growth and prolifera‑	 miR‑361‑3p/miR‑
		  subcutaneously		  tion; increased	 324‑5p/BCL2
				    apoptosis
GBC	 BALB/c nude	 1x106 SGC‑996	 miR‑324‑5p	 Decreased incidence of	 TGFB2 downstream	 (90)
	 xenograft model	 cells 	 overexpression or	 liver metastasis and	 of miR‑324‑5p
			   TGFB2	 fewer liver metastatic
			   knockdown	 foci
GBC	 BALB/c nude	 Stable SGC‑	 miR‑324‑5p	 Decreased liver	 miR‑324‑5p/TGFB2/	 (90)
	 xenograft model	 996 xenograft	 overexpression	 metastasis and	 EMT‑associated
		  model		  metastatic foci	 metastasis 
Endo‑	 BALB/c nude	 Cell‑based	 circ_0067835	 Decreased tumor	 circ_0067835/miR‑	 (91)
metrial	 xenograft	 shRNA	 knockdown	 growth, proliferation	 324‑5p/HMGA1
carci‑	 model; 	 xenograft		  and EMT; increased
noma	 circ_0067835	 model		  apoptosis
	 knockdown
RMS	 SCID xenograft	 1x106 RD cells	 miR‑324‑5p	 Decreased tumor	 miR‑324‑5p/ITGA9/	 (94)
	 model 	 injected into	 overexpression	 growth and ITGA9/	 FAK‑associated
		  the gastro‑		  Ki‑67/CD31	 signaling
		  cnemius
		  muscle;
		  doxycycline
		  (1 mg/ml)
		  initiated
		  1 week later

RMS, rhabdomyosarcoma; SCID, severe combined immunodeficiency; ITGA9, integrin α9; FAK, focal adhesion kinase; COAD, colorectal 
adenocarcinoma; VPS9D1‑AS1, VPS9D1 antisense RNA 1; ceRNA, competing endogenous RNA; GBC, gallbladder carcinoma; TGFB2, 
transforming growth factor β2; EMT, epithelial‑mesenchymal transition; ROCK1, rho‑associated kinase 1; PCNA, proliferating cell nuclear 
antigen; KLF3, Krüppel‑like factor 3; HMGA1, high mobility group A1; DSS, dextran sodium sulfate; AOM, azoxymethane; HMGXB3, 
HMG‑box containing protein 3; WASF‑2, Wiskott‑Aldrich syndrome protein family member 2; agomiR, miRNA agonist.
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circSERPINE2 sequesters miR‑324‑5p and miR‑361‑3p, 
decreasing suppression of Bcl‑2 and favoring GBM progres‑
sion (79). In GC xenografts, higher miR‑324‑5p abundance 
is associated with smaller and lighter tumors (14). Silencing 
hsa_circ_0091994 increases miR‑324‑5p availability, resulting 
in decreased HMGA1 expression and suppression of GC 
progression (14).

miR‑324‑5p regulates tumorigenesis through cytoskeletal 
remodeling and intestinal barrier maintenance. Altered 
Dicer expression is implicated in CRC (57), and experimental 
Dicer deficiency reduces miR‑324‑5p expression, supporting 
a role for Dicer‑mediated miRNA processing in the regula‑
tion of miR‑324‑5p (58). In a CRC model, Dicer deficiency 
markedly decreases miR‑324‑5p expression in mice, resulting 
in abnormal cytoskeletal alterations in intestinal epithelial 
cells, compromised barrier function, enhanced inflammatory 
response and increased tumor formation  (58). Conversely, 
intraperitoneal delivery of miR‑324‑5p agonist alleviates 
dextran sulfate sodium‑induced intestinal inflammation and 
tissue injury, restores epithelial barrier integrity and decreases 
HMGXB3 and WASF‑2 expression, thereby suppressing CRC 
progression (58).

