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Abstract: Prostate cancer (PCa) is one of the most commonly diagnosed cancers worldwide,
accounting for almost 1 in 5 new cancer diagnoses in the US alone. The current non-invasive
biomarker prostate specific antigen (PSA) has lately been presented with many limitations, such as
low specificity and often associated with over-diagnosis. The dysregulation of miRNAs in cancer
has been widely reported and it has often been shown to be specific, sensitive and stable, suggesting
miRNAs could be a potential specific biomarker for the disease. Previously, we identified four
miRNAs that are significantly upregulated in plasma from PCa patients when compared to healthy
controls: miR-98-5p, miR-152-3p, miR-326 and miR-4289. This panel showed high specificity and
sensitivity in detecting PCa (area under the curve (AUC) = 0.88). To investigate the specificity of
these miRNAs as biomarkers for PCa, we undertook an in depth analysis on these miRNAs in cancer
from the existing literature and data. Additionally, we explored their prognostic value found in the
literature when available. Most studies showed these miRNAs are downregulated in cancer and this
is often associated with cancer progression and poorer overall survival rate. These results suggest our
four miRNA signatures could potentially become a specific PCa diagnostic tool of which prognostic
potential should also be explored.
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1. Introduction

Prostate cancer (PCa) is the second most commonly diagnosed cancer worldwide with more than
1.1 million new cancer cases each year, accounting for 15% of all cancers diagnosed [1]. Despite this
high incidence, the most commonly used molecular method of detection and monitoring of the disease
recurrence is the prostate specific antigen (PSA) test, discovered 40 years ago [2]. Although this method
was initially thought to improve the early diagnosis of the disease [3], it has been criticized over the
last decade due to its lack of specificity, giving false positives and often leading to over-diagnoses [4,5].
Notably, the American Urological Association recommended against PSA screening for PCa and
encouraged the identification of novel markers that can identify men at greater risk of developing
and progressing on the disease [6]. Furthermore, the U.S. Preventative Services Task force also
recommended against PSA screening in men over 70 years old [7] and, in Australia, the Cancer Council
Australia has recently reported that some men with PCa have normal PSA levels while only one in

Int. J. Mol. Sci. 2019, 20, 1154; d0i:10.3390/ijms20051154 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0001-9127-344X
http://dx.doi.org/10.3390/ijms20051154
http://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/20/5/1154?type=check_update&version=2

Int. ]. Mol. Sci. 2019, 20, 1154 2 of 20

three men with higher PSA levels has the significant disease [8]. In this light, novel and more specific
diagnostic biomarkers are required for this disease. Highly specific and sensitive biomarkers will not
only improve the quality of life of many men worldwide by reducing unnecessary over-diagnosis
related anxiety and depression [9] but they could also alleviate some of the economic burden from
unnecessarily high cost treatments [10].

MicroRNAs (miRNAs) are a class of small, non-coding RNA molecules. They bind to their
target mRNAs to regulate gene expression [11] and some in silico and functional analysis estimated
that over half of the genes that code for human proteins are regulated by miRNAs [12]. Cancer
development involves normal cells experiencing genetic instability [13] and this genomic instability
has a great impact on the miRNAs’ expression profile by affecting their genomic loci or processing
and, in consequence, by altering the critical cellular pathways that they regulate such as cell
proliferation, differentiation and apoptosis, contributing to cancer initiation and progression [14].
Indeed, dysregulation of miRNAs has been reported in many cancers [15-21] and the so-called miRNA
signatures have proved to be accurate tools not only to detect different cancer types [19,22,23] but also
for cancer staging [24,25]. This is highly relevant to allow for an accurate diagnosis, early detection and
implementation of the most appropriate treatment, all of which can potentially improve prognosis.

We have recently identified a panel of four miRNAs: miR-98-5p, miR-152-3p, miR-326 and
miR-4289 [26] with elevated levels in plasma samples from PCa patients when compared to healthy
controls. This signature was validated in two independent cohorts. Furthermore, when combined, the
diagnostic power of our signature as represented by the area under the curve (AUC) = 0.88, proved
to be greater than that previously reported for PSA [27,28]. To further determine the potential of this
novel signature in PCa and its specificity in this disease, an in depth systematic analysis was carried
out, where more than 200 research articles on these four miRNAs in cancers in the last decade have
been revisited. Expression dysregulation in cancer, survival data and disease association analysis have
been gathered for the four miRNAs. We have summarised the most recent reported dysregulation data
for these four miRNAs in cancer and determined whether the upregulation observed by us in PCa is
specific for this disease. Additionally, we also considered their prognosis significance when available
in the literature.

2. Results

2.1. Literature Retrieval

More than 300 abstracts were retrieved initially from PubMed. These included information for
the four miRNAs of interest related to their dysregulation in cancer and/or survival. Those studies
with less than 20 patients were discarded, leaving ~200 abstracts for further inspection. Papers with no
clinical and pathological data and those that focused on the basic biology of the miRNA were excluded.
This left 78 studies to be examined in further detail to extract potential data. Of these, 38 research
articles reported significant results for the miRNAs of interest for their association with one or more
forms of cancer, from which data was subsequently extracted and presented in this article.

2.2. Dysrequlation of miR-98-5p, miR-152-3p, miR-326 and miR-4289 in Cancer Patient Samples

The main focus of this section was to compile recent reported dysregulation expression data for
our miRNA signature in all cancers and assess its specificity for PCa. Cancer-related dysregulation
that met our selection criteria was found for three of the miRNAs, with no reported data for miR-4289.
However, two examples have been included at the end of this section to get a preliminary appreciation
of what is available for miR-4289 (Table 1). Additionally, survival data was also collected when
available. Some studies reported hazard ratios (HR) values while others associated miRNA expression
levels with survival rate (Table 2).
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Table 1. Dysregulation of miR-98, miR-152, miR-326 and miR-4289 in prostate cancer (PCa) when compared to cancer-free samples (tissue, serum or plasma).

miRNA Prostate HCC ESCC Glioma Lung Breast CRC Bladder  Ovarian Cervical Gastric Melanom  NPC 0SsC
T3,
miR98  P2629F  ATROM VTR TR s el 4T
17 [26] 1T44] 17 1
miR-152 1T 381* 1T [41,42] 1T 43] 1P [45] v #Z’:S] e %41_651] 1° [25 s 1T [54] 1T [50,55]
1T [39/40] TP [46] T [ ] T [ ] [ ]

. ~LT J,T S

miR-326 1P 126] 1T [56] 1T [57] [58,59] 1T [60] (61]

miR-4289 1P [26]

HCC: hepatocellular carcinoma, ESCC: esophageal cancer, CRC: colorectal cancer, NPC: nasopharyngeal Cancer, OSC: osteosarcoma, Kristen et al.: # downregulation in benign prostatic
hyperplasia PCa tissue. S: serum, T: tissue, P: plasma, °Pashaei et al.: recurrent vs. non-recurrent after radical prostatectomy patients, 1: upregulated, |: downregulated.

Table 2. Dysregulation of miR-98-5p, miR-152-3p, miR-326 and miR-4289 associated with cancer prognosis.

Number of Hazard Ratio (HR) (95% Mets. vs.

miRNA Cancer Sample Type Samples Confidence Interval CI) High %Survival No-Mets Tissue Reference
miR-98-5p Lung Tissue 26 - 0 i [35]
Melanoma Tissue 15 - T 1 [36]
HCC Tissue 144 - T 1 [30]
ESCC Tissue 40 - - 1 [32]
miR-152-3p HCC Serum 76 0.39 (0.19-0.82) © T - [42]
Prostate Tissue 13 - ™ 1 [40]
miR-326 Prostate Tissue 126 1.1 (1.01-1.2) ©7 17 - [38]
Prostate Tissue 110 1.1 (1.01-1.2) °7 17 - [38]
CRC Tissue 114 0.58 (0.3-0.8) T 1 [61]
GBM Tissue 458 0.7 (0.5-0.9) 1 - [62]
Glioma Tissue 108 0.15 (0.05-0.8) °© T - [63]
OSsC Serum 60 0.25(0.1-0.9) © T N [61]
Gastric Tissue 136 0.7 (0.4-0.9) © T 1 [60]
Lung Tissue 39 - T - [56]

HCC: hepatocellular carcinoma, ESCC: esophageal cancer, CRC: colorectal cancer, GBM: glioblastoma, OSC: osteosarcoma, Mets: metastatic, *: biochemical recurrence-free survival, °: for
those studies that HR values were reported for low miRNA, the inverse HR has been calculated, 7: not validated in a third cohort and early biochemical recurrence (two cohorts), #. not
validated in a multivariate analysis, 1: upregulated, |: downregulated.
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2.2.1. Dysregulation of miR-98-5p in Cancer

Our analysis showed a higher plasma expression of miR-98-5p is associated with an increase
in the likelihood of developing PCa (cohort 1: 3 = 1.75, 95% confidence interval (CI) = 0.36-3.14,
P = 0.056 and cohort 2: = 1.80, 95% CI = 1.20-2.40, P = 1.47 x 10~8) [26]. In a recent meta-analysis
conducted by Pashaei et al. on six independent datasets that identified miRNAs associated with
PCa, a significant (P < 0.05) upregulation of miR-98-5p in recurrent vs. non-recurrent PCa patients
after radical prostatectomy surgery was observed [29]. These two studies suggest that miR-98-5p
upregulation in plasma and/or in prostate tissue could be a diagnostic biomarker for this disease and
also it could serve as a recurrence biomarker (Table 1).

By contrast, miR-98-5p was downregulated in lung cancer tissue when compared to adjacent
cancer-free tissue (N = 26, P < 0.01) [34] and in the serum of lung cancer patients (N = 127) when
compared to controls (N = 60, P < 0.05) [35]. Additionally, Wang et al. observed this downregulation
was positively correlated with lymph node metastasis, worse TNM (Tumor, Nodes and Metastasis)
stage and decrease in the overall survival of patients [35] (Table 1). Similarly, miR-98-5p was reported to
be downregulated in melanoma patient tissue samples (N = 24) when compared to cancer-free controls
(N =24, P <0.01) [36] and in metastatic melanoma (N = 15) when compared with primary tissue
(N =15,P <0.001) [36]. A lower expression was associated with a later T staging and a worse prognosis
(P < 0.001) [36] (Table 1). The downregulation of miR-98-5p was also observed in hepatocellular
carcinoma (HCC) tissue when compared to adjacent cancer-free cells in two studies carried out by
Zhou et al. (N =144, P <0.001) [30] and Wang et al. (N =30, P < 0.05) [31]. This downregulation was
significantly associated with larger tumour size (P = 0.025), lower percentage survival (P = 0.0125) and
metastasis (P = 0.016) [30].

