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Abstract: microRNA-23a (miR-23a) is one of the most extensively studied miRNAs in different types
of human cancer, and plays various roles in the initiation, progression, and treatment of tumors.
Here, we comprehensively summarize and discuss the recent findings about the role of miR-23a in
cancer. The differential expression of tissue miR-23a was reported, potentially indicating cancer
stages, angiogenesis, and metastasis. miR-23a in human biofluid, such as plasma and salivary
fluid, may be a sensitive and specific marker for early diagnosis of cancer. Tissue and circulating
miR-23a serves as a prognostic factor for cancer patient survival, as well as a predictive factor
for response to anti-tumor treatment. The direct and indirect regulation of miR-23a on multiple
gene expression and signaling transduction mediates carcinogenesis, tumor proliferation, survival,
cell migration and invasion, as well as the response to anti-tumor treatment. Tumor cell-derived
miR-23a regulates the microenvironment of human cancer through manipulating both immune
function and tumor vascular development. Several transcriptional and epigenetic factors may
contribute to the dysregulation of miR-23a in cancer. This evidence highlights the essential role of
miR-23a in the application of cancer diagnosis, prognosis, and treatment.
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1. Introduction

Evidence on the role of microRNAs (miRNAs) in human cancer has been accumulating since
the first observation by Croce et al., of miRNAs dysregulation in cancer [1]. The deregulated
miRNA expression, which may affect up to 50 mRNA encoding proteins [2], is mainly associated with
the oncogenic switch of intracellular signaling in cancer. The idea that “aberrant miRNA expression
is the rule rather than the exception in cancer” has been supported by a large volume of
data obtained, in recent studies [3]. These suggest that miRNAs can control carcinogenesis, cancer cell
proliferation and survival, metastasis, as well as cellular response to anti-cancer treatment [4].
As the profiling of miRNAs dramatically distinguishes between the healthy population and cancer
patients, tissue and biofluid miRNAs might be applied for diagnostic and prognostic purposes.

Among the cancer-associated miRNAs, microRNA-23a (miR-23a) was the recent focus of study.
The human miR-23a is located at chromosome 19 of the human genome and was transcribed as a part of
miR-23a–27a–24-2 cluster [5]. Dysregulation of miR-23a has been reported in various human diseases,
such as ischemia-reperfusion injury, coronary heart diseases, and cancer [6]. In 2012, as one of
the earliest laboratories to study the role and function of miR-23a in human cancer, we identified
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miR-23a as one of the key molecules that regulate the sensitivity of liver cancer cells to topoisomerase II
inhibitor treatment, in which topoisomerase I was the direct target of miR-23a [7]. The role of miR-23a in
human cancer has been explored by numerous clinical, translational, and basic studies. The increasing
amount of scientific evidence has confirmed the therapeutic relevance of miR-23a in human cancer,
for which a critical review is necessary. In this review, we focus on the role of miR-23a in human cancer,
which has not yet been critically reviewed elsewhere, in order to determine its therapeutic potential,
based on the clinical and biological insight into its function in cancer.

2. Diagnostic and Prognostic Values of miR-23a in Cancer

2.1. miR-23a Expression in Cancer

The expression pattern of miR-23a has been extensively studied and compared in the tumor
and non-tumor tissues of human cancer (Table 1). In most cancer types, the expression of miR-23a is
dysregulated, although up-regulation or down-regulation has been differentially observed, subject to
the particular cancer type. miR-23a is often down-regulated in both acute and chronic myelogenous
leukemia [8–10], with the only exception reported in a rare form of myeloid leukemia, named acute
erythroid leukemia, where the expression of miR-23a is up-regulated [11]. The expression pattern of
miR-23a in lymphocytic leukemia has not been reported. In solid tumors, miR-23a is down-regulated
in most of the cancer occurring in the genitourinary system, such as prostate carcinoma [12,13],
endometrial endometrioid adenocarcinoma [14], and nephroblastoma [15]. Although the exact
reason why miR-23a expression in cancer of the reproductive and urinary system is down-regulated
remains unclear, it is postulated that the similar pattern of miR-23a is due to their shared
embryological origin from the intermediate mesoderm. This could be supported by the fact
that expression of miR-23a in osteosarcoma, carcinoma of the intermediate mesoderm-derived bone
system, was also down-regulated [16,17]. In contrast, carcinomas originating from the head and neck,
respiratory and digestive systems, often demonstrate an over-expression of miR-23a.

Table 1. Expression pattern of microRNA-23a (miR-23a) in different types of human cancer.

Type of Cancer References

Down-Regulated

Acute myelogenous leukemia [8]
Chronic myelogenous leukemia [9,10]
Endometrial endometrioid adenocarcinoma [14]
Melanoma [18]
Nephroblastoma [15]
Osteosarcoma [16,17]
Prostate carcinoma [12,13]

Up-Regulated

Bladder cancer [19]
Breast cancer [20]
Cholangiocarcinoma [21]
Colorectal cancer [22,23]
Esophageal squamous cell cancer (ESCC) [24]
Gastric carcinoma [25–31]
Glioblastoma & glioma [32–35]
Hepatocellular carcinoma [36,37]
Large B-cell lymphoma [38,39]
Laryngeal cancer [40]
Lung carcinoma [41,42]
Malignant pleural mesothelioma (MPM) [43]
Ovarian carcinoma [44,45]
Pancreatic cancer [46,47]
Renal cell carcinoma (RCC) [48]
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2.2. Clinical Significance of Tissue Expressing miR-23a in Cancer