3. miR‑324‑5p as a potential cancer biomarker

Application of miR‑324‑5p in cancer diagnosis. miRNAs, 
which are detectable in both intracellular and extracellular 
environments, have attracted attention for their potential utility 
in cancer detection, prognostic evaluation and assessment of 
therapeutic response (95). Combined RNA sequencing and 
reverse transcription‑quantitative (RT‑q)PCR have detected 
enrichment of miR‑324‑5p in plasma‑derived exosomes from 
patients with NSCLC, indicating potential biomarker rele‑
vance (33). Similarly, elevated miR‑324‑5p levels are observed 
in urine specimens from individuals with bladder cancer and 
show an inverse association with the expression of the lncRNA 
miR‑497‑HG (52). These clinical observations are comple‑
mented by a separate functional study showing that miR‑324‑5p 
promotes bladder cancer cell proliferation, colony formation, 
migration and invasion (53). In PTC, higher miR‑324‑5p levels 
are linked to LNM, greater tumor burden and more advanced 
disease stage, supporting its potential utility for patient 
stratification and risk assessment (19). Gómez‑Acebo et al (45) 
reported higher circulating miR‑324‑5p levels in patients with 
breast cancer than in healthy controls and incorporated this 
miRNA into a seven‑miRNA diagnostic signature (OR=1.60, 
95% CI: 1.08‑2.37), supporting its potential value as a diag‑
nostic marker. Collectively, evidence points to a potential 
diagnostic application for miR‑324‑5p, although validation is 
needed to establish its clinical biomarker utility.

Association between miR‑324‑5p levels and patient prog‑
nosis. miR‑324‑5p expression patterns are associated with 
clinical outcomes across several types of malignancies. In 
glioma, miR‑324‑5p has been identified as an independent 
prognostic indicator  (23). In GC, RT‑qPCR has revealed 
elevated miR‑324‑5p levels in tumor tissue and cell lines, 
which are associated with lymphatic metastasis, advanced 
disease stage and poor survival (15). Another study profiled 

miRNAs in plasma‑derived small extracellular vesicles from 
patients with GC using sEV‑miRNA sequencing followed 
by RT‑qPCR validation and found that miR‑324‑5p abun‑
dance is associated with organ‑specific metastatic patterns, 
suggesting potential prognostic relevance (41). By contrast, 
lower miR‑324‑5p levels in GBC are linked to adverse clinical 
outcomes (90). This association may be partly explained by 
miR‑324‑5p‑mediated regulation of TGFB2, which affects 
GBC cell migration, invasion and EMT (90). In triple‑negative 
breast cancer, next‑generation sequencing of 51 specimens 
showed that elevated miR‑324‑5p levels were associated with 
shorter OS  (43). Overall, these observations indicate that 
miR‑324‑5p may have prognostic value across multiple tumor 
types.

4. Potential of miR‑324‑5p as a therapeutic target

Accumulating evidence indicates miRNAs participate in carci‑
nogenesis by controlling target transcripts (95,96). Therapeutic 
alteration of miRNA function has been investigated as a 
strategy to reshape oncogenic signaling networks (97). Given its 
context‑dependent functions across malignancies, miR‑324‑5p 
may be therapeutically modulated through lncRNA/circRNA 
regulatory networks or by exogenous miRNA mimics or 
inhibitors (12,20,22,59,74,77,78,91). In addition, miR‑324‑5p is 
implicated in cancer‑specific responses to chemotherapy and 
radiotherapy, as well as in the regulation of tumor-associated 
immune processes  (16,21,23,54,55,66,67,69,73) (Fig.  3). 
Further development of such strategies requires tumor‑specific 
determination of whether miR‑324‑5p activity should be 
restored or inhibited.

Strategies for regulating miR‑324‑5p
lncRNA strategies. lncRNAs interact with miRNAs through 
regulatory networks involved in tumor initiation and progres‑
sion (98). Several lncRNAs have been reported to alter the 
availability or activity of miR‑324‑5p, with effects on malignant 
phenotypes (12,59,78). In GBM, lncRNA NEAT1 sequesters 
miR‑324‑5p, thereby weakening its inhibitory effect on KCTD20 
and facilitating tumor cell proliferation (78). A similar regulatory 
mechanism operates in COAD, where lncRNA VPS9D1‑AS1 
overexpression suppresses miR‑324‑5p activity and elevates 
ITGA2 expression. The VPS9D1‑AS1/miR‑324‑5p/ITGA2 
pathway promotes COAD cell proliferation and decreases 
apoptosis (59). In melanoma, HLA complex group 18 (HCG18) 
expression is elevated in both tumor specimens and cultured 
cells, and modulates the miR‑324‑5p/CDK16 pathway  (12). 
By decreasing miR‑324‑5p‑mediated suppression of CDK16, 
HCG18 enhances malignant cell proliferation, motility and 
invasiveness while decreasing apoptotic activity (12). Although 
these lncRNAs act in different tumor settings, they converge 
on miR‑324‑5p and regulate malignant phenotypes through 
distinct downstream effectors, including KCTD20, ITGA2 and 
CDK16 (12,59,78). Whether these networks are independent or 
share common upstream regulatory features remains unclear. 
Comparison of their expression patterns, intracellular localiza‑
tion and interaction with miR‑324‑5p may clarify this issue. 