In addition, miR-98-5p was also observed to be downregulated in esophageal squamous cell
carcinoma (ESCC) by Huang et al. They reported a significant downregulation of miR-98-5p in ESCC
tumor tissue when compared to adjacent cancer-free cells (N = 40, P < 0.01) [32] and this lower
expression was significantly correlated with a higher pathological grade (P = 0.004), later tumor stage
(P =0.003) and lymph node metastasis (P = 0.004) (Table 1). Furthermore, Liu et al. also observed
a consistent downregulation of miR-98-5p in nasopharyngeal carcinoma (NPC) tumor tissue when
compared to adjacent cancer-free cells (N = 30, P < 0.05) (Table 1). Finally, Chen et al. found miR-98-5p
expression was significantly lower in brain cancerous tissue when compared to adjacent non-cancerous
tissue (N =26, P = 0.0165) [33] (Table 1).

Survival data for miR-98-5p was reported for lung, melanoma, HCC and ESCC, where high
miRNA expression levels in tissue significantly (P < 0.05) correlated with higher survival rates for the
first three cancers and a lower metastasis incidence for all of them [30,32,35,36] (Table 2).

In summary, the current reported expression data for miR-98-5p shows this miRNA is
downregulated in lung, melanoma, HCC, osteosarcoma (OSC), and NPC tumor tissue samples when
compared to adjacent non-malignant or healthy tissues. This downregulation may contribute to cancer
progression and development by affecting several pathways and genes such as those summarised
in Table 2. By contrast, an upregulation of miR-98-5p in plasma samples from PCa patients when
compared to controls has been observed [26] and this upregulation has also been reported in recurred
prostate tumors [29]. These results suggest that an upregulation of miR-98-5p is highly specific to PCa.
However, in clinical settings, low levels of miR-98-5p should be interpreted cautiously as that might
indicate malignancy of other organs.

2.2.2. Dysregulation of miR-152-3p in Cancer

Our study significantly correlated higher expression of plasma miR-152-3p in PCa patients
when compared to healthy controls in two cohorts (cohort 1: N = 61, = 1.89, 95% CI = 0.99-2.79,
P =14 x 10~* and cohort 2: N =58, = 3.38, 95% CI = 2.27—4.49, P = 8.94 x 1077) [26] (Table 1).
In contrast, miR-152-3p has been described as a possible tumor suppressor in numerous studies
as its downregulation has been reported in several cancer tissues. For example, in PCa, two
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independent studies reported a downregulation of miR-152-3p when comparing PCa tissue (N = 48)
vs. non-malignant tissue (N = 15, P < 0.05) [39] and PCa tissue vs. adjacent cancer-free cells (N = 97,
P <0.0001) [50] and primary tissue (N = 97) vs. metastatic PCa samples (N = 13, P <0.001) [50] (Table 1).
Additionally, a lower miR-152-3p expression was associated with higher Gleason scores (>7), a more
advanced pathological T stage [39] and a higher biochemical recurrence-free survival (P = 0.0004) [50].
Similarly, Kristensen et al. also observed a downregulation of miR-152-3p in PCa (N = 134) when
compared to benign prostatic hyperplasia (BPH) patients (N = 13, P = 0.00004) and these results were
validated in their second cohort of patients (N = 138) and BPH controls (N = 19, P = 0.0003). In line
with these studies, our analysis of TCGA (The Cancer Genome Atlas) data revealed that miR-152-3p
expression was significantly (P = 0.0011) lower in prostate tumor tissues (N = 181) when compared to
non-malignant prostate tissues (N = 50) [26] (Table 1).

Similarly, miR-152-3p has been reported to be downregulated in colorectal cancer (CRC) tissue
when compared to adjacent cancer-free cells in three independent studies by Li et al. (N = 28,
P <0.01) [49], Chen et al. (N =101, P < 0.01) [50] and Wang et al. (N =202, P < 0.001) [51]. It was also
observed that a low miR-152-3p expression was significantly correlated with some clinic-pathological
features such as larger tumor size (P = 0.004) and advanced tumor staging (P = 0.002) [50]. Interestingly,
Chen et al. also reported an upregulation of miR-152-3p in CRC plasma samples (N = 31) when
compared to healthy controls (N =52, P = 0.02) [46] (Table 1), an observation similar to PCa.

Downregulation of miR-152-3p in gastric cancer tissue when compared to normal adjacent tissue
was observed by Zhai et al. (N =30, P < 0.05) [55] and Chen et al. (N =101, P = 0.038) [50]. As seen
previously, a low miR-152-3p expression significantly correlated with a larger tumor size (P = 0.023) and
a more advanced stage (P = 0.018) [50] (Table 1). Furthermore, miR-152-3p also showed a significant
(P < 0.05) downregulation in ovarian cancer tissue (N = 78) when compared to healthy ovarian tissue
(N =17, P <0.05) [54].

Two independent studies by Xu et al. (N =22, P < 0.05) [47] and Maimaitiming et al. (N = 32,
P < 0.05) [48] observed a downregulation of miR-152-3p in breast tumor tissue when compared to
adjacent normal breast tissue. Contrary to the observations reported in breast cancer tissue, Chen et al.
observed an upregulation of miR-152 in breast cancer plasma samples (N = 53) when compared to
healthy controls (N =49, P = 0.003) [46] (Table 1).

In glioma tissue, the miR-152 was also downregulated (N = 20, P < 0.001) when compared to
adjacent normal cells by Zhang et al. [43] (Table 1). Additionally, miR-152-3p was also shown to
be downregulated in HCC in two different analysis: HCC tissue vs. adjacent normal cells (N = 89,
P <0.01) [41] and HCC tissue (N = 55) vs. healthy controls (N = 76, P < 0.001) [42]. As seen in other
cancers, this downregulation was associated with later cancer staging (P = 0.013) and larger tumor size
(P =0.037) [42] (Table 1).

Dysregulation of miR-152-3p was reported in lung cancer where two independent studies done
with plasma samples gave opposite results. In the first study by Dou et al., miR-152-3p plasma levels
were reported to be downregulated in lung cancer samples (N = 120) when compared to plasma
from healthy controls (N = 360, P = 0.014) [45]. By contrast, a second study conducted by Chen et al.
reported an upregulation of miR-152-3p in plasma samples from lung cancer patients (N = 55) when
compared to healthy controls (N = 53, P = 0.00015) [46]. In a third study in which lung tissue samples
were analysed, a lower expression of miR-152-3p was observed in lung cancer patient tissue when
compared to adjacent cancer-free cells (N = 36, P < 0.05) [44]. Although none of these studies associated
miR-152-3p dysregulation with a larger tumor size, it correlated with other clinicopathological features
such as poor differentiation status (P = 0.001) and later staging (P < 0.001) [47] (Table 1).

As the inverse dysregulation between plasma/serum and tissue has been previously mentioned
for prostate, CRC, breast and lung cancers, in bladder cancer similar results were reported. Jiang et al.
observed an upregulation of miR-152 in serum of bladder cancer patients (N = 250) when compared to
controls (N = 240, P < 0.05) [52] while a downregulation in tissue samples from patients with bladder
cancer (N = 238) when compared to healthy controls (N = 121, P < 0.00001) [53] was reported (Table 1).
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Reported survival data from HCC serum samples (N = 76) showed lower miR-152 expression
levels correlated with shorter overall survival in a univariate analysis (HR = 2.53, 95% CI = 1.22—5.22,
P =0.0012) [41]. This result did not, however, reach significance in the multivariate analysis (HR = 1.73,
95% CI =0.83—3.6, P = 0.141), suggesting miR-152 cannot be used as an independent prognostic marker
in HCC.

Survival analysis in PCa showed that the higher tissue expression levels correlated with a better
prognosis and a lower metastatic incidence [40] (Table 2). This suggests miR-152 has the potential to
be a specific prognosis biomarker for PCa.

In summary, miR-152 has been reported to be downregulated in prostate, CRC, gastric, ovarian,
breast, glioma, and HCC, lung and bladder tissue when compared to adjacent and/or healthy tissue.
This downregulation is often associated with cancer development and progression. By contrast, an
upregulation has been observed in prostate, lung, breast, CRC and bladder serum/plasma patient
samples when compared to healthy samples. Contradictory results have been reported for plasma
breast cancer samples, where both up- and downregulation have been observed. Further studies with
bigger cohorts are required to determine the directionality of such dysregulations. Nevertheless, from
these data, the upregulation of miR-152 expression in plasma was not found to be a specific biomarker
for PCa when analysed alone, but could also suggest lung, breast, CRC or bladder cancers.

2.2.3. Dysregulation of miR-326 in Cancer

In our study, the 3 values obtained from the regression coefficient analysis showed high miR-326
plasma levels in PCa patients was associated with a higher likelihood of developing this disease
(cohort 1: N =61, B = 6.18,95% CI = 4.52-7.83, P = 9.15 x 10~!3 and cohort 2: N =58, 8 = 10.42, 95%
CI = 8.09-12.76, P = 0.00E +%0) [26] (Table 1).

By contrast, miR-326 was reported to be downregulated by Li et al. in gastric cancer [60] when
comparing gastric tumor tissue with adjacent cancer free tissue (N = 136, P < 0.001). This low expression
also significantly correlated with some clinic-pathological characteristics such as advanced clinical
staging (P = 0.003), tumour depth (P = 0.026), both lymph node (P = 0.004) and distant metastasis
(P =0.037) and a poorer survival rate (P < 0.01) [60] (Table 1).

Downregulation of miR-326 was also reported in lung cancer when cancerous lung tissue was
compared to adjacent healthy cells (N = 39, P < 0.05) and this was significantly associated with a poorer
prognosis (P = 0.0061) [56] (Table 1).

Again, miR-326 was reported to be downregulated in CRC by Wu et al. [61] in CRC tissue when
compared to adjacent normal tissue (N = 114, P < 0.05) and the lower expression was also associated
with an increase in metastasis, disease recurrence (P < 0.05) and a poorer survival rate (P = 0.018)
(Table 1).

Similarly, miR-326 was also observed to be downregulated in OSC by Cao et al. [61], where a
significant downregulation was reported in both OSC tissue patients vs. normal tissue (N = 30, P<0.05)
and OSC tissue vs. adjacent cancer free tissue (N = 6, P < 0.05). In this study a significant decrease in
expression was also observed in patient serum samples when compared to healthy controls (N = 60,
P < 0.05). Additionally, lower miR-326 expression was associated with a poorer survival rate (P < 0.05),
a higher metastatic incidence and a more advanced clinical stage (P < 0.05) without affecting the tumor
size [61] (Table 1).