Several clinical evidences have supported the idea that dysregulation of miR-23a, as stated above,
is correlated with the clinical features of human cancer. miR-23a expression was suggested to indicate
a later clinical stage, as well as the extent of metastasis. In laryngeal cancer, a high expression of
miR-23a in tumor tissue was significantly correlated with more advanced clinical stage and lymph node
metastasis (p < 0.05 and p < 0.01, respectively) [40]. Zhu et al. found that, in the esophageal squamous
cell cancer (ESCC) tissue, miR-23a expression was related to tumor differentiation (p < 0.05) [24].
In hepatocellular carcinoma (HCC), miR-23a was significantly associated with TNM stage and tumor
size (p = 0.041 and 0.047, respectively) [37]. Tang et al. showed that, in colon carcinoma, the expression
of miR-23a is positively associated with clinical stages (p = 0.029) and depth of invasion (p = 0.000) [49].
miR-23a expression in non-small cell lung cancer (NSCLC) tissues was correlated with smoking
habit (p = 0.001), tumor size (p = 0.002), TNM stage (p = 0.001), lymph node metastasis (p < 0.001),
and tumor differentiation (p = 0.004) [42]. A similar observation was also reported in studies of several
other kinds of cancer. Bao et al. found that miR-23a expression was up-regulated at the metastatic
and pre-metastatic stages of nasopharyngeal carcinoma (NPC), with an increased level of microvessel
density, in the tumor tissue [50]. Expression of miR-23a was positively correlated with the tumor
differentiation degree, lymph node metastasis, and clinical stages in ovarian cancer [51]. Ma et al.
reported that miR-23a expression was significantly higher in the breast tumor tissues of patients
with lymph node metastasis [52]. This evidence suggests the significance of miR-23a, in terms of its
correlation with the staging, differentiation, and metastasis of cancer.

2.3. miR-23a as a Non-Invasive Marker in Cancer Diagnosis

miR-23a was identified as over-expressed in the serum of various types of human cancer,
including breast [53,54], gastric [55], pancreatic [56], and esophageal squamous cell carcinoma [57],
as well as in malignant astrocytoma [58]. Circulating miR-23a is, in contrast, down-regulated in patients
with benign tumors of the salivary gland [59] and metastatic melanoma [18]. The expression of miR-23a in
plasma, alone or in combination with a panel of other miRNAs, may be correlated with a specific clinical
outcome of cancer patients, indicating the potential of miR-23a as a non-invasive marker in cancer
diagnosis. For instance, a more aggressive phenotype, demonstrating more microscopic tumor infiltration
at the resection margin and more perineural invasion, was found in pancreatic tumor tissues expressing
high levels of miRNAs, including miR-21, miR-23a, and miR-27a [56]; miR-23a over-expression is
associated with the tumor differentiation degree, lymph node metastasis, and tumor invasion [47].
In addition to its detection in the plasma of pancreatic cancer patients, Humeau et al. found that
miR-23a was over-expressed in the saliva of pancreatic cancer patients with precursor lesions [60].
Khare et al. identified a panel of repressed plasma miRNAs, including miR-23a, and suggested that it
may be a helpful diagnostic marker for differentiation of B-cell lymphoma and Hodgkin lymphoma [61].

Yong et al. found that miR-23a is significantly up-regulated in the serum of patients with
colon cancer. Combined with miR-193a-3p and miR-388-5p, miR-23a yields a receiver operating
characteristic (ROC) curve area of 0.887 (80.0% sensitivity, 84.4% specificity, and 83.3% accuracy),
demonstrating its ability as a classifier for colorectal cancer detection [62]. Further analysis showed
that miR-23a is encapsulated in the exosome, and circulating exosomal miR-23a is up-regulated
in the serum of early-stage colorectal cancer patients. Significant down-regulation of exosomal
miR-23a was found after tumor resection, indicating the potential of exosomal miR-23a for colon
cancer detection [63]. This was supported by another study that showed that miR-23a expression
is significantly down-regulated in serum EpCAM+ extracellular vesicles of colon cancer patients,
after surgery [64]. However, in a study by Vychytilova-Faltejskova et al., miR-23a expression
was found to be down-regulated in the serum of colorectal cancer patients, and a combination of
serum miRNAs consisting of miR-23a, miR-27a-3p, miR-142-5p, and miR-376c-ep was proposed
to be used for diagnosis of early-stage (T1-4N0M0, 0.877) colorectal cancer (0.917, 89% sensitivity
and 81% specificity) [65].
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2.4. The Prognostic Value of miR-23a in Cancer