circRNA‑based strategies. circRNAs influence gene 
expression through several mechanisms, including func‑
tional interaction with miRNAs  (99). One mechanism 
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involves sequestration of miRNAs, thereby decreasing 
miRNA‑mediated suppression of downstream targets and 
influencing tumor development (100). Interactions between 
circRNAs and miR‑324‑5p are implicated in the regulation 
of multiple tumor‑associated phenotypes (74,77,91). In MM, 
circATIC binds miR‑324‑5p, thereby increasing HGF expres‑
sion and promoting cell proliferation, invasion, migration 
and glycolysis while suppressing apoptosis  (74). In GBM, 
circ_0079593 is upregulated and associated with decreased 
miR‑324‑5p expression  (77). This circRNA is implicated 
in GBM progression via the miR‑324‑5p/XBP1 regulatory 
pathway (77). Similarly, circ_0067835 is upregulated in endo‑
metrial carcinoma and negatively associated with miR‑324‑5p 
levels (91). By serving as a ceRNA, circ_0067835 increases 
HMGA1 levels and promotes endometrial carcinoma progres‑
sion (91). Although these circRNAs are involved in different 
tumor contexts, they converge on miR‑324‑5p and influence 
malignant phenotypes through distinct downstream effec‑
tors (74,77,91). To the best of our knowledge, whether these 
regulatory events occur independently or share common 
upstream determinants has not been fully explored. Future 
studies comparing miR‑324‑5p interactions and upstream 
regulatory mechanisms may clarify this. Further investiga‑
tion may reveal whether individual circRNAs or broader 
miR‑324‑5p regulatory networks represent feasible therapeutic 
targets.

Therapeutic application of miR‑324‑5p overexpression or inhi‑
bition. Therapeutic modulation of miR‑324‑5p using mimics 
or antagonists has demonstrated potential in preclinical cancer 
models (20,22,58). In CRC cell systems, miR‑324‑5p mimics 
directly target ELAVL1, resulting in decreased levels of inva‑
sion‑associated proteins, including MMP‑9, uPA and uPAR, 
and suppressing CRC cell proliferation, migration and invasive 
behavior (20). Conversely, inhibition of miR‑324‑5p increases 
ELAVL1 expression together with invasion‑associated factors, 
thereby promoting CRC cell growth and invasiveness (20). 
This supports the possibility that restoring miR‑324‑5p activity 
may represent a therapeutic strategy for CRC. Similarly, in 
liver cancer, treatment with miR‑324‑5p mimics suppresses 
the proliferative, migratory and invasive capacity of HUH‑7 
and SK‑Hep1 cells while inducing apoptosis, whereas 
miR‑324‑5p inhibition produces opposing cell responses (22). 
Mechanistically, LINC00491 promotes HCC progression 
by serving as a ceRNA that sequesters miR‑324‑5p, thereby 
decreasing miR‑324‑5p‑mediated suppression of ROCK1 (22). 
Restoration of miR‑324‑5p through mimics counteracts the 
oncogenic effects associated with LINC00491, supporting the 
therapeutic relevance of miR‑324‑5p modulation (22). Taken 
together, the aforementioned preclinical studies suggest that 
miR‑324‑5p‑based interventions may have therapeutic value 
in certain cancer contexts. However, clinical translation of 
miRNA mimics remains limited by challenges, including 

Figure 3. miR‑324‑5p‑mediated tumor therapeutic strategies. miR‑324‑5p is therapeutically modulated through lncRNA/circRNA regulatory networks or by 
exogenous miRNA mimics and inhibitors. These strategies may alter tumor growth, invasion and apoptosis and may modify responses to chemotherapy, radio‑
therapy and tumor‑associated immune regulation through cancer‑specific downstream targets and signaling pathways. ITGA2, integrin subunit α2; CDK16, 
cyclin‑dependent kinase 16; KCTD20, potassium channel tetramerization domain containing 20; HGF, hepatocyte growth factor; XBP1, X‑box binding protein 
1; HMGA1, high mobility group A1; ELAVL1, embryonic lethal abnormal vision Drosophila‑like protein 1; CRC, colorectal cancer; ROCK1, rho‑associated 
kinase 1; HCC, hepatocellular carcinoma; FBXO11, F‑box protein 11; HOXA9, homeobox A9; EZH2, zeste homolog 2; TGFBR1, transforming growth factor 
β receptor 1; CC, cervical cancer; CLEC4S, C‑type lectin 4s; circ, circular RNA; miR, microRNA; lnc, long non‑coding; COAD, colon adenocarcinoma.
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delivery efficiency, molecular stability, immune‑associated 
responses and off‑target effects, which require further optimi‑
zation before clinical application (101).