Finally, both Zhang et al. (N =25, P = 0.0109) [58] and Wu et al. (N =30, P < 0.01) [59] observed a
downregulation of miR-326 in cervical cancer tissue when compared to healthy control tissue (Table 1).

The reported survival data found for miR-326 is summarised in Table 2. Data was found for
the following cancers: prostate, CRC, glioma (including glioblastoma, GBM), OSC, gastric and lung
cancers. In PCa, Kristensen et al. observed that low miR-326 expression in patient tissue was associated
with early biochemical recurrence in two cohorts (cohort 1: N = 126, HR = 0.90, 95% CI = 0.82-0.99,
P =0.032 and cohort 2: N = 110, HR = 0.91, 95% CI = 0.84-0.99, P = 0.023) [38]. However, these results
could not be validated in a third cohort, where an opposite HR directionality was observed and it did
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not reach significance (N =99, HR = 1.46, 95% CI = 0.76-0.2.83, P = 0.256). Also, it did not remain
significant in their multivariate analysis, suggesting the results observed are not independent of the
covariates tested (PSA, pT stage, Gleason scores and margin status). In CRC, Wu et al. reported a
significant association of high miR-326 CRC tissue expression levels with a better overall survival
(N =114, HR = 0.58, 95% CI = 0.28-0.79, P = 0.011) and progression-free survival (HR = 0.811, 95%
CI =0.418-0.951, P = 0.017) and these were independent of clinical and pathological characteristics
such as age, gender, tumor location, TNM stage and differentiation status [57] (Table 2). It was also
associated with a lower metastatic incidence.

Qiu et al. showed higher expression of miR-326 in GBM tissue was associated with a better
prognostic and this was independent of other factors such as age, gender and recurrence (N = 458,
HR =0.70, 95% CI = 0.54-0.90, P = 0.006) [62] (Table 2).

Similarly, low miR-326 expression in glioma tissue showed to be an independent marker of poor
overall survival prognosis (N = 108, HR = 6.5, 95% CI = 1.20-19.70, P < 0.001) [63]. Table 2. Furthermore,
low miR-326 glioma tissue expression was also significantly associated with poor overall survival in
patients with high pathological grades (III-IV: P < 0.001), but significance was not reached when the
grades were low (I-II: P = 0.07) [63]. In OSC a lower miR-326 serum expression was associated with
a lower metastasis incidence and it was an independent overall survival prognostic marker (N = 60,
HR =3.9,95% CI = 1.13-12.35, P = 0.001) [61] (Table 2). In gastric cancer, low miR-326 expression was
also significantly associated with an overall poorer prognostic (N = 136, HR = 1.51, 95% CI = 1.08-2.76,
P =0.02) [60] and their inverse are shown in Table 2. A higher miR-326 expression tissue level was also
associated with a lower metastatic rate. Finally, in lung cancer tissue higher miR-326 tissue expression
levels were associated with a higher survival rate [56] (Table 2).

To summarise, miR-326 has been shown to be downregulated in gastric, lung, CRC, ESCC and
cervical tumor tissue when compared to adjacent/healthy tissue and this is often associated with
cancer progression, disease recurrence and poorer prognosis. This downregulation was also observed
in serum ESCC patient samples when compared to controls. By contrast, we have observed an
upregulation of this miRNA in PCa plasma samples when compared to controls. Additionally, tumor
miR-326 overexpression is associated with a better overall survival in prostate, CRC, GBM, glioma,
OSC, gastric and lung cancers and a lower metastasis incidence. High levels of miR-326 in PCa tissue
samples when compared to healthy controls also showed to be associated with disease recurrence
although it was not independent from other clinical factors such as PSA, staging and Gleason score.
Opverall, all these results suggest this miRNA is also a good specific candidate biomarker for PCa at the
diagnostic and prognostic levels.

2.2.4. Dysregulation of miR-4289 in Cancer

Higher plasma levels were observed in PCa patient samples when compared to controls in our two
cohorts as shown by univariate analysis (Table 1) [26]. The first cohort associated higher plasma levels
with an increased risk of PCa as determined by B (N = 61, = 0.83,95% CI = 0.5-1.16, P = 3.11 x 10~°).
Similarly, the second cohort also associated elevated plasma expression levels with a higher risk of
developing the disease (N =58, § = 5.71, 95%CI = 4.18-7.24, P = 8.80 x 10~13) [26].

The research done on miR-4289 is currently very limited, with only a few studies reporting its
role in cancer. Because of this availability shortage, two studies are here mentioned despite of not
fitting the search criteria applied. Dong et al. undertook miRNA profiling in three samples only
to detect differentially expressed miRNAs between GBM patients and healthy controls. From the
752 miRNAs analysed, 115 miRNAs were found to be upregulated being miR-4289 one of them
(P =0.0002) [64]. The second study, used a stratified cohort based on the expression of two particular
genes, the serine-threonine protein kinase AKT1 and AKT?2 [65]. This study investigated the role
of miRNAs as effectors of increasing the AKT1 and AKT2 gene numbers within lung carcinomas.
miR-4289 was found to be upregulated in two of the stratified lung tissue cancer cohorts (AKT1+
and AKT2+).
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No reported survival data in cancer was found for the miR-4289.

2.3. Differential Expression of the miRNA Signature in Cancerous Samples when Compared to Non-Cancerous
Samples from Microarray Dataset

Differential expression data reported in dbDEMC 2.0 was found for three out of the four miRNAs
(Figure 1) and all the miRNAs were significantly (P < 0.05) dysregulated in cancer samples when
compared to controls. Some experiments had few of the miRNAs duplicated and these were discarded,
leaving only one value. Differential expression values were found in many datasets for miR-98-5p
(N =48), miR-152-3p (N =49) and miR-326 (N = 49) and are presented in Figure 1. Data for miR-4289
was found only for three cancers (biliary tract, CRC and gastric cancers) from two different experiments.
In the three cases, miR-4289 was significantly downregulated.

miR-98-5p b miR-152-3p
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Figure 1. Differential expression of miR-98-5p, miR-152-3p and miR-326 in cancer tissue. Data sourced
from dbDEMC [66]. Logarithmic fold changed plotted (GraphPad Prism 7.00) showing min to max
values and median. Dark grey shade and dashed rectangular highlight PCa only. P values obtained
from one-way analysis of variance (ANOVA).

Additional information such as the experiment ID, Gene Expression Omnibus (GEO)/TCGA
information, cancer subtypes, T values, P values and {3 values and adjusted P values are all summarised
in Supplementary Table S1. For those cancers with a limited number of values, a grouping system
was followed. Head and neck included: head and neck, NSP, tonsil, thyroid, oral squamous and
ESCC cancers. Liver is comprised of both liver and HCC cancers. Colon and colorectal cancers were
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combined. Sarcoma included both sarcomas synovial and liposarcoma, and endometrial was grouped
alongside uterus cancer. From this data, none of the miRNAs showed to be a specific biomarker for
any cancer studied (Figure 1). Non-parametric, univariate analysis of variance (ANOVA) revealed
significant differences in between cancers (P = 0.035) only for miR-326.

2.4. Functional Role of the miRNA Signature in Cancer

The literature research previously presented also provided a number of validated targets for
the different miRNAs that compose the signature. The method of validation, gene target effect and
involved pathway or molecular function are summarised in Table 3. Briefly, five target genes and one
positive regulator were reported for miR-98 in lung, melanoma, HCC, brain and NPC cancers. Six
target genes were validated for miR-152 in gastric, ovarian, breast and lung cancers and five target
genes, plus two negative regulators, were confirmed for miR-326 in gastric, lung, glioma, OSC and
cervical cancers (Table 3). Our previous in silico analysis of miRNA target genes generated 1055
targets of these four miRNAs implicating them in over 250 pathways [26]. The maximum number
of targets were found to be involved in cancer pathways including viral carcinogenesis, bladder
cancer, chronic myeloid leukemia, PCa, non-small cell lung cancer, basal cell carcinoma, and glioma
(P <0.05). Identifying miRNA target genes and pathways to understand the molecular basis of cancer
pathogenesis is challenging because there are several direct and indirect targets and pathways that
drive cancer. For example, the insulin signalling pathway consisting of insulin growth factor receptors
(IGFRs) are important mediators of cancer. Similarly, cyclin dependent kinases (CDKs) targeted by our
identified miRNAs play a vital role in cell cycle progression which, in turn, is an important pathway
in cancer.
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Table 3. Functional role of the miRNA signature in cancer.
miRNA Cancer Target Gene/Regulator Method of Validation Binding Target Effect Pathway or Molecular Function Reference
Integrin Subunit Beta 3 (ITGB3) Cancer cell 1'1n.e tr.ansfectlon Cancer cell proliferation suppression and  Cell adhesion ar}d cell:surface mediated [34]
and mouse injection model tumor growth reduction in vivo signalling
Lung . . . X X o
Serine/threonine-protein kinase (PAK1) Cancer cell 1.1n.e trfinsfectlon Cancgr cell'prohfer:'atlon,.colc?ny'fqrmat1on, Cytoskeleton reqrgam.zahon and nuclear [67]
and mouse injection model migration and invasion inhibition signalling
. s Tumor metastasis and growth inhibition . .
Melanoma Interleukin 6 (IL-6) Mouse injection model A Stat and NF-«B signalling [36]
miR-98 in vivo
Collagen Triple Helix Repeat Containing Protein expression inhibition after mimics Tissue remodelling, vascularity and
HCC 1 (CTHRC1) Western blot transfection bone formation (31]
Brain Raf-1 kinase inhibitor protein (RKIP) Cancer cell line transfection miR-98 positive regulator: tumor Inhibition of the Raf—l—M}'EKl/Z, ERKL1/2 [33]
repressor and NF-kappaB signalling pathways
Signal transducer and activator of Protein expression inhibition after mimics s
NPC transcription 3 (STAT3) Western Blot transfection Transcription factor [37]
Gastric CD151 Cancer cell line transfection Cancer cgll pro.hferatlon, m}gratlon and Tetraspasin member. (.cell develc?pment, [55]
invasion suppression growth and motility regulation)
Ovarian SERPINE1 In SIIIC(;:;I;SSE;Iptome Tumorigenesis and metastasis suppression tPA /uPA fibrinolysis inhibitor [68]
Insulin-like growth factor 1 (IGF-IR) Cancer cell line transfection Cancer cell prohfer-ahon, C(.)lcfny .fo.r¥nat10n PI3K/AKT and MAPK/ERK cascades [47]
miR-152 and tumor angiogenesis inhibition
Breast Insulin receptor substrate 1 (IRS1) Cancer cell line transfection Cancer cell prohferfatlon, cglqny .fo.r IInanon, PIBK/AKT and MAPK/ERK cascades [47]
and tumor angiogenesis inhibition
Rho-Assoaa‘ted Coﬂed-Coﬂ Containing Cancer cell line transfection Cancer ce.H prqllferatlon, m}grahon and GTPase RhoA multiple signalling 48]
Protein Kinase 1 (ROCK1) invasion suppression cascade
Lung Neuropilin-1 mediated receptor Cancer cell line transfection Cancer cell nugration and invasion VEGEF-A, VEGF-165 [54]
suppression
Gastric Fascin (FSCN1) Cancer cell line transfection Cancer cell growth a?nd metastasis Formation of actm.—based cellular [60]
suppression protrusions
Cancer cell proliferation, migration, CDK kinases regulator coordination of
Cyclin D1 (CCND1) Cancer cell line transfection  invasion and colony formation inhibition 1nases regu ator coordination o [56]
. . each mitotic event
. and promotion of apoptosis
miR-326 - - — -
Lung Paired-like homeobox 2a (phox2a) Cancer cell line transfection Cancer cgll pro.hferatlon, migration and  Development of the autonomic nervous [69]
invasion suppression system
LncRNA-HOTAIR Cancer cell line transfection TR 020 negative regulator: promotion of ;g1 /pRE) epigenetic regulator [69]