Regarding the role of miR-23a as a prognostic factor in human cancer, the differential expression
of miR-23a in various tumors may indicate a differential association with patient survival. Li et al.
showed that the up-regulated tissue miR-23a predicted cancer progression and poor prognosis in
patients [31]. In HCC patients, high miR-23a expression in cancer tissues is a risk factor for overall
and recurrence-free survival [37]. In large B-cell lymphoma, miR-23a expression is associated with poor
overall patients’ survival (p = 0.029); however, no significant association between the expression of
miR-23a and other clinical features, especially the Ann Arbor stage, was observed [38]. Over-expression of
miR-23a predicted poor overall survival in pancreatic cancer [47], as well as shorter survival after surgical
resection (hazard ratio (HR) 3.21, 95% confidence interval (CI) 1.78–5.78) [56]. Similar observation on
the association of miR-23a over-expression with poor patients’ survival was also observed in other cancers,
including Ewing’s sarcoma [55], laryngeal cancer [40], malignant pleural mesothelioma (MPM) [43],
NSCLC [42], and ovarian cancer [51]. In contrast, a low level of miR-23a expression in the prostate tumor
tissue predicts a poor patient prognosis [13]. A meta-analysis including different kinds of human cancer
suggested that an overall high level of miR-23a predicted the overall patients’ survival (HR = 2.33,
95% CI: 1.18–4.58; p = 0.014) but not a disease-free/recurrence-free survival (HR = 1.13, 95% CI: 0.37–3.44;
p = 0.836). In a subgroup analysis, miR-23a expression predicted poor overall survival in digestive system
cancer but not in respiratory cancer [66].

To analyze the prognostic value of miR-23a in the survival of patients with different kinds of cancer
on the same platform, we retrieved miR-23a expression and patients information from The Cancer
Genome Atlas (TCGA) database, using the Linkedomics platform [67]. In each type of cancer,
patients were divided into two groups, based on tumor miR-23a expression, either lower or higher
than the median level. The survival of patients with the six types of cancer, including acute
myeloid leukemia (AML), bladder cancer, glioma, HCC, MPM, and pancreatic adenocarcinoma were
correlated with miR-23a expression level (Figure 1a), and a higher level of miR-23a, in these cancers,
predicted a poorer overall survival. The miR-23a expression that was reported to be differentially
expressed in other types of tumor tissues, as stated in Table 1, did not show any correlation with
the patients’ overall survival (Figure 1b). Although these data may fluctuate with the sample size,
as well as the reliability of the sequencing method in the miR-23a quantification, our summary suggests
that miR-23a expression only exhibits a prognostic value in several particular types of human cancer.
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Figure 1. The prognostic value of microRNA-23a (miR-23a) in human cancer. The Cancer Genome
Atlas (TCGA) data was retrieved using the Linkedomics platform, and patients were grouped on
the basis of the expression of the miR-23a in tumors [67]. (a) Shows six cancer types, in which overall
survival of patients is significantly correlated with the miR-23a expression; (b) shows other cancer
types in which overall survival of patients is not significantly correlated with the miR-23a expression
though miR-23a is significantly de-regulated in these tumors.

Chemoresistance and radioresistance are main risk factors of poor prognosis in cancer patients
undertaking chemo- and radio-therapy; previous studies have also focused on using miR-23a to
predict acquired chemoresistance in cancer patients. Komatsu et al. used plasma miR-23a to predict
the chemoresistance in ESCC patients receiving preoperative chemotherapy. A higher expression of
miR-23a was observed in the plasma of patients with a lower histopathologic response than in those
with a high histopathologic response or fewer residual tumor lesions (p = 0.0114) [57]. El-Halawany et al.
found that a panel of the miRNAs, including miR-23a, may identify the response of the HCC patients to
transarterial chemoembolization (TACE). miR-23a was significantly up-regulated in the non-responder
group of the HCC patients [68]. miR-23a was found to be repressed in NPC with radioresistance,
and a low expression of miR-23a predicted a poor patient survival [69].
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3. Biological Role of the miR-23a in Human Cancer

3.1. Carcinogenesis

As an early epigenetic factor that senses the genomic response to environmental changes
during carcinogenesis, miRNAs, including miR-23a, were widely reported to be dysregulated during
malignant transformation of normal human tissues [70]. The involvement of miR-23a as a regulator of
the change of robust gene expression, suggested its oncogenic role in the initiation of human cancer.
The areca nut-chewing habit may lead to oral carcinogenesis. A study by Tsai et al. showed that cells
treated with areca nut extract had a higher miR-23a expression. The over-expression of miR-23a is
correlated with the DNA double-strand break repair and DNA damage, suggesting the role of
miR-23a in areca nut-induced carcinogenesis [71]. Wang et al. studied the change in miRNA profiles
during hepatocarcinogenesis and found that miR-23a expression was up-regulated through
the activation of IL6/Stat3 signaling in the liver. The over-expression of the miR-23a directly targets
Glucose-6-phosphatase (G6PC) and peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1α), in the gluconeogenesis pathway, to reduce the protein expression, which facilitated
carcinogenesis in the liver [72].

3.2. Cancer Cell Proliferation and Survival

Both positive and negative roles of the miR-23a, in cancer cell maintenance, were found in
different kinds of cancer. As a robust cellular regulator of gene expression, miR-23a may target a broad
range of mRNAs in cancer cells, by direct binding to their three prime untranslated region (3′-UTR),
which in turn suppresses gene expression. The cell fate is the overall and summed results of both
pro-cell death and anti-cell death signaling induced by the miR-23a-targeted genes [73]. In cancer cells,
protein expression pattern might be totally different from the normal cells, due to the gene mutations
that can lead to either expression amplification or loss, and different cancers may have different
mutations. In this case, though the miR-23a is theoretically considered to regulate the same pool of
genes, miR-23a may miss its match with some mutated gene. This could largely affect the related
pro-/anti-cell death signaling and, thereby, the cell fate decision. In this case, when the expression
of some target protein of the miR-23a is defective, in particular types of human cancer, the cell fate
decided by the miR-23a expression could be in the opposite direction. The overall regulatory scheme
of the miR-23a in determining cancer cell fate, is shown in Figure 2.