Regulation of miR‑324‑5p in combination with chemotherapy, 
radiotherapy and immunotherapy. miR‑324‑5p is implicated 
in treatment response across cancer, particularly in relation 
to chemotherapy, radiotherapy and tumor‑associated immune 
regulation (16,21,23,54,55,66,67,69,73).

Chemotherapy. Resistance to chemotherapy is a key barrier 
limiting the effectiveness of anticancer treatment. Increasing 
evidence indicates that miRNAs contribute to chemotherapy 
sensitivity and resistance through post‑transcriptional 
regulation of target genes (95,102). miR‑324‑5p influences 
chemotherapy responses across multiple cancer types. In 
LC, increased miR‑324‑5p expression decreases FBXO11 
levels, thereby decreasing cisplatin sensitivity and promoting 
chemoresistance (16). In OC, miR‑324‑5p is implicated in the 
response to olaparib: In olaparib‑resistant PEO1‑OR cells, 
changes in miR‑324‑5p expression are observed following 
combined treatment with olaparib and ATR/CHK1 pathway 
inhibitors, which were associated with resensitization to 
olaparib (69). In CRC, miR‑324‑5p suppresses cell prolifera‑
tion through negative regulation of HOXA9 (54). Conversely, 
hsa_circ_0079662 modulates the miR‑324‑5p/HOXA9 
pathway by sequestering miR‑324‑5p, thereby relieving 
suppression of HOXA9 and enhancing colorectal tumor 
growth and oxaliplatin resistance (54). miR‑324‑5p decreases 
chemoresistance and cancer stem‑like properties in CRC 
by directly targeting SOD2, thereby increasing sensitivity 
to FOLFOX (55). In GBM, elevated miR‑324‑5p expression 
suppresses EZH2, inhibits cell proliferation and enhances 
TMZ sensitivity (23). Overall, evidence links miR‑324‑5p to 
chemotherapy responsiveness through cancer‑specific regula‑
tory mechanisms and suggests potential therapeutic relevance 
in drug‑resistant disease (16,23,54,55,69).

Radiotherapy. Increased miR‑324‑5p expression sensitizes 
CC cells to irradiation‑induced apoptosis and inhibits cell 
migration (67). Mechanistically, miR‑324‑5p directly targets 
ELAVL1, leading to alterations in the apoptotic protein profile, 
including Bax and Bcl‑2, thereby increasing cell sensitivity to 
irradiation (67).

Immune regulation. Previous studies have established that 
miRNAs participate in tumor immune surveillance and 
immune escape through regulation of immune‑associated 
pathways (99,100,103). Studies have linked miR‑324‑5p‑asso‑
ciated regulatory networks with features of the tumor immune 
microenvironment  (44,104). In HCC, exosomal circGSE1 
modulates the miR‑324‑5p/TGFBR1/Smad3 pathway, 
thereby promoting Treg expansion and immune evasion (21). 
CLEC receptors contribute to immune cell migration and 
tumor‑associated processes  (105). miR‑324‑5p has been 
suggested to regulate CLEC4s family members, thereby influ‑
encing the tumor microenvironment and immune responses in 
HCC (66). Collectively, evidence links miR‑324‑5p‑associated 
regulatory networks to tumor immune modulation, including 
immune cell infiltration, Treg expansion and immune escape, 

although the direct therapeutic relevance remains to be 
established (21,44,104). 

Taken together, the aforementioned studies highlight 
the complex regulatory role of miR‑324‑5p across cancers, 
involving diverse expression patterns, signaling pathways, 
in vivo phenotypes, biomarker applications and therapeutic 
implications. Several miR‑324‑5p‑associated target genes or 
downstream effectors recur across different malignancies, but 
their functional consequences are not always consistent across 
tumor contexts. These recurrent targets, together with their 
reported functional outcomes and evidence categories, are 
summarized in Table III.