cancer cells proliferation and migration
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miRNA Cancer Target Gene/Regulator Method of Validation Binding Target Effect Pathway or Molecular Function Reference
Glioma Nin one binding protein (NOB1) Cancer cell line transfection Cancer cell prc?llfe?atl'or? z.md colony PreTRNA p rocessing and MAPK [70]
formation inhibition signalling
miR-326 0sC B-cell lymphoma 2 (Bcl-2) Cancer cell line transfection Cancer cell apoptosis reduction Caspase activity regulator [61]
Cervical LncRNA-HOTAIR Cancer cell line transfection miR-326 negative regulator: promotion of LSD1/PRC2 epigenetic regulator [59]

cancer cells proliferation and migration

HCC: hepatocellular carcinoma, NPC: nasopharyngeal carcinoma, OSC: osteosarcoma, tPA: tissue plasminogen activator, uPA: urokinase, phosphatidylinositol-3 kinase (PI3K)/AKT and
mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinases (ERK) cascades, RhoA: Ras homolog gene family, member A, VEGF: vascular endothelial growth factor,
CDK: cyclin-dependent kinases, LSD1: lysine specific demethylase 1, PRC2: polycomb repressive complex 2, Lnc: long non-coding, MAPK: mitogen-activated protein kinases.
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3. Discussion

A good usable biomarker has to be selective and objectively measured to evaluate diverse
biological or pathogenic processes, as described by the Biomarker Consortium group [71]. Amongst
others, a biomarker can assist at different levels in managing a certain disease. For instance, it can be
applied to differentiate between disease and healthy status, assist in staging and classifying the extent of
a disease, improve the prognosis and/or monitoring the clinical response to a potential treatment [71].
miRNAs have extensively been reported to be dysregulated in cancer [72-75] and they have been
described as highly specific, sensitive and stable molecules, which makes them potential fingerprint
tools to diagnose a specific cancer and its progression [72]. Recently, some studies have shown this
tumor-specificity in different fluids such as saliva for oral cancer [76], urine for bladder cancer [77] and
plasma for lung, CRC and breast cancers [46]. As mentioned before, the main PCa biomarker used
today, although sensitive, can lead to over-diagnosis due to a relative low specificity [4,5]. We have
recently identified a plasma miRNA signature comprised of four miRNAs (miR-98-p, miR-152-3p,
miR-326 and miR-4289), which has the potential to improve the diagnostic power of the current PSA
biomarker alone [26]. In order to determine if the upregulation in PCa samples observed by us in two
cohorts is specific of this disease, we have carried out a systematic review, where the dysregulation of
these four miRNAs in cancer has been thoroughly looked at in the literature. Additionally, a dedicated
cancer miRNA dysregulation database has also been studied and, finally, information on association of
miRNA expression level with survival has been compiled.

Our own analysis showed significantly higher expression plasma levels of miR-98-5p, miR-152-3p,
miR-326 and miR-4289 in prostate cancer patients when compare to healthy individuals in two cohorts
and this was associated with an increased risk of developing the disease for the first three miRNAs.
Opposite results were obtained for miR-4289 between the two cohorts analysed. From our literature
search, the upregulation of miR-98 and miR-326 in PCa suggests them to be PCa-specific when
compared to other cancers. By contrast, miR-152 lacked specificity for this disease and not enough
data for miR-4289 was available to draw any conclusions. Most studies are on tumor samples in
PCa. Interestingly, the upregulation of miR-98 in recurrent PCa patients after radical prostatectomy
when compared to non-recurrent patients was also reported [29], placing this miRNA not only as a
potential diagnostic marker but also as a prognosis possible tool for this disease. To complement the
information found in the literature, we then looked at the dedicated miRNA cancer dysregulation
database, dbDEMC2, since most of the values reported in here have not been reported in any research
articles. Unexpectedly, our analysis from this database did not show similar results to those observed
in the literature. Instead, none of the miRNAs showed a specific dysregulation in any of the cancers
studied. This could be due to the nature of the miRNA detection assay used (microarray) and small
sample sizes. While the majority of the experimental data obtained from the literature used a specific
amplification method of the miRNA of interest (quantitative reverse transcription polymerase chain
reaction), the data obtained from the aforementioned database used a somewhat more general method
of detection, the microarray approach. In this method, hundreds of probes are used to get an initial
sense of possible expression data patterns. Parameters such as the type and length of the probes, how
these are manufactured, and how many tissues/liquid samples in each study can affect the results.
Survival data consistently showed high levels of miR-98, miR-152 and miR-326 were associated with a
higher survival rate and low aggressive disease for several cancers except PCa, where an upregulation
was associated with a poorer prognosis (HR > 1) and early biochemical recurrence. The research articles
included in this review, also provided information about several validated targets that can explain the
dysregulation of the miRNAs of interest in the cancers studied or the molecular consequences. Some
of these targets are oncogenes, for example, CCND1 and KRAS, or tumour suppressors such as PTEN
and HSP90AA1, and the deregulation of these genes may contribute to cancer pathogenesis.

A potential limitation of this study is the lack of a standardised miRNA extraction protocol
from clinical samples available in the scientific community. As shown recently [78,79], detected
levels of miRNA can significantly vary depending on the extraction methodology applied and the
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internal controls used, particularly in serum samples. Additionally, the pre-extraction steps such as
sample collection, specimen acquisition, handling and storage can further impact the levels detected
downstream [79]. A second limitation is the mixed origin of the samples. While we reported an
upregulation in PCa plasma samples for the four miRNAs, most of the expression data found in both
the literature and the microarray-based database was from tumor tissue samples. Additionally, miRNA
concentration levels in serum than plasma have been observed due to unknown effects of coagulation
process on extracellular miRNAs in blood [79], which makes drawing comparisons regarding miRNA
dysregulations across different samples even more difficult. This could raise some concerns about
how to interpret the data. For example, miR-152 was upregulated in serum from bladder cancer
patients [80] when compared to controls while, in a different study, it was downregulated in bladder
cancer tissue patients when compared to healthy individuals [53]. Also, despite our data, where
an increase of this miRNA expression was observed in plasma samples in PCa patients [26], three
independent studies done by Zhu, Theodore and Kristensen et al. respectively [38—40], observed a
downregulation in PCa patients’ tissue when compared to adjacent or healthy tissue controls. However,
it is important to note that the downregulation reported in the last study by Kristensen et al. compares
PCa tissue with BPH tissue and, therefore, the results should be contrasted with caution. This inverse
relationship in terms of miRNA expression between plasma and tumour may be due to the possibility
of the preferential retaining of oncomirs (miRNAs overexpressed in cancer [81]), and the release of
tumour suppressor miRNAs into the circulation to promote tumourigenesis. It has been previously
proposed that the preferential export of certain microRNAs may occur as hormomirs (circulatory
miRNAs) which may function to modulate expression of genes at a secondary site, thus affecting the
pathology of the disease [82,83]. We could also hypothesise that the downregulation in one sample
type (tissue) and the upregulation in the other (plasma) is due to the cancer physiological conditions,
which causes a leakage of molecules, being this the basis of the PSA blood test for PCa [84]. To explain
some of the downregulation observed in tissue by others, we took special interest in two potential
mechanisms due to the high number of observations reported. It is well known that DNA methylation
is increased during cancer [85,86] and the fact that the miR-152 promoter area is surrounded by a CpG
island [87] makes this miRNA highly vulnerable to an aberrant regulation in this malignancy. In fact,
the hyper-methylation in this region has been associated with a lower expression of miR-152 in cancer
tissue, inhibiting its oncosuppressor properties. In particular, this was observed in prostate, ovarian,
breast and glioma cancers [40,43,47,88]. Interestingly, this effect was shown to be ethnicity-associated in
a PCa study [40], where an African American cohort presented a higher methylation rate in the miR-152
gene than a Caucasian cohort, and this was also associated with a more aggressive form of the disease.
A very recent published study has also significantly associated a lower miR-152-3p expression in PCa
tissue patients (N = 100) when compared to healthy tissue (N = 14) with a highly hyper-methylated
promoter region [89], making this association a very plausible mechanism which should be further
explored. Another interesting possible mechanistic explanation for the reported downregulation of
miR-326 in cancer tissue when compared to healthy controls is the negative regulator long non-coding
RNA HOTAIR (Inc-HOTAIR). Lnc-HOTAIR has been shown to negatively regulate this miRNA in
lung and ovarian cancers [59,68] and its overexpression has been associated with a poor prognosis,
metastasis promotion and carcinogenesis in several cancers [69,90].