In acute erythroid leukemia (AEL) cells, over-expression of the miR-23a may induce apoptosis
and erythropoiesis. Su et al. also identified that Janus kinase 1 (JAK1) is the direct target of the miR-23a in
AEL cells [11]. The suppression of JAK1-inactivated Stat3-mediated globin transcription factor 1 (GATA1)
activity through PU.1 improved the erythroid differentiation. Inhibiting miR-23a led to an oncogenic
phenotype by activating the gp130/JAK1/Stat3 pathway, and a JAK1 inhibitor—ruxolitinib—helped with
this oncogenic change [11]. Aghaee-Bakhtiari et al. suggested that IL6R inhibition by miR-23a in
prostate cancer may inactivate the MAPK and JAK/STAT pathway, which contributes to a reduced
cell proliferation and neoplastic transformation [12]. Forced expression of miR-23a in chronic myeloid
leukemia leads to cellular senescence. This was dependent on the suppression of breakpoint cluster region
protein/Abelson murine leukemia viral oncogene homolog 1 (BCR/ABL), whose 3’UTR was the direct
target of the miR-23a [10]. The over-expression of miR-23a in pancreatic cancer cells, suppressed cell
proliferation and promoted cell apoptosis. The polo-like kinase 1 (PLK-1) was identified as the direct
target of the miR-23a in PC cells. miR-23a-induced PLK-1 expression led to the decreased expression of
Bcl-2, Cyclin B1, vimentin, and an increased expression of Bax and E-cadherin [74].
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The up-regulation of miR-23a in gastric cancer promoted cell proliferation and inhibited
apoptosis [28]. This could be related to the reduced expression of IL6R by miR-23a; Zhu et al. suggested
that miR-23a can target the IL6R in gastric adenocarcinoma, to promote the proliferative potential
of tumor cells [25]. The inhibition of miR-23a by antisense oligonucleotide, inhibited proliferation
and promoted apoptosis of the gastric adenocarcinoma cells [75]. The up-regulation of the miR-23a,
inhibited the gastric cancer cell apoptosis by down-regulating the Programmed Cell Death 4 (PDCD4).
Inhibition of the miR-23a expression in gastric cancer cells, promoted cellular apoptosis [27].
Liu et al. identified Metallothionein 2A (MT2A) as the target of the miR-23a in gastric cancer
and MT2A suppression may mediate the promoting effect of miR-23a on the gastric cancer
progression [76]. This was similarly observed by An et al. [30].

Yong et al. reported that APAF-1 is the direct target of miR-23a in colon cancer cells.
miR-23a-suppressed APAF-1 led to the inhibition of apoptosis in colorectal cancer, whereas, the inhibition
of miR-23a promoted cell death [23]. A similar observation was reported in pancreatic ductal
adenocarcinoma [77], glioma [34], and laryngeal cancer [78].

The suppression of miR-23a in the HCC cells reduced their proliferation but failed to affect cell
apoptosis [37]. A further study by Yan et al. showed that miR-23a might mediate the ability of the HCC
cells to evade programmed cell death. miR-23a may directly target the 3′UTR of Interferon Regulatory
Factor 1 (IRF-1) mRNA to suppress protein expression [79]. However, another study suggested
that, in the HCC cells, the miR-23a expression is inversely correlated with the X-linked inhibitor of
the apoptosis protein (XIAP). Decreased XIAP, in response to the miR-23a up-regulation, contributed to
the caspase-3 activation and cell apoptosis. The up-regulation of the miR-23a was dependent on p53,
which was activated in response to estrogen, suggesting a role for the p53-miR-23a/XIAP axis in
mediating estrogen-inhibited HCC development [80].

miR-23 suppresses the expression of ST7L tumor suppressor in ovarian cancer cells by directly
binding to the 3′UTR of its mRNA, thereby, promoting cell cycle progression and repressing
apoptosis [45].

Other reported targets of the miR-23a to promote cancer cell proliferation, while suppressing
cellular apoptosis, include phosphatase and tensin homolog (PTEN) [81], special AT-Rich Sequence
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Binding Protein 1 (SATB1) [17], Fas [39], protein Phosphatase 2 Regulatory Subunit B’Epsilon
(PPP2R5E), and Raf kinase inhibitor protein (RKIP) [8].