5. Challenges and prospects

Despite its potential diagnostic and therapeutic value in 
cancer, the clinical translation of miR‑324‑5p remains chal‑
lenging because of its complex regulatory behavior and 
context‑specific biological functions. miR‑324‑5p displays 
divergent effects among different types of malignancies. For 
example, miR‑324‑5p exhibits tumor‑suppressive functions 
and decreased expression in CC (11) and HCC (27), whereas 
elevated expression and tumor‑promoting effects have been 
reported in LC and breast cancer (33,43). miR‑324‑5p may 
exert different biological effects within the same cancer type. 
In PDAC tissue and cells, miR‑324‑5p expression is elevated 
and exerts an oncogenic role through KLF3 regulation (49). 
By contrast, a bioinformatics analysis of PAAD suggested 
decreased miR‑324‑5p expression, with higher expression 
associated with a more favorable prognosis, and predicted a 
regulatory axis involving the lnc AL049555.1, miR‑324‑5p 
and ring finger protein 169 (RNF169) (106). This evidence 
indicates that the functional output of miR‑324‑5p may be 
influenced by the tumor‑specific molecular context and its 
associated regulatory networks, rather than solely by its expres‑
sion. Therefore, elucidating the molecular determinants that 
govern miR‑324‑5p function is key for accurately assessing its 
diagnostic and therapeutic relevance.

At the molecular level, specific downstream targets, 
ceRNA regulatory networks and genetic variants represent 
three molecular dimensions that warrant consideration when 
interpreting the biological outcomes of miR‑324‑5p regula‑
tion. For example, KLF3 in pancreatic cancer (49), ROCK1 in 
liver cancer (22), CUEDC2 in breast cancer (47) and ITGA9 
in RMS (94) represent distinct downstream effectors involved 
in different malignant processes, emphasizing the importance 
of tumor‑specific molecular environments in determining 
miR‑324‑5p function. ceRNA interactions mediated by 
lncRNAs and circRNAs regulate miR‑324‑5p availability and 
activity of miR‑324‑5p (74,78). Moreover, genetic variations 
affecting miRNA‑binding regions contribute to functional 
variability (107). Abid et al (107) identified PRKCG 3'UTR 
variants that alter binding sites for cancer‑associated miRNAs, 
including miR‑324‑5p, suggesting genetic backgrounds influ‑
ence miRNA‑mediated regulation. Incorporating molecular 
information into future biomarker and therapeutic studies may 
facilitate more precise patient stratification and evaluation of 
miR‑324‑5p clinical potential.

The variable biological effects of miR‑324‑5p across 
tumor types complicate the interpretation of its clinical value. 
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Table III. miR‑324‑5p cross‑cancer targets.

		  Association with
Target gene	 Cancer	 miR‑324‑5p	 Functional effect 	 Study‑specific evidence	 (Refs.)

CDK16	 Melanoma	 Directly suppressed 	 Promotes proliferation, 	 Dual‑luciferase validation;	 (12)
			   migration and invasion	 CDK16 regulation; rescue
			   and suppresses apoptosis	 experiments
	 Hepatocellular	 Directly suppressed 	 Promotes proliferation,	 Dual‑luciferase validation;	 (25)
	 carcinoma		  migration and invasion;	 CDK16 regulation; rescue
			   inhibits apoptosis	 experiments; pathway‑level
				    xenograft support
HMGA1	 Gastric cancer	 Directly suppressed 	 Promotes GC cell viability	 Dual‑luciferase validation;	 (14)
			   and suppresses apoptosis	 HMGA1 rescue; pathway‑
				    level xenograft support
	 Endometrial	 Directly suppressed 	 Promotes proliferation,	 Dual‑luciferase validation;	 (91)
	 carcinoma		  migration and invasion	 pathway rescue; pathway‑
				    level xenograft support
ELAVL1	 Colorectal	 Directly suppressed 	 Promotes proliferation,	 Dual‑luciferase validation;	 (20)
	 cancer		  migration and invasion	 ELAVL1 expression regu‑
				    lation; downstreamuPA/
				    uPAR/MMP‑9 changes
	 Cervical	 Directly suppressed 	 Promotes radioresistance	 Dual‑luciferase validation;	 (67)
	 cancer		  and malignant behavior	 ELAVL1 expression
			   under IR 	 regulation; ELAVL1 rescue
				    under IR
TGFBR1	 Hepatocellular	 Directly suppressed 	 Promotes Treg expansion	 Dual‑luciferase validation;	 (21)
	 carcinoma		  and immune escape	 TGFBR1 regulation;
				    miR‑324‑5p/TGFBR1/
				    Smad3 rescue; pathway‑
				    level in vivo support
TGFBR1	 Prostate	 Directly suppressed 	 Promotes migration,	 Dual‑luciferase validation;	 (85)
	 cancer		  invasion and bone	 TGFBR1 regulation; 
			   metastasis	 TGFBR1 rescue; pathway‑
				    level bone‑metastasis
				    support
ROCK1	 Liver cancer	 Directly suppressed 	 Promotes proliferation,	 Dual‑luciferase validation; 	 (22)
			   migration and invasion	 mRNA/protein regulation;
				    rescue with miR‑324‑5p
				    mimic or ROCK1
				    knockdown
ROCK1	 Laryngeal	 Directly suppressed  	 Tumor‑promoting;	 Dual‑luciferase validation;	 (26)
	 squamous cell		  supports cell viability and	 ROCK1 expression regu‑
	 cancer 		  cell cycle progression	 lated by miR‑324‑5p; 
				    ROCK1 rescue
CUEDC2	 Breast cancer	 Suppressed	 Inhibits NF‑κB‑dependent	 CUEDC2 regulation; miR‑	 (47)
			   migration and invasion	 324‑5p mimic rescue;
				    NF‑κB pathway evidence
	 NSCLC	 Suppressed	 Suppresses NF‑κB‑	 CUEDC2 regulation;	 (89)
			   dependent cancer stemness	 complementation rescue;
				    miR‑324‑5p inhibition
				    rescue; CCLE/TCGA
				    support