In summary, cancer expression data has been reported for miR-98, miR-152 and miR-326. From
the research articles included, the upregulation of miR-98 and miR-326 in PCa was shown to be
highly specific. In most cases, these three miRNAs were downregulated in cancer and this was often
associated with a poorer prognosis, later staging, increased tumor size, and higher pathological grades.
We have reported an upregulation of the miRNA signature miR-98-5p, miR-152-3p, miR-326 and
miR-4289 in PCa plasma patient samples when compared to healthy controls. Since our signature’s
upregulation has been detected in plasma, and most of the dysregulated expression data comes from
tissue samples, the results presented here should be taken as a summary of what data is available for
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these four miRNAs expressions in cancer to date. Indeed, further studies are needed to clarify their
plasma and serum dysregulations in different cancers and their suitability as specific markers of PCa.

4. Materials and Methods

4.1. Research Data Extraction Strategy: Inclusion and Exclusion Criteria

The literature used within this study was obtained via the PubMed database, utilising studies
conducted in the last 10 years and the strategy followed is summarised in Figure 2. Briefly, studies
included had to be tested on at least 20 patients and involve clinical data such as disease pathological
characteristics or clinical outcome. After an initial search and exclusion following the above criteria,
more than 200 abstracts were pre-viewed. From these, 78 full publications were retrieved for the
systematic review. Only those research articles that reported significant data were finally included.
Thus a total of 38 studies, including our own, were incorporated for the dysregulated miRNA
expression review (Table 1) and/or their prognostic potential (Table 2). Some of the selected studies
presented expression data for >20 samples but their survival data was reported for <20 patients. This
latter data has also been presented in Table 2. Some studies reported exact P values whereas others
reported them as thresholds (re P < 0.05, P < 0.01, etc.) and these have been presented accordingly.
Our own reported data has been reported by the regression coefficient (3 value) with a 95% CI.

Initial PubMed search using
the terms: “miRNAs” and
“cancer” assearchcriteria.
The additionalfilter: “10
years” publication date was
applied.This generated
30,610 papers

A subsequent PubMed
search for every microRNAs
was done with: “miR-X" and
“cancer" assearchtermns.

This generated over 300
abstracts.

Papers with <20
—> patients were
excluded

> 200 abstracts were
retrieved for further

examination

Papers with no clinic
or pathologicaldata
were excluded

78 papers retrieved for
systematic review

Papers where the
dysregulation of the
miRNAs’ of interest

didnot reach
38 manuscripts included in significance or

this review for their miRNA statistical data was
dysregulation and/or missing were
survivaldataincancer

excluded

Figure 2. Diagram showing the overall pathway followed to obtain reported significant data for miR98,
miR-152, miR-326 and miR-4289 deregulation in human cancers.
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4.2. Differential Expression of the miRNA Signature in Cancer: High-Throughput Data

In addition to the reported data in the literature for this signature, we extracted normalised
logarithmic fold change miRNA expression data from the dedicated Differentially Expressed miRNAs
in human Cancers database (dbDEMC version 2.0, http:/ /www.picb.ac.cn/dbDEMC) (data extracted
in March 2018) [66]. This integrated database differs from others since it identifies these differentially
expressed miRNAs from de novo analysis of high-throughput expression data. Additionally, it contains
differential expression of 2,224 miRNAs from 36 cancers curated from 436 experiments. The current
version displays data detected by high-throughput methods from a total of 209 newly published
data sets, collected from GEO/TCGA. Expression values were logarithmically transformed (base 2)
and quantile normalized. When different isoforms were available, dbDEMC selects the one with the
greatest expression value. In Figure 1, cancer vs. normal comparison is represented for the miRNA
signature, where the fold change values for each miRNA were plotted using GraphPad Prism 7.00.
Each panel was subsequently analysed using an unpaired, non-parametric ANOVA test and a P < 0.05
was considered significant.

4.3. Dysregulation of miR-98-5p, miR-152-3p, miR-326 and miR-4289 Associated with Cancer Prognosis

Those studies that reported survival data and/or expression in metastatic tissue when compared
to non-metastatic disease are summarised in Table 2. HR and 95% CI were included when available.
HRs are used to measure survival rates through time when comparing more than one group of
patients [91]. The aim is to determine if the survival outcome is different amongst the groups studied
due to a particular variable that differentiates them such as treatments or, in our case, different levels of
miRNAs. As seen with 3 values, a HR value >1 is considered to be associated with a poorer prognosis
and shorter overall survival while an HR <1 is associated with a more favourable one. HRs were
calculated by multivariate Cox binary logistic regression with P < 0.05 unless otherwise specified.
Some studies reported their HRs based on the downregulation of the expression of the miRNA of
interest. In order to keep the data homogeneous, in these cases, the inverse of both the ratios and their
95% CI were calculated (1/HR and 1/95% CI), allowing for the different studies to be compared more
easily. These studies are marked using the superscript “a” in Table 2.

5. Conclusions

The upregulation of miR-98 and miR-326 in PCa were shown to be highly specific of prostate
cancer as in the majority of the cases reported these two miRNAs were downregulated in cancer and
they were often associated with a poorer prognosis that included later staging, larger tumor size, and
higher pathological grades. The miRNA signature we have recently reported showed that miR-98-5p,
miR-152-3p, miR-326 and miR-4289 were upregulated in PCa plasma patient samples when compared
to healthy controls. A limitation of our study includes the nature of our samples (plasma) which differs
from most of the samples’ origin found in the literature (tissue). Therefore, here we present a snapshot
of the significant reported dysregulation in cancer of these four miRNAs to date.

Supplementary Materials: Supplementary Materials can be found at http:/ /www.mdpi.com/1422-0067/20/5/
1154/s1.

Author Contributions: L.M. prepared the manuscript and made the tables and figures. ].M. and S.S. reviewed
the literature. FM. provided important feedback in drafting the manuscript. J.B. was responsible for the
conceptualisation of the manuscript, supervision and vital feedback.

Funding: This research was funded by NHMRC CDF (APP1090505) and CCQ (APP1086830) funding to JB, QUT
Postgraduate Research Award (QUTPRA) to FM, QUT VC vacation fellowship to SS.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.picb.ac.cn/dbDEMC
http://www.mdpi.com/1422-0067/20/5/1154/s1
http://www.mdpi.com/1422-0067/20/5/1154/s1

Int. ]. Mol. Sci. 2019, 20, 1154 16 of 20

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F.
Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012.
Int. J. Cancer 2015, 136, E359-E386. [CrossRef] [PubMed]

Stamey, T.A; Yang, N.; Hay, A.R.; McNeal, ].E; Freiha, F.S.; Redwine, E. Prostate-specific antigen as a serum
marker for adenocarcinoma of the prostate. N. Engl. J. Med. 1987, 317, 909-916. [CrossRef] [PubMed]
Diamandis, E.P. Prostate-specific Antigen: Its Usefulness in Clinical Medicine. Trends Endocrinol. Metab. 1998,
9, 310-316. [CrossRef]

Adhyam, M.; Gupta, A.K. A Review on the Clinical Utility of PSA in Cancer Prostate. Indian ]. Surg. Oncol.
2012, 3, 120-129. [CrossRef] [PubMed]

Bokhorst, L.P.; Bangma, C.H.; van Leenders, G.J.; Lous, J.J.; Moss, S.M.; Schroder, FH.; Roobol, M ].
Prostate-specific antigen-based prostate cancer screening: Reduction of prostate cancer mortality after
correction for nonattendance and contamination in the Rotterdam section of the European Randomized
Study of Screening for Prostate Cancer. Eur. Urol. 2014, 65, 329-336. [CrossRef] [PubMed]

Carter, H.; Albersten, P.; Barry, M.]J.; Etzioni, R.; Freedland, S.; Greene, K.; Holmberg, L.; Kantoff, P.; Koneti, B.;
Murad, M.; et al. Early Detection of Prostate Cancer. J. Urol. 2015. [CrossRef]

U.S. Preventative Services Task Force. Prostate Cancer Screening Draft Recommendations; USPSTF: Washington,
DC, USA, 2017.

Cancer Council Australia. Prostate Cancer; Cancer Council Australia: Sydney, Australia, 2017.

Fradet, Y.; Klotz, L.; Trachtenberg, J.; Zlotta, A. The burden of prostate cancer in Canada. Can. Urol. Assoc. ].
2009, 3 (Suppl. 2), S92-5100. [CrossRef] [PubMed]

Grover, S.A.; Coupal, L.; Zowall, H.; Rajan, R.; Trachtenberg, J.; Elhilali, M.; Chetner, M.; Goldenberg, L.
The economic burden of prostate cancer in Canada: Forecasts from the Montreal Prostate Cancer Model.
Can. Med. Assoc. . 2000, 162, 987-992.

Walter, B.A.; Valera, V.A,; Pinto, P.A.; Merino, M.]. Comprehensive microRNA Profiling of Prostate Cancer.
J. Cancer 2013, 4, 350-357. [CrossRef] [PubMed]

Friedman, R.C.; Farh, K.K.-H.; Burge, C.B.; Bartel, D.P. Most mammalian mRNAs are conserved targets of
microRNAs. Genome Res. 2009, 19, 92-105. [CrossRef]

Macfarlane, L.A.; Murphy, P.R. MicroRNA: Biogenesis, Function and Role in Cancer. Curr. Genom. 2010, 11,
537-561. [CrossRef] [PubMed]

Lovat, E; Valeri, N.; Croce, C.M. MicroRNAs in the pathogenesis of cancer. Semin. Oncol. 2011, 38, 724-733.
[CrossRef] [PubMed]

Mazan-Mamczarz, K.; Gartenhaus, R.B. Role of microRNA deregulation in the pathogenesis of diffuse large
B-cell lymphoma (DLBCL). Leuk Res. 2013, 37, 1420-1428. [CrossRef] [PubMed]

Ouyang, M,; Li, Y;; Ye, S;; Ma, |.; Lu, L.; Lv, W,; Chang, G.; Li, X,; Li, Q.; Wang, S.; et al. MicroRNA
profiling implies new markers of chemoresistance of triple-negative breast cancer. PLoS ONE 2014, 9, €96228.
[CrossRef] [PubMed]

Dong, Y.; Wu, WK,; Wu, CW.; Sung, ].].; Yu, J.; Ng, S.S. MicroRNA dysregulation in colorectal cancer: A
clinical perspective. Br. J. Cancer 2011, 104, 893-898. [CrossRef] [PubMed]

Maugeri-Sacca, M.; Coppola, V.; Bonci, D.; De Maria, R. MicroRNAs and prostate cancer: From preclinical
research to translational oncology. Cancer J. 2012, 18, 253-261. [CrossRef] [PubMed]

Tumilson, C.A.; Lea, RW.,; Alder, ].E.; Shaw, L. Circulating microRNA biomarkers for glioma and predicting
response to therapy. Mol. Neurobiol. 2014, 50, 545-558. [CrossRef] [PubMed]