3.3. Cancer Cell Migration and Invasion

During cancer progression, tumor cells may increase their ability to detach from cell–cell contact
and migrate through blood vessels, which is regarded as cancer metastasis in most cases. The process
of metastasis requires activation of genes that may be involved in the epithelial-to-mesenchymal
transition (EMT), as well as in the degradation of cell junction and extracellular matrix. It has been
extensively reported that the miR-23a is one of the critical mediators in regulating gene expression
during the migration and invasion of various human cancer cells (Figure 3).
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Over-expression of the miR-23a, significantly promotes cell migration and invasion in various
cancers, including breast cancer [82], lung cancer [82], colon cancer [49], gastric cancer [83],
pancreatic cancer [47], glioma [35], neuroblastoma [84], osteosarcoma [85], laryngeal cancer [40],
and renal cell carcinoma [48]. This probably results from the regulation of the EMT-associated gene
expression by miR-23a. Ma et al. showed that miR-23a inhibition suppressed the TGF-β1-induced
EMT, and therefore, suppressed the migration, invasion, and metastasis of breast cancer cells.
A mechanistic study showed that miR-23a could directly target epithelial marker gene CDH1,
and reduce the expression of the E-cadherin. Inhibition of the E-cadherin by the miR-23a,
activated the Wnt/β-catenin signaling, which is responsible for the TGF-β1-associated tumor
invasion [52]. This was similarly observed in lung cancer cells [82] and metastatic neuroblastoma [84].
The expression of the miR-23a was up-regulated upon Fas ligand treatment. Fas ligand induces
the ERK1/2 pathway, which in turn activates the AP-1 complex and suppresses the GSK-3β pathway.
This leads to the nuclear translocation of the AP-1 and NFAT4, to bind with the promoter of
the miR-23a, resulting in a gene transcription. Up-regulation of the miR-23a-targeted E-cadherin,
mediates the Fas-induced EMT in gastric cancer [83]. Another study suggested that the role of
the miR-23a in the TGF-β1-induced EMT might also be associated with Epithelial Splicing Regulatory
Protein 1 (ESRP1) expression in pancreatic cancer cells [47]. Expression of the miR-23a may also
indirectly target the repressor of the matrix metallopeptidase 14 (MMP14), homeobox D10 (HOXD10),
and result in glioma cell migration [35]. Other reported targets of the miR-23a, whose suppression
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facilitated the cancer cell migration and invasion, include XIAP [86], metastasis suppressor protein
1 (MTSS1) [22,49], insulin receptor substrate 1 (IRS-1) [41], Sprouty homolog 2 (SPRY2) [31,87],
and PTEN [85].

Controversially, several studies observed that miR-23a might be the repressor of tumor cell
migration and invasion. In ESCC, miR-23a may increase E-cadherin and reduce vimentin and α-SMA,
by down-regulating the SMAD3, which results in a reversal of the EMT [14]. miR-23a expression
suppressed the migration and invasion of prostate cancer, through a PAK6 inhibition, by binding to its
3′UTR. This led to the inhibition of the phosphorylation of LIM kinase-1 (LIMK1) and cofilin, which in
turn suppressed the formation of stress fibers and actin filaments [13]. miR-23a was found to counteract
the migration and invasion of lung cancer cells. This is related to the regulation of the miR-23a on
the EGR3 mRNA expression. The 3′UTR of the EGR3 mRNA was found to be the direct target of
the miR-23a [88]. In the osteosarcoma cells, an ectopic expression of the miR-23a, led to the retarded
migration and invasion of tumor cells. This is associated with the reduced expression of Runt-related
transcription factor 2 (RUNX2) and C-X-C motif chemokine 12 (CXCL12) in tumor cells [16].

Furthermore, it is noteworthy that the role of the miR-23a as a non-invasive marker of
human cancer diagnosis, as aforementioned, cannot explain its function as a mediator of cancer
migration and invasion. The controversial results between the two aspects of the miR-23a suggest
that the functional roles of the miR-23a in different types of cancer, may be context-dependent.

3.4. Cancer Metabolism

In order to maintain the energy requirement of rapid growth, cancer cells have unique features in
glucose, amino acid, and fatty acid metabolism. Several studies have suggested that the miR-23a may
play a role in the metabolic switch of tumor cells (Figure 4). Saumet et al. identified that miR-23a may be
involved in the aerobic glycolysis in breast cancer cells. miR-23a can directly target the 3′UTR of Lactate
dehydrogenase (LDH) A and B, the essential enzymes mediating lactate production, during the aerobic
glycolysis of breast cancer cells [89]. miR-23a was found to mediate the endoplasmic reticulum (ER)
stress-induced metabolic switch, in ovarian cancer cells. miR-23a expression is repressed during ER
stress, which led to the induced expression and activity of aerobic glycolytic enzymes LDHA and LDHB.
LDHs were identified as the direct target of the miR-23a. While it was found that oncogenic c-Myc
can repress the miR-23a transcription, this finding suggests an important role of the miR-23a in
the c-Myc-regulated reprograming of the glucose metabolism in cancer [90]. Mitochondrial glutaminase
was found to be the direct target of the miR-23a in human P-493 B lymphoma cells and PC3 prostate
cancer cells. The inhibition of mitochondrial glutaminase by miR-23a, impaired the glutamine
catabolism, which is important for the glutamine-mediated ATP production and glutathione
synthesis. The c-Myc-induced miR-23a inhibition enhanced the glutaminase isoform GLS expression,
and initiated the metabolic reprograming of tumor cells towards a glutamate-addictive phenotype [91].
A similar observation was reported in the leukemic Jurat cells, in which the over-expression of
miR-23a, impaired the glutamine use and induced mitochondrial dysfunction-associated cell death.
Glutamine can activate the p65 NF-κB subunit, which binds to the miR-23a promoter as a transcription
repressor, to suppress the miR-23a expression. This supports the claim that the decreased expression
of the miR-23a facilitates the leukemic cells in glutamine consumption as an alternative source
of carbon, and favors their adaptation to the metabolic environment [92]. Gu et al. reported that
the miR-23a targets autophagy-associated protein Atg3 and suppresses autophagy in breast cancer
cells [93]. Another study suggested that the miR-23a blocked the Atg12 expression in melanoma cells,
which in turn reduced the cellular ATP levels. The lack of cellular ATP, activated the AMPK/ACC
pathway to block the migration and invasion of tumor cells [18].
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3.5. Radio- and Chemo-Resistance