https://www.spandidos-publications.com/10.3892/or.2026.9209
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Inconsistent findings have also been reported within the same 
cancer type, particularly in LC (17,38,39) and GC (14,15,40). 
In LC, studies have suggested a tumor‑promoting role for 
miR‑324‑5p (38,39). Upregulation of miR‑324‑5p promotes 
A549 cell proliferation and invasion (38), while miR‑324‑5p 
mimic attenuates the inhibitory effects of GATA6‑AS1 on 
proliferation and invasion in NCI‑H1975 and A549 cells (17). 
However, another cell‑based study showed that miR‑324‑5p 
upregulation decreases PCAT‑1‑induced proliferation in A549 
cells and promotes apoptosis (39). Although all aforementioned 
studies involved A549 cells, the reported effects of miR‑324‑5p 
on proliferation were not consistent, indicating that cell line 
identity alone is insufficient to explain this discrepancy.

Table  IV compares the tumor type/subtype, sample 
and clinical background, miR‑324‑5p‑associated find‑
ings, experimental models and major methods, as well as 
regulatory targets or ceRNA axes. The studies differed in 
study design and evidence source (Table IV). Lin et al (38) 
combined population‑level expression analysis with cell 
functional experiments, Wang et al (17) used paired clinical 
tissue together with ceRNA and rescue experiments, whereas 
Huang et al (39) conducted a cell‑based mechanistic study 
without an independent patient cohort. These differences 
may affect the comparability between studies. The regula‑
tory context also differed between studies. Wang et al (17) 
focused on the GATA6‑AS1/miR‑324‑5p/FBXO11 regula‑
tory association, whereas Huang et al (39) investigated the 
PCAT‑1/miR‑324‑5p/RAP1A regulatory association. Each 
study validated its respective regulatory axis, but FBXO11‑ 
and RAP1A‑associated pathways were not directly compared 
under matched experimental conditions in A549 cells. 
Therefore, the available evidence does not establish that differ‑
ences in regulatory context account for the opposite effects on 
proliferation.

Similarly, inconsistent findings have also been reported in 
GC: Certain studies show elevated miR‑324‑5p expression in 
GC tissue (15,40), whereas another study reported decreased 
expression in GC tissues (14). Functionally, miR‑324‑5p exerts 
tumor‑promoting effects, with higher expression associated 
with an unfavorable prognosis (15), whereas another study 
suggested a tumor‑suppressive role (14).

With respect to patient cohorts and disease stage, Zheng 
et al (15) included 122 patients with TNM stage I‑IV disease, 
Tang et al (40) used 30 paired samples for the miR‑324‑5p 
expression comparison, whereas Xie et al (14) analyzed five 
paired clinical tissue samples and did not report detailed staging 
information (14). Mechanistically, Zheng et al (15) showed that 
inhibition of miR‑324‑5p suppressed GC cell proliferation, 
migration and invasion, and identified PTEN as a direct target 
negatively regulated by miR‑324‑5p. Tang et al (40) reported 
that circ_0049447 may modulate GC progression via seques‑
tration of miR‑324‑5p, potentially involving a PTPRD‑related 
mechanism. By contrast, Xie et al (14) found that inhibition 
of miR‑324‑5p reversed the antitumor effects induced by 
circ_0091994 knockdown. Differences in cohort size, stage 
and mechanistic context may affect the comparability of 
these findings. Because the aforementioned studies did not 
perform direct comparisons using matched clinical samples or 
experimental models or standardized detection and analytical 
conditions, the available evidence remains insufficient to 
explain the opposite results reported across studies. 