Matin, F; Batra, . A microRNA molecular signature of aggressive prostate cancer. Transl. Cancer Res. 2017, 6,
S512-514. [CrossRef]

Matin, E; Jeet, V.; Clements, J.A.; Yousef, G.M.; Batra, J. MicroRNA Theranostics in Prostate Cancer Precision
Medicine. Clin. Chem. 2016, 62, 1318-1333. [CrossRef]

Mengual, L.; Lozano, ].].; Ingelmo-Torres, M.; Gazquez, C.; Ribal, M.J.; Alcaraz, A. Using microRNA profiling
in urine samples to develop a non-invasive test for bladder cancer. Int. J. Cancer 2013, 133, 2631-2641.
Xing, L.; Todd, N.W.; Yu, L.; Fang, H.; Jiang, F. Early detection of squamous cell lung cancer in sputum by a
panel of microRNA markers. Mod. Pathol. 2010, 23, 1157-1164. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/ijc.29210
http://www.ncbi.nlm.nih.gov/pubmed/25220842
http://dx.doi.org/10.1056/NEJM198710083171501
http://www.ncbi.nlm.nih.gov/pubmed/2442609
http://dx.doi.org/10.1016/S1043-2760(98)00082-4
http://dx.doi.org/10.1007/s13193-012-0142-6
http://www.ncbi.nlm.nih.gov/pubmed/23730101
http://dx.doi.org/10.1016/j.eururo.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/23954085
http://dx.doi.org/10.1016/j.juro.2013.04.119
http://dx.doi.org/10.5489/cuaj.1113
http://www.ncbi.nlm.nih.gov/pubmed/19543427
http://dx.doi.org/10.7150/jca.6394
http://www.ncbi.nlm.nih.gov/pubmed/23781281
http://dx.doi.org/10.1101/gr.082701.108
http://dx.doi.org/10.2174/138920210793175895
http://www.ncbi.nlm.nih.gov/pubmed/21532838
http://dx.doi.org/10.1053/j.seminoncol.2011.08.006
http://www.ncbi.nlm.nih.gov/pubmed/22082758
http://dx.doi.org/10.1016/j.leukres.2013.08.020
http://www.ncbi.nlm.nih.gov/pubmed/24054860
http://dx.doi.org/10.1371/journal.pone.0096228
http://www.ncbi.nlm.nih.gov/pubmed/24788655
http://dx.doi.org/10.1038/bjc.2011.57
http://www.ncbi.nlm.nih.gov/pubmed/21364594
http://dx.doi.org/10.1097/PPO.0b013e318258b5b6
http://www.ncbi.nlm.nih.gov/pubmed/22647362
http://dx.doi.org/10.1007/s12035-014-8679-8
http://www.ncbi.nlm.nih.gov/pubmed/24696266
http://dx.doi.org/10.21037/tcr.2017.01.21
http://dx.doi.org/10.1373/clinchem.2015.242800
http://dx.doi.org/10.1038/modpathol.2010.111
http://www.ncbi.nlm.nih.gov/pubmed/20526284

Int. ]. Mol. Sci. 2019, 20, 1154 17 of 20

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ferracin, M.; Pedriali, M.; Veronese, A.; Zagatti, B.; Gafa, R.; Magri, E.; Lunardi, M.; Munerato, G;
Querzoli, G.; Maestri, I; et al. MicroRNA profiling for the identification of cancers with unknown primary
tissue-of-origin. J. Pathol. 2011, 225, 43-53. [CrossRef] [PubMed]

Youssef, Y.M.; White, N.M.; Grigull, J.; Krizova, A.; Samy, C.; Mejia-Guerrero, S.; Evans, A.; Yousef, G.M.
Accurate molecular classification of kidney cancer subtypes using microRNA signature. Eur. Urol. 2011, 59,
721-730. [CrossRef] [PubMed]

Matin, F; Jeet, V.; Moya, L.; Selth, L.A.; Chambers, S.; Yeadon, T.; Saunders, P.; Eckert, A.; Heathcote, P;
Wood, G.; et al. A Plasma Biomarker Panel of Four MicroRNAs for the Diagnosis of Prostate Cancer. Sci. Rep.
2018, 8, 6653. [CrossRef] [PubMed]

Thompson, I.M.; Ankerst, D.P.; Chi, C.; Lucia, M.S.; Goodman, PJ.; Crowley, ].J.; Parnes, H.L,;
Coltman, C.A. Jr. Operating characteristics of prostate-specific antigen in men with an initial PSA level of
3.0 ng/mL or lower. JAMA 2005, 294, 66-70. [CrossRef] [PubMed]

Lilja, H.; Ulmert, D.; Vickers, A.J. Prostate-specific antigen and prostate cancer: Prediction, detection and
monitoring. Nat. Rev. Cancer 2008, 8, 268. [CrossRef] [PubMed]

Pashaei, E.; Pashaei, E.; Ahmady, M.; Ozen, M.; Aydin, N. Meta-analysis of miRNA expression profiles for
prostate cancer recurrence following radical prostatectomy. PLoS ONE 2017, 12, e0179543. [CrossRef]
Zhou, W.; Zou, B; Liu, L.; Cui, K.; Gao, J.; Yuan, S.; Cong, N. MicroRNA-98 acts as a tumor suppressor in
hepatocellular carcinoma via targeting SALL4. Oncotarget 2016, 7, 74059-74073. [CrossRef]

Wang, C.Y.; Zhang, ].].; Hua, L.; Yao, K.H.; Chen, ].T; Ren, X.Q. MicroRNA-98 suppresses cell proliferation,
migration and invasion by targeting collagen triple helix repeat containing 1 in hepatocellular carcinoma.
Mol. Med. Rep. 2016, 13, 2639-2644. [CrossRef]

Huang, S.D.; Yuan, Y.; Zhuang, C.W,; Li, B.L.; Gong, D.J.; Wang, S.G.; Zeng, Z.Y.; Cheng, H.Z. MicroRNA-98
and microRNA-214 post-transcriptionally regulate enhancer of zeste homolog 2 and inhibit migration and
invasion in human esophageal squamous cell carcinoma. Mol. Cancer 2012, 11, 51. [CrossRef]

Chen, Z.; Cheng, Q.; Ma, Z.; Xi, H.; Peng, R.; Jiang, B. Overexpression of RKIP Inhibits Cell Invasion in
Glioma Cell Lines through Upregulation of miR-98. BioMed. Res. Int. 2013, 2013, 695179. [CrossRef]
[PubMed]

Ni, R.; Huang, Y.; Wang, J. miR-98 targets ITGB3 to inhibit proliferation, migration, and invasion of
non-small-cell lung cancer. OncoTargets Ther. 2015, 8, 2689-2697.

Wang, K; Dong, L.; Fang, Q.; Xia, H.; Hou, X. Low serum miR-98 as an unfavorable prognostic biomarker in
patients with non-small cell lung cancer. Cancer Biomark. 2017, 20, 283-288. [CrossRef] [PubMed]

Li, E; Li, X.J.; Qiao, L.; Shi, F,; Liu, W,; Li, Y,; Dang, Y.P.; Gu, W.J.; Wang, X.G.; Liu, W. miR-98 suppresses
melanoma metastasis through a negative feedback loop with its target gene IL-6. Exp. Mol. Med. 2014, 46,
el16. [CrossRef] [PubMed]

Liu, J.; Chen, W.; Chen, Z.; Wen, J.; Yu, H.; Wang, E; Wu, L.; He, X. The effects of microRNA-98 inhibits cell
proliferation and invasion by targeting STAT3 in nasopharyngeal carcinoma. Biomed. Pharmacother. 2017, 93,
869-878. [CrossRef] [PubMed]

Kristensen, H.; Thomsen, A.R.; Haldrup, C.; Dyrskjot, L.; Hoyer, S.; Borre, M.; Mouritzen, P.; Orntoft, T.F.;
Sorensen, K.D. Novel diagnostic and prognostic classifiers for prostate cancer identified by genome-wide
microRNA profiling. Oncotarget 2016, 7, 30760-30771. [CrossRef] [PubMed]

Zhu, C; Li, J.; Ding, Q.; Cheng, G.; Zhou, H.; Tao, L.; Cai, H.; Li, P.; Cao, Q.; Ju, X,; et al. miR-152 controls
migration and invasive potential by targeting TGFalpha in prostate cancer cell lines. Prostate 2013, 73,
1082-1089. [CrossRef] [PubMed]

Theodore, S.C.; Davis, M.; Zhao, F; Wang, H.; Chen, D.; Rhim, J.; Dean-Colomb, W.; Turner, T.; Ji, W,;
Zeng, G.; et al. MicroRNA profiling of novel African American and Caucasian Prostate Cancer cell lines
reveals a reciprocal regulatory relationship of miR-152 and DNA methyltranferase 1. Oncotarget 2014, 5,
3512-3525. [CrossRef] [PubMed]

Dang, YW.; Zeng, ].; He, R.Q.; Rong, M.H.; Luo, D.Z.; Chen, G. Effects of miR-152 on cell growth inhibition,
motility suppression and apoptosis induction in hepatocellular carcinoma cells. Asian Pac. |. Cancer Prev.
2014, 15, 4969-4976. [CrossRef]

Wang, F; Ying, H.; He, B.; Pan, Y,; Sun, H.; Wang, S. Circulating miR-148/152 family as potential biomarkers
in hepatocellular carcinoma. Tumour Biol. 2016, 37, 4945-4953. [CrossRef]


http://dx.doi.org/10.1002/path.2915
http://www.ncbi.nlm.nih.gov/pubmed/21630269
http://dx.doi.org/10.1016/j.eururo.2011.01.004
http://www.ncbi.nlm.nih.gov/pubmed/21272993
http://dx.doi.org/10.1038/s41598-018-24424-w
http://www.ncbi.nlm.nih.gov/pubmed/29703916
http://dx.doi.org/10.1001/jama.294.1.66
http://www.ncbi.nlm.nih.gov/pubmed/15998892
http://dx.doi.org/10.1038/nrc2351
http://www.ncbi.nlm.nih.gov/pubmed/18337732
http://dx.doi.org/10.1371/journal.pone.0179543
http://dx.doi.org/10.18632/oncotarget.12190
http://dx.doi.org/10.3892/mmr.2016.4833
http://dx.doi.org/10.1186/1476-4598-11-51
http://dx.doi.org/10.1155/2013/695179
http://www.ncbi.nlm.nih.gov/pubmed/24392454
http://dx.doi.org/10.3233/CBM-170124
http://www.ncbi.nlm.nih.gov/pubmed/28946561
http://dx.doi.org/10.1038/emm.2014.63
http://www.ncbi.nlm.nih.gov/pubmed/25277211
http://dx.doi.org/10.1016/j.biopha.2017.06.094
http://www.ncbi.nlm.nih.gov/pubmed/28724212
http://dx.doi.org/10.18632/oncotarget.8953
http://www.ncbi.nlm.nih.gov/pubmed/27120795
http://dx.doi.org/10.1002/pros.22656
http://www.ncbi.nlm.nih.gov/pubmed/23460133
http://dx.doi.org/10.18632/oncotarget.1953
http://www.ncbi.nlm.nih.gov/pubmed/25004396
http://dx.doi.org/10.7314/APJCP.2014.15.12.4969
http://dx.doi.org/10.1007/s13277-015-4340-z