In addition to the regulation of the oncogenic property of cancer cells, miR-23a was frequently
observed to be responsible for the sensitivity of cancer cells to anti-cancer treatment (Figure 5).
In some cases, miR-23a may be induced or suppressed upon provision of anti-cancer treatment,
such as doxorubicin [94], which in turn regulates the relevant cellular signaling responsible for
the sensitivity of cancer cells. For instance, imatinib induced a miR-23a expression, which is involved
in the regulation of the sensitivity of chronic myeloid leukemia cells to imatinib. The induced
expression of the miR-23a binds to the 3’UTRs of STAT5, CCND1, and Bcl-2 genes in the K562 cells,
and therefore, increases the cell apoptosis [95]. In contrast, the acquired expression of the miR-23a by
anti-cancer treatment was found to reduce the sensitivity of cancer cells. In colon cancer cells,
5-Fu treatment induces miR-23a expression. This contributed to the chemoresistance of the colon
cancer cells to the 5-Fu, as the increased expression of the miR-23a can target the APAF-1 to reduce
the cell apoptosis. miR-23a antisense sensitized the colon cancer cells to the 5-Fu [96]. Li et al.
also showed that the down-regulation of the miR-23a reduced the cell viability and provoked
apoptosis in the 5-Fu-treated colorectal cancer cells. ABCF1 was found to be the direct target of
the miR-23a and was associated with the chemosensitivity of the colon cancer cells to the 5-Fu [97].
miR-23a expression increased during the acquisition of chemoresistance of tongue squamous
carcinoma cells against cisplatin, which may be associated with the miR-23a-mediated TOP2B
suppression [98]. A similar expression of the miR-23a-induced chemoresistance, to both 5-Fu
and cisplatin, was also observed in the ESCC cells [57].

Some other studies suggested that miR-23a may regulate the sensitivity of cancer cells,
although the anti-cancer treatment might not change its endogenous expression. In this case,
the regulation of the miR-23a expression in cancer cells is achieved by the ectopic
activation/suppression. Over-expression of the miR-23a in tongue squamous cell carcinoma induces
Twist expression, JNK activity, and was found to reduce the chemosensitivity of tumor cells toward
the cisplatin treatment [99]. Another study suggested that the drug-resistant oncogene CKS1B
is responsible for the resistance of breast cancer cells to the cisplatin treatment. Breast cancer
cells over-expressed CKS1B by regulating the miR-23a-induced suppression of the histone
demethylase KDM4A [100]. In gastric adenocarcinoma, the over-expression of the miR-23a reduced
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the apoptosis and proliferation inhibition induced by paclitaxel. This could be related to
the reduction of the IRF1, which is a direct target of the miR-23a. Restoration of the IRF1 counteracts
the chemoresistance of tumor cells induced by the miR-23a [101]. Lung cancer cells that over-expressed
miR-23a was found to be more resistant to the gefitinib treatment [82]. Lung cancer stem cells (CSCs)
exhibited significant resistance to the erlotinib treatment. This could be due to the aberrant expression
of the miR-23a and a down-regulation of the PTEN in the CSCs, compared to non-CSCs. As the direct
target of the miR-23a, PTEN inhibition led to the reduced response of the PI3K/Akt pathway to
the erlotinib treatment in lung CSCs [102]. miR-23a was found to regulate the radiosensitivity of
the NPC cells. In radioresistant NPC cells, the expression of the miR-23a is often down-regulated,
and the over-expression of the miR-23a potentiates the NPC cells toward radiotherapy. This may
be related to the activity of the IL8/Stat3 signaling in the NPC cells. IL-8 and phosphorylated-Stat3
levels are inversely associated with the miR-23a, in the radioresistant NPC tissue. However, no direct
target of the miR-23a, in the NPC cells has been identified as a radioresistance-associated gene [69].
In contrast, in ovarian cancer cells, the inhibition of miR-23a, improved the chemosensitivity of tumor
cells toward the cisplatin treatment. Reduced miR-23a promotes the cisplatin-induced G0/G1 cell cycle
arrest and apoptosis. This may be related to the reduced expression of the multidrug-resistant protein
P-gp [103,104]. Wang et al. observed that the over-expression of the miR-23a notably potentiated
the HCC cells toward the TOP2A inhibitor etoposide, whereas, it had a minimal effect on the response to
the 5-Fu [7]. TOP1 was identified as the direct target of the miR-23a, and the suppression of the TOP1 by
miR-23a, led to a cellular topoisomerase activity that fell below the crucial threshold and triggered cell
death. The DNA damage induced the expression of the miR-23a in the HCC cells, which was dependent
on the p53 up-regulation and activation, during the DNA double-strand breakdown. Suppression of
the p53 inhibited the miR-23a pri-, pre-, and mature expression in the HCC cells [7].
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3.6. Regulation of the Tumor Microenvironment