Establishing standardized workflows for sample collection, 
miRNA detection, data normalization and interpretation at the 
clinical level, together with validation in independent prospec‑
tive cohorts, is essential for determining the clinical utility of 
miR‑324‑5p as a biomarker (109). At the mechanistic level, 
establishing standardized functional models, matched experi‑
mental conditions and direct pathway comparisons is essential 
for clarifying the context‑dependent function of miR‑324‑5p 
and assessing mechanistic reproducibility. Integrating 
miR‑324‑5p with other molecular markers and multi‑omics 
datasets may provide a more comprehensive understanding of 
its regulatory context. Computational approaches, including 
machine learning‑based analyses, may provide additional 
support for interpreting multidimensional datasets (110).

The development of miR‑324‑5p‑based therapeutic 
strategies is constrained by challenges associated with 
miRNA stability and delivery. Rapid degradation, systemic 
clearance, limited tumor targeting and potential immune 
activation compromise therapeutic efficacy and contribute 
to unintended biological effects  (111). Delivery platforms, 
including exosomes (112), poly (lactic‑co‑glycolic acid)‑based 

Table III. Continued.

		  Association with
Target gene	 Cancer	 miR‑324‑5p	 Functional effect 	 Study‑specific evidence	 (Refs.)

CUEDC2	 Colon cancer/	 Directly suppressed	 Restrains inflammatory	 3'UTR luciferase 	 (108)
	 TAMs		  macrophage dysfunction	 validation; CUEDC2
			   and CAC development	 rescue; Cuedc2‑KO CAC
				    model

miR, microRNA; CDK16, cyclin‑dependent kinase 16; HMGA1, high mobility group A1; GC, gastric cancer; ELAVL1, embryonic lethal 
abnormal vision Drosophila‑like protein 1; uPA, urokinase‑type plasminogen activator; uPAR, urokinase‑type plasminogen activator receptor; 
MMP‑9, matrix metalloproteinase 9; IR, ionizing radiation; TGFBR1, transforming growth factor β receptor 1; Treg, regulatory T cell; 
SMAD3, SMAD family member 3; ROCK1, rho‑associated kinase 1; mRNA, messenger RNA; CUEDC2, CUE domain‑containing 2; NF‑κB, 
nuclear factor κB; NSCLC, non‑small cell lung cancer; CCLE, Cancer Cell Line Encyclopedia; TCGA, The Cancer Genome Atlas; TAMs, 
tumor‑associated macrophages; 3'UTR, 3' untranslated region; KO, knockout; CAC, colitis‑associated cancer.
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Table IV. miR‑324‑5p in LC and GC.

		  Clinical 
Tumor	 Sample	 context/	 miR‑324‑5p	 Experimental
type 	 cohort	 treatment 	 effects	 model	 Methods	 Target/ceRNA 	 (Refs.)