Int. ]. Mol. Sci. 2019, 20, 1154 18 of 20

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Zhang, P,; Sun, H.; Yang, B.; Luo, W,; Liu, Z.; Wang, J.; Zuo, Y. miR-152 regulated glioma cell proliferation and
apoptosis via Runx2 mediated by DNMT1. Biomed. Pharmacother. 2017, 92, 690-695. [CrossRef] [PubMed]
Zhang, Y.J.; Liu, X.C.; Du, J.; Zhang, Y.J. MiR-152 regulates metastases of non-small cell lung cancer cells by
targeting neuropilin-1. Int. J. Clin. Exp. Pathol. 2015, 8, 14235-14240. [PubMed]

Dou, H.; Wang, Y.; Su, G.; Zhao, S. Decreased plasma let-7c and miR-152 as noninvasive biomarker for
non-small-cell lung cancer. Int. J. Clin. Exp. Med. 2015, 8, 9291-9298. [PubMed]

Chen, H.; Liu, H.; Zou, H.; Chen, R;; Dou, Y.; Sheng, S.; Dai, S.; Ai, J.; Melson, J.; Kittles, R.A.; et al. Evaluation
of Plasma miR-21 and miR-152 as Diagnostic Biomarkers for Common Types of Human Cancers. J. Cancer
2016, 7, 490-499. [CrossRef] [PubMed]

Xu, Q.; Jiang, Y.; Yin, Y.; Li, Q.; He, J.; Jing, Y.; Qi, Y.T.; Xu, Q.; Li, W,; Lu, B,; et al. A regulatory circuit of
miR-148a/152 and DNMT1 in modulating cell transformation and tumor angiogenesis through IGF-IR and
IRS1. J. Mol. Cell Biol. 2013, 5, 3-13. [CrossRef] [PubMed]

Maimaitiming, A.; Wusiman, A.; Aimudula, A.; Tudahong, T.; Aisimutula, D. Downregulation of
MicroRNA-152 and Inhibition of Cell Proliferation, Migration, and Invasion in Breast Cancer. Oncol. Res.
2017. [CrossRef] [PubMed]

Li, B; Xie, Z.; Li, B. miR-152 functions as a tumor suppressor in colorectal cancer by targeting PIK3R3.
Tumour Biol. 2016, 37, 10075-10084. [CrossRef]

Chen, Y.; Song, Y.; Wang, Z.; Yue, Z.; Xu, H.; Xing, C.; Liu, Z. Altered expression of MiR-148a and MiR-152 in
gastrointestinal cancers and its clinical significance. J. Gastrointest. Surg. 2010, 14, 1170-1179. [CrossRef]
Wang, Y.; Yuan, W.; Ma, X.; Ma, J. Expression of microRNA-152 in colorectal cancer and its relationship with
prognosis. Zhonghua Zhong Liu Za Zhi 2016, 38, 763-766.

Jiang, X.; Du, L.; Wang, L.; Li, J.; Liu, Y.;; Zheng, G.; Qu, A.; Zhang, X.; Pan, H.; Yang, Y.; et al. Serum microRNA
expression signatures identified from genome-wide microRNA profiling serve as novel noninvasive
biomarkers for diagnosis and recurrence of bladder cancer. Int. . Cancer 2015, 136, 854-862. [CrossRef]
Dudziec, E.; Miah, S.; Choudhry, HM.; Owen, H.C.; Blizard, S.; Glover, M.; Hamdy, EC.; Catto, ] W.
Hypermethylation of CpG islands and shores around specific microRNAs and mirtrons is associated with
the phenotype and presence of bladder cancer. Clin. Cancer Res. 2011, 17, 1287-1296. [CrossRef] [PubMed]
Zhou, X.; Zhao, F.; Wang, Z.N.; Song, Y.X.; Chang, H.; Chiang, Y.; Xu, H.M. Altered expression of miR-152
and miR-148a in ovarian cancer is related to cell proliferation. Oncol. Rep. 2012, 27, 447-454. [PubMed]
Zhai, R.; Kan, X.;; Wang, B.; Du, H.; Long, Y.; Wu, H,; Tao, K,; Wang, G.; Bao, L.; Li, F; et al. miR-152 suppresses
gastric cancer cell proliferation and motility by targeting CD151. Tumour Biol. 2014, 35, 11367-11373.
[CrossRef] [PubMed]

Sun, C,; Huang, C,; Li, S.; Yang, C.; Xi, Y.; Wang, L.; Zhang, F,; Fu, Y,; Li, D. Hsa-miR-326 targets CCND1 and
inhibits non-small cell lung cancer development. Oncotarget 2016, 7, 8341-8359. [CrossRef] [PubMed]

Wu, L.; Hui, H.; Wang, L.J.; Wang, H.; Liu, Q.F; Han, S.X. MicroRNA-326 functions as a tumor suppressor
in colorectal cancer by targeting the nin one binding protein. Oncol. Rep. 2015, 33, 2309-2318. [CrossRef]
[PubMed]

Zhang, P,; Kong, F; Deng, X.; Yu, Y.; Hou, C.; Liang, T.; Zhu, L. MicroRNA-326 suppresses the proliferation,
migration and invasion of cervical cancer cells by targeting ELK1. Oncol. Lett. 2017, 13, 2949-2956. [CrossRef]
[PubMed]

Wu, X,; Cao, X.; Chen, F. LncRNA-HOTAIR Activates Tumor Cell Proliferation and Migration by Suppressing
MiR-326 in Cervical Cancer. Oncol. Res. 2017. [CrossRef] [PubMed]

Li, Y,; Gao, Y.; Xu, Y.; Ma, H.; Yang, M. Down-regulation of miR-326 is associated with poor prognosis and
promotes growth and metastasis by targeting FSCN1 in gastric cancer. Growth Factors 2015, 33, 267-274.
[CrossRef] [PubMed]

Cao, L.; Wang, J.; Wang, P.Q. MiR-326 is a diagnostic biomarker and regulates cell survival and apoptosis by
targeting Bcl-2 in osteosarcoma. Biomed. Pharmacother. 2016, 84, 828-835. [CrossRef] [PubMed]

Qiu, S.; Lin, S.; Hu, D.; Feng, Y,; Tan, Y.; Peng, Y. Interactions of miR-323/miR-326/miR-329 and
miR-130a/miR-155/miR-210 as prognostic indicators for clinical outcome of glioblastoma patients.
J. Transl. Med. 2013, 11, 10. [CrossRef]

Wang, S.; Lu, S.; Geng, S.; Ma, S.; Liang, Z.; Jiao, B. Expression and clinical significance of microRNA-326 in
human glioma miR-326 expression in glioma. Med. Oncol. 2013, 30, 373. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.biopha.2017.05.096
http://www.ncbi.nlm.nih.gov/pubmed/28595085
http://www.ncbi.nlm.nih.gov/pubmed/26823738
http://www.ncbi.nlm.nih.gov/pubmed/26309587
http://dx.doi.org/10.7150/jca.12351
http://www.ncbi.nlm.nih.gov/pubmed/26958084
http://dx.doi.org/10.1093/jmcb/mjs049
http://www.ncbi.nlm.nih.gov/pubmed/22935141
http://dx.doi.org/10.3727/096504017X14974821032421
http://www.ncbi.nlm.nih.gov/pubmed/28653610
http://dx.doi.org/10.1007/s13277-016-4888-2
http://dx.doi.org/10.1007/s11605-010-1202-2
http://dx.doi.org/10.1002/ijc.29041
http://dx.doi.org/10.1158/1078-0432.CCR-10-2017
http://www.ncbi.nlm.nih.gov/pubmed/21138856
http://www.ncbi.nlm.nih.gov/pubmed/21971665
http://dx.doi.org/10.1007/s13277-014-2471-2
http://www.ncbi.nlm.nih.gov/pubmed/25119599
http://dx.doi.org/10.18632/oncotarget.7071
http://www.ncbi.nlm.nih.gov/pubmed/26840018
http://dx.doi.org/10.3892/or.2015.3840
http://www.ncbi.nlm.nih.gov/pubmed/25760058
http://dx.doi.org/10.3892/ol.2017.5852
http://www.ncbi.nlm.nih.gov/pubmed/28529556
http://dx.doi.org/10.3727/096504017X15037515496840
http://www.ncbi.nlm.nih.gov/pubmed/28893349
http://dx.doi.org/10.3109/08977194.2015.1076406
http://www.ncbi.nlm.nih.gov/pubmed/26359764
http://dx.doi.org/10.1016/j.biopha.2016.10.008
http://www.ncbi.nlm.nih.gov/pubmed/27723574
http://dx.doi.org/10.1186/1479-5876-11-10
http://dx.doi.org/10.1007/s12032-012-0373-y
http://www.ncbi.nlm.nih.gov/pubmed/23292865

Int. ]. Mol. Sci. 2019, 20, 1154 19 of 20

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Dong, L.; Li, Y.; Han, C.; Wang, X,; She, L.; Zhang, H. miRNA microarray reveals specific expression in the
peripheral blood of glioblastoma patients. Int. . Oncol. 2014, 45, 746-756. [CrossRef] [PubMed]

Goto, A.; Dobashi, Y.; Tsubochi, H.; Maeda, D.; Ooi, A. MicroRNAs associated with increased AKT gene
number in human lung carcinoma. Hum. Pathol. 2016, 56, 1-10. [CrossRef] [PubMed]

Yang, Z.; Wu, L.; Wang, A; Tang, W.; Zhao, Y.; Zhao, H.; Teschendorff, A.E. dbDEMC 2.0: Updated database
of differentially expressed miRNAs in human cancers. Nucleic Acids Res. 2017, 45, D812-D818. [CrossRef]
[PubMed]