The research focusing on the microenvironment of human cancer has significantly progressed,
suggesting that the tumor microenvironment plays a key role in regulating cancer initiation,
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progression, metastasis, as well as drug response [105]. Cell and non-cell components within the tumor
microenvironment are involved in cancer development via various mechanisms—an idea that has been
well-reviewed elsewhere. miR-23a, in the form of cell-free small RNA itself and as a component of
the tumor-cell-derived microvesicles (MVs), was found to modulate the properties of the immune
and vascular endothelial cells, within the tumor microenvironment (Figure 6). The specific mechanism
of how MVs pack and deliver the miR-23a is not clear, yet, but it is generally considered to share
a common machinery with the other exosomal miRNAs [106]. It is also not clear if the serum miR-23a is
the same as the MVs/exosomes-incorporated miR-23a, as there is no study to distinguish between
the two sources of the plasma miR-23a, but in general, plasma miRNAs could be contributed by
both MVs/exosomes-incorporated and cell-free miRNAs. A previous study, however, showed that in
prostate cancer patients, the expression profiles of miRNAs from these two fractions were totally
different [107]. Details about circulating cell-free and MVs/exosome-incorporated miR-23a needs
further investigation.
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Ma et al. showed that miR-23a might modulate the tumor microenvironment of breast cancer
by targeting the Tumor Associated Macrophages (TAMs) [108]. They found that, in M1-like TAMs,
miR-23a expression was transcriptionally activated by the p65 nuclear factor-κB (NF-κB), which in turn
targets A20 in the NF-κB pathway, to promote the production of pro-inflammatory cytokine; in M2-like
macrophages, Stat6 occupies the miR-23a promoter to activate its transcription, and miR-23a in
the M2-like TAMs suppress the JAK1/Stat6 pathway, by directly targeting the JAK1 and Stat6.
In this case, a reduced expression of the miR-23a in breast cancer, led to an immunosuppressive
tumor microenvironment, which facilitated the cancer progression [108]. In patients with advanced
lung cancer, miR-23a expression was significantly up-regulated in tumor-infiltrating cytotoxic T
lymphocytes (CTLs). This involves the interaction between the tumor-cell-derived TGF-β and CTLs.
Elevating the miR-23a blocked the granzyme B expression and, thereby, suppressed the CTL immune
function, in advanced lung cancer [109]. Berchem et al. found that the hypoxic-tumor cell-derived MVs
were qualitatively different from those in the normoxic tumor cells. Hypoxic MVs enriched the miR-23a,
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which targeted the CD107a in NK cells, within the tumor microenvironment, and impaired the NK cell
function and further led to an immunosuppressive environment in cancer [110].

Lu et al. identified that the miR-23a in MVs secreted by acute lymphocytic leukemia (ALL)
cells regulated the expression of zinc finger protein 267 (ZNF267), an oncogenic factor [111].
This further led to the alteration of the cellular signaling process involved in proliferation,
differentiation, apoptosis, and cell cycle regulation. miR-23a was found to be significantly
enriched in the exosome from the lung cancer cells, with the mesenchymal phenotype [112].
These tumor-cell-derived exosomes may carry the miR-23a to the endothelial cells in lung cancer.
Exosomal miR-23a may directly target PHD1 and PHD2 in the endothelial cells, within the tumor
microenvironment, which further induces the accumulation of hypoxia-inducible factor (HIF)-1α
and promotes tumor angiogenesis. Exosomal miR-23a also suppressed the Zonula occludens-1 (ZO-1)
expression in endothelial cells, to increase the vascular permeability and trans-endothelial migration of
cancer cells [113]. Another study suggested that the extracellular vesicles (EVs) secreted by lung cancer
cells, enriched the miR-23a, whose engulfment led to the down-regulation of the PTEN. Reduced PTEN
was then associated with EV-induced angiogenesis in lung cancer [114]. Sruthi et al. further suggested
that SIRT1 in endothelial cells is the direct target of the exosomal miR-23a, derived from lung cancer
cells, and the down-regulation of the SIRT1 by the exosomal miR-23a, promoted the angiogenesis of
lung cancer [115]. Bao et al. suggested that exosomal miR-23a might facilitate an NPC angiogenesis by
targeting TSGA10 in the vascular endothelial cells of the NPC microenvironment. Reduced TSGA10
expression led to the growth, migration, and tube formation of the vascular endothelial cells [50].
Wu et al. showed that miR-23a might also suppress the expression of the vascular endothelial
growth factor A (VEGF-A), by targeting its translational facilitator RUNX2 in the vascular endothelial
cells [116].

4. Regulation of the miR-23a Expression in Human Cancer

Although miR-23a plays multiple roles in the initiation, progression, metastasis, as well as treatment
response of human cancer, its expression could be primarily dysregulated by various risk factors
of cancer, such as viruses, cytokines, and carcinogenic chemicals. For example, cellular miR-23a in
lymphoid and epithelial cancer cells could be induced upon type III versus type I Epstein–Barr
virus (EBV) latency [117], whereas in the HPV-positive cancer cells, the miR-23a expression is
down-regulated by E6/E7 silencing [118]. TGF-β1 can induce the expression of miR-23a in breast
cancer cells [52], HCC [36], and lung cancer cells [119], whereas BMP4 can induce the expression of
miR-23a in breast cancer cells [120]. Along with this, endogenous chemicals and foreign compounds,
such as retinoic acid [89], osthole [121], andrographolide [122], as well as the Chinese medicinal herb
Coptis and its active component berberine [123,124], may differentially regulate miR-23a in cancer cells.
Mechanistically, the expression of miR-23a in cancer cells can be regulated through both transcriptional
factors and epigenetic factor-dependent mechanisms.