GC	 Paired GC/	 Stage not	 Downregulated in	 AGS, MKN45,	 GEO/TCGA	 circ_0091994/	 (14)
	 adjacent tissue 	 reported	 paired GC tissue;	 HGC‑27;	 analysis;	 miR‑324‑5p/
	 (n=5); GEO/		  associated with	 xenograft	 RT‑qPCR;	 HMGA1
	 TCGA		  circ_0091994/		  CCK‑8,
	 datasets		  miR‑324‑5p/		  apoptosis,
			   HMGA1‑associated		  scratch and
			   functional effects		  luciferase
					     assay;
					     xenograft
GC	 122 primary	 TNM	 Upregulated in GC;	 AGS, MKN45	 RT‑qPCR;	 miR‑324‑5p/	 (15)
	 GC with	 I‑IV	 promotes prolifera‑		  gain/loss‑of‑	 PTEN
	 adjacent		  tion, migration and		  function
	 normal tissue		  invasion and		  experiments;
			   inhibits apoptosis;		  proliferation/
			   higher expression		  apoptosis,
			   associated with		  Transwell
			   poorer prognosis		  and
					     luciferase
					     assay
LC	 Paired LC/	 Clinical	 miR‑324‑5p mimic	 NCI‑H1975,	 RT‑qPCR;	 GATA6‑AS1/	 (17)
	 adjacent tissue	 cohort	 attenuates GATA6‑	 A549	 CCK‑8;	 miR‑324‑5p/
	 (n=100)	 includes	 AS1‑mediated		  Transwell	 FBXO11
		  mixed	 inhibition of proli‑		  assay and
		  histology	 feration and		  dual‑
			   invasion		  luciferase
					     assay; rescue
					     experiments
LUAD;	 TCGA:	 Not	 Upregulated in	 A549 cells	 TCGA small	 GPX3,	 (38)
LUSC	 LUAD, 458	 applicable	 LUAD/LUSC;		  RNA	 RCAN1,
	 tumor/46		  overexpression		  profiling;	 MGAT3:
	 normal;		  increases A549		  RT‑qPCR;	 predicted/
	 LUSC, 342		  proliferation and		  miR mimic;	 association‑
	 tumor/45		  invasion		  proliferation/	 supported
	 normal				    invasion	 candidates
					     assay
LC	 Cell‑based	 Not	 miR‑324‑5p	 A549, SPC‑	 RT‑qPCR;	 PCAT‑1/	 (39)
	 study	 applicable	 attenuates PCAT‑1‑	 A‑1, NCI‑	 RNA pull‑	 miR‑324‑5p/
			   associated prolife‑	 H1734 and	 down, 	 RAP1A
			   ration and promotes	 H460 cells; 	 luciferase
			   apoptosis	 16HBE cells;	 and viability/
				    subsequent	 apoptosis
				    mechanistic	 assay
				    experiments
				    performed in
				    A549 cells
GC	 Paired GC/	 pTNM	 Upregulated in the	 AGS, HGC‑27	 RT‑qPCR;	 circ_0049447/	 (40)
	 adjacent tissue	 I‑III	 30‑pair GC tissue	 and MGC‑803	 CCK‑8,	 miR‑324‑5p;
	 (n=80); miR‑		  comparison	 cells; xenograft	 Transwell	 PTPRD‑
	 324‑5p subset:			   model	 and	 associated
	 30 pairs				    luciferase	 mechanism
					     assay;
					     xenograft

miR, microRNA; LC, lung cancer; GC, gastric cancer; ceRNA, competing endogenous RNA; GEO, Gene Expression Omnibus; TCGA, The 
Cancer Genome Atlas; circ, circular RNA; HMGA1, high mobility group A1; RT‑qPCR, reverse transcription quantitative polymerase chain 
reaction; CCK‑8, Cell Counting Kit‑8; TNM, tumor‑node‑metastasis; GATA6‑AS1, GATA6 antisense RNA 1; FBXO11, F‑box protein 11; 
LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; RNA, ribonucleic acid; GPX3, glutathione peroxidase 3; RCAN1, 
regulator of calcineurin 1; MGAT3, mannosyl (β‑1,4‑) glycoprotein β‑1,4‑N‑acetylglucosaminyltransferase; PCAT‑1, prostate cancer associ‑
ated transcript 1; RAP1A, RAP1A member of RAS oncogene family; pTNM, pathological tumor‑node‑metastasis; PTPRD, protein tyrosine 
phosphatase receptor type D.
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nanoparticles  (113) and targeted liposome systems  (114), 
have been explored to protect miRNA stability and facilitate 
intracellular delivery. Stimuli‑responsive approaches, such as 
pH‑ or enzyme‑sensitive materials (115), and tumor‑directed 
strategies, including CD44‑targeted delivery systems (116), 
may improve delivery efficiency and specificity. However, 
most of these approaches remain in the preclinical stage. 

From a translational perspective, combining miR‑324-
5p‑based approaches, including mimics or inhibitors, with 
chemotherapy, radiotherapy or immunotherapy may enable 
simultaneous modulation of complementary cancer‑asso‑
ciated pathways and improve treatment sensitivity (117,118). 
However, the feasibility of such combinations may depend on 
tumor type, molecular subtype, dominant downstream targets 
of miR‑324‑5p and the direction of its dysregulation. Future 
studies should identify patient subsets that may benefit from 
miR‑324‑5p restoration or inhibition. Studies should prioritize 
validation using standardized preclinical models and compre‑
hensive evaluation of therapeutic efficacy and safety (118). 
Although clinical experience from other miRNA‑based 
therapeutics provides valuable guidance  (119), to the best 
of our knowledge, direct clinical evidence supporting 
miR‑324‑5p‑based therapy remains unavailable. Carefully 
designed multicenter and prospective studies are necessary 
before miR‑324‑5p‑based strategies can be integrated into 
precision oncology approaches.
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