Yang, G.; Zhang, X.; Shi, J. MiR-98 inhibits cell proliferation and invasion of non-small cell carcinoma lung
cancer by targeting PAK1. Int. J. Clin. Exp. Med. 2015, 8, 20135-20145. [PubMed]

Wang, R.; Chen, X,; Xu, T.; Xia, R.; Han, L.; Chen, W.; De, W.; Shu, Y. MiR-326 regulates cell proliferation
and migration in lung cancer by targeting phox2a and is regulated by HOTAIR. Am. J. Cancer Res. 2016, 6,
173-186. [PubMed]

Hajjari, M.; Salavaty, A. HOTAIR: An oncogenic long non-coding RNA in different cancers. Cancer Biol. Med.
2015, 12, 1-9. [PubMed]

Zhou, J.; Xu, T; Yan, Y;; Qin, R.; Wang, H.; Zhang, X.; Huang, Y.; Wang, Y; Lu, Y,; Fu, D.; et al. MicroRNA-326
functions as a tumor suppressor in glioma by targeting the Nin one binding protein (NOB1). PLoS ONE
2013, 8, €68469. [CrossRef] [PubMed]

Biomarkers, Biomarkers and surrogate endpoints: Preferred definitions and conceptual framework. Clin.
Pharmacol. Ther. 2001, 69, 89-95. [CrossRef] [PubMed]

Lan, H,; Lu, H,; Wang, X,; Jin, H. MicroRNAs as Potential Biomarkers in Cancer: Opportunities and
Challenges. BioMed. Res. Int. 2015, 2015, 125094. [CrossRef]

Croce, C.M. Causes and consequences of microRNA dysregulation in cancer. Nat. Rev. Genet. 2009, 10, 704.
[CrossRef] [PubMed]

Iorio, M.V.; Croce, C.M. MicroRNA dysregulation in cancer: Diagnostics, monitoring and therapeutics.
A comprehensive review. EMBO Mol. Med. 2012, 4, 143-159. [CrossRef] [PubMed]

Palanichamy, ].K.; Rao, D.S. miRNA dysregulation in cancer: Towards a mechanistic understanding. Front.
Genet. 2014, 5, 54. [CrossRef] [PubMed]

Park, N.J.; Zhou, H.; Elashoff, D.; Henson, B.S.; Kastratovic, D.A.; Abemayor, E.; Wong, D.T. Salivary
microRNA: Discovery, characterization, and clinical utility for oral cancer detection. Clin. Cancer Res. 2009,
15, 5473-5477. [CrossRef] [PubMed]

Hanke, M.; Hoefig, K.; Merz, H.; Feller, A.C.; Kausch, I; Jocham, D.; Warnecke, ].M.; Sczakiel, G. A robust
methodology to study urine microRNA as tumor marker: MicroRNA-126 and microRNA-182 are related to
urinary bladder cancer. Urol. Oncol. 2010, 28, 655-661. [CrossRef] [PubMed]

Marzi, M.].; Montani, F; Carletti, RM.; Dezi, F; Dama, E.; Bonizzi, G.; Sandri, M.T.; Rampinelli, C;
Bellomi, M.; Maisonneuve, P; et al. Optimization and Standardization of Circulating MicroRNA Detection
for Clinical Application: The miR-Test Case. Clin. Chem. 2016, 62, 743-754. [CrossRef] [PubMed]

Filella, X.; Foj, L. miRNAs as novel biomarkers in the management of prostate cancer. Clin. Chem. Lab. Med.
2017, 55, 715-736. [CrossRef] [PubMed]

Jiang, X.; Du, L.; Duan, W.; Wang, R.; Yan, K.; Wang, L.; Li, J.; Zheng, G.; Zhang, X.; Yang, Y.; et al.
Serum microRNA expression signatures as novel noninvasive biomarkers for prediction and prognosis of
muscle-invasive bladder cancer. Oncotarget 2016, 7, 36733-36742. [CrossRef] [PubMed]

Svoronos, A.A.; Engelman, D.M,; Slack, EJ. OncomiR or Tumor Suppressor? The Duplicity of MicroRNAs in
Cancer. Cancer Res. 2016, 76, 3666-3670. [CrossRef]

Daniel, R.; Wu, Q.; Williams, V.; Clark, G.; Guruli, G.; Zehner, Z. A Panel of MicroRNAs as Diagnostic
Biomarkers for the Identification of Prostate Cancer. Int. |. Mol. Sci. 2017, 18, 1281. [CrossRef] [PubMed]
Selth, L.A.; Townley, S.L.; Bert, A.G; Stricker, P.D.; Sutherland, P.D.; Horvath, L.G.; Goodall, G.J.; Butler, L.M.;
Tilley, W.D. Circulating microRNAs predict biochemical recurrence in prostate cancer patients. Br. |. Cancer
2013, 109, 641-650. [CrossRef] [PubMed]

Swanson, K.R.; True, L.D.; Lin, D.W.; Buhler, K.R.; Vessella, R.; Murray, ].D. A Quantitative Model for the
Dynamics of Serum Prostate-Specific Antigen as a Marker for Cancerous Growth: An Explanation for a
Medical Anomaly. Am. . Pathol. 2001, 158, 2195-2199. [CrossRef]

Kulis, M.; Esteller, M. DNA methylation and cancer. Adv. Genet. 2010, 70, 27-56. [PubMed]


http://dx.doi.org/10.3892/ijo.2014.2459
http://www.ncbi.nlm.nih.gov/pubmed/24858071
http://dx.doi.org/10.1016/j.humpath.2016.04.011
http://www.ncbi.nlm.nih.gov/pubmed/27189341
http://dx.doi.org/10.1093/nar/gkw1079
http://www.ncbi.nlm.nih.gov/pubmed/27899556
http://www.ncbi.nlm.nih.gov/pubmed/26884926
http://www.ncbi.nlm.nih.gov/pubmed/27186394
http://www.ncbi.nlm.nih.gov/pubmed/25859406
http://dx.doi.org/10.1371/journal.pone.0068469
http://www.ncbi.nlm.nih.gov/pubmed/23869222
http://dx.doi.org/10.1067/mcp.2001.113989
http://www.ncbi.nlm.nih.gov/pubmed/11240971
http://dx.doi.org/10.1155/2015/125094
http://dx.doi.org/10.1038/nrg2634
http://www.ncbi.nlm.nih.gov/pubmed/19763153
http://dx.doi.org/10.1002/emmm.201100209
http://www.ncbi.nlm.nih.gov/pubmed/22351564
http://dx.doi.org/10.3389/fgene.2014.00054
http://www.ncbi.nlm.nih.gov/pubmed/24672539
http://dx.doi.org/10.1158/1078-0432.CCR-09-0736
http://www.ncbi.nlm.nih.gov/pubmed/19706812
http://dx.doi.org/10.1016/j.urolonc.2009.01.027
http://www.ncbi.nlm.nih.gov/pubmed/19375957
http://dx.doi.org/10.1373/clinchem.2015.251942
http://www.ncbi.nlm.nih.gov/pubmed/27127244
http://dx.doi.org/10.1515/cclm-2015-1073
http://www.ncbi.nlm.nih.gov/pubmed/26751899
http://dx.doi.org/10.18632/oncotarget.9166
http://www.ncbi.nlm.nih.gov/pubmed/27167342
http://dx.doi.org/10.1158/0008-5472.CAN-16-0359
http://dx.doi.org/10.3390/ijms18061281
http://www.ncbi.nlm.nih.gov/pubmed/28621736
http://dx.doi.org/10.1038/bjc.2013.369
http://www.ncbi.nlm.nih.gov/pubmed/23846169
http://dx.doi.org/10.1016/S0002-9440(10)64691-3
http://www.ncbi.nlm.nih.gov/pubmed/20920744

Int. ]. Mol. Sci. 2019, 20, 1154 20 of 20

86.

87.

88.

89.

90.

91.

Klutstein, M.; Nejman, D.; Greenfield, R.; Cedar, H. DNA Methylation in Cancer and Aging. Cancer Res.
2016, 76, 3446-3450. [CrossRef] [PubMed]

Liu, X,; Li, J.; Qin, F; Dai, S. miR-152 as a tumor suppressor microRNA: Target recognition and regulation in
cancer. Oncol. Lett. 2016, 11, 3911-3916. [CrossRef] [PubMed]

Zhang, S.; Lu, Z,; Unruh, A K,; Ivan, C.; Baggerly, K.A.; Calin, G.A,; Li, Z,; Bast, R.C.; Le, X.-F. Clinically
Relevant microRNAs in Ovarian Cancer. Mol. Cancer Res. MCR 2015, 13, 393-401. [CrossRef]
Ramalho-Carvalho, J.; Gongalves, C.S.; Graga, I.; Bidarra, D.; Pereira-Silva, E.; Salta, S.; Godinho, M.I;
Gomez, A ; Esteller, M.; Costa, B.M; et al. A multiplatform approach identifies miR-152-3p as a common
epigenetically regulated onco-suppressor in prostate cancer targeting TMEM97. Clin. Epigenet. 2018, 10, 40.
[CrossRef]

Oze§, A.R.; Wang, Y.; Zong, X.; Fang, F; Pilrose, J.; Nephew, K.P. Therapeutic targeting using tumor specific
peptides inhibits long non-coding RNA HOTAIR activity in ovarian and breast cancer. Sci. Rep. 2017, 7, 894.
[CrossRef]

National Cancer Institute. NCI Dictionary of Cancer Terms; National Cancer Institute: Bethesda, MD,
USA, 2017.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1158/0008-5472.CAN-15-3278
http://www.ncbi.nlm.nih.gov/pubmed/27256564
http://dx.doi.org/10.3892/ol.2016.4509
http://www.ncbi.nlm.nih.gov/pubmed/27313716
http://dx.doi.org/10.1158/1541-7786.MCR-14-0424
http://dx.doi.org/10.1186/s13148-018-0475-2
http://dx.doi.org/10.1038/s41598-017-00966-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Literature Retrieval 
	Dysregulation of miR-98-5p, miR-152-3p, miR-326 and miR-4289 in Cancer Patient Samples 
	Dysregulation of miR-98-5p in Cancer 
	Dysregulation of miR-152-3p in Cancer 
	Dysregulation of miR-326 in Cancer 
	Dysregulation of miR-4289 in Cancer 

	Differential Expression of the miRNA Signature in Cancerous Samples when Compared to Non-Cancerous Samples from Microarray Dataset 
	Functional Role of the miRNA