4.1. Transcriptional Factors

Various transcriptional activators or repressors have been found to be involved in the regulation
of miR-23a expression in cancer, which have been reviewed, as aforementioned, in this study.
The regulation of the miR-23a expression by several transcriptional factors, such p53 [7,80], AP-1 [83],
c-Myc [90,91], and NF-κB [92], have suggested some underlying mechanisms of the oncogenic or
tumor suppressive role of these transcriptional factors, in cancer. Regulation of the miR-23a expression
by a particular transcriptional factor could be significantly deviated in different types of cancer.
For example, p65 NF-κB can strongly bind to the promoter region of the miR-23a-27a-24 cluster
and up-regulate the miR-23a expression in the erythroleukaemia cells [125], and an NF-κB inhibitor
1′-Acetoxychavicol acetate could significantly down-regulate the expression of the miR-23a in
the head and neck squamous cell carcinoma cells [81]. However, the p65 NF-κB subunit could
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be a transcriptional repressor of the miR-23a, in leukemic Jurkat cells. This controversy was also found
in the c-Myc-regulating miR-23a transcription [87].

Transcriptional factors-regulated miR-23a expression could be induced by the environmental
stress on tumor cells. In leukemia cells undergoing oxidative stress, oxidative phosphorylation induced
the expression of NQO-1 and HO-1, and activated the MAPK ERK5. The activation of the ERK5,
initiated the binding of the transcription factor MEF2 to the promoter region of the miR-23a-27a-24-2
cluster, to generate new miR-23a. miR-23a directly targets the KEAP1 mRNA and suppresses its
expression [126].

Other reported transcriptional activators of the miR-23a include the cAMP response element
binding (CREB) protein [127], Leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5)
[128], and Ephrin type-B receptor 6 (EphB6) [129], whereas, its repressors include the zinc finger
protein 1 (ZIC1) [43], and the KH-type splicing regulatory protein (KSRP) [88].

4.2. Epigenetic Factors

Epigenetic factors have also been reported to mediate the transcriptional and translational
machinery of the miR-23a. Among various epigenetic factors, methylation of DNA and lncRNAs were
mostly reported to regulate the miR-23a expression.

In K562 cells, the promoter region of the miR-23a is hypermethylated. Treating the K562 cells with
a DNA methylation inhibitor 5-aza-2′deoxycytidine, induced the expression of miR-23a [10]. A similar
observation was reported in the HCC [130] and osteosarcoma cells [16]. In contrast, Wang et al. identified
that the SP1 sites in the promoter region of the miR-23a-27a-24-2 cluster were demethylated, which led to
the up-regulation of the miRNAs. A methyl donor, S-adenosyl-L-methionine, could significantly block
the binding of SP1 to the gene cluster promoter and suppress the miR-23a expression [131].

An lncRNA GAS5 was found to be suppressed in breast cancer tissue and cell lines,
which was associated with larger tumor size, advanced metastasis, and poorer clinical phenotype
of breast cancer. GAS5 suppresses the expression of the miR-23a with a sponge mechanism [93].
The regulation of the GAS5 on miR-23a, was also observed in gastric cancer [76] and lung cancer [132].
Another lncRNA X-inactive specific transcript (XIST), negatively regulated the expression of miR-23a,
in prostate cancer. This was correlated with poor prognosis, cellular proliferation, and metastasis,
in prostate cancer, resulting from a competition between the RKIP mRNA and the miR-23a,
for the 3’UTR binding site [133].

5. Discussion

Several studies have proposed opposite functions of the miR-23a, even when they studied the same
type of cancer. This could be probably due to the inconsistent quality of the studies. For example,
in the gain- and loss-of-function design, the use of miR-23a inhibitor and mimics should be further
justified. The reference sequence of the products, the efficiency of transfection, and the validation of
the miRNAs function were often missed in the reviewed studies. Appropriate positive and negative
controls were not available, which would largely affect the consistency of the data. Some guidelines
have been recommended for quality control, in miRNA studies [134–136], which should be applied in
future investigations of miR-23a, in order to produce consistent and reliable conclusions.

While the biological function of miR-23a can be further investigated by experimental models,
its perspective in clinical application remains unclear. This is not only due to the foreseeable
general obstacles met in the application of gene therapy, but also the uncertain adverse effect
of the miR-23a, as a system. Attempts to use miRNAs, as gene therapy in cancer treatment,
remain rare, and unfortunately, the only two registered clinical trials using the miR-Rx34
(NCT02862145 and NCT01829971) have been terminated or withdrawn, due to serious immune-related
adverse events. The dim prospect of using miRNAs in the clinical treatment of cancer, at this moment,
suggest that more pre-clinical studies, particularly, regarding toxicity and safety, should be performed.
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6. Conclusions

This review highlighted the scientific achievements in the study of miR-23a in human cancer
and outlined the biological and clinical insights on the advancements and challenges of
miR-23a as a diagnostic and therapeutic tool in cancer management. miR-23a has been detected
as being differentially expressed across different types of cancer, and might predict the survival
and treatment response of cancer patients. Its biological functions covered the scenarios of
carcinogenesis, cancer progression, metastasis, and drug resistance, suggesting that it might have
potential as an emerging targetable entity in cancer treatment.
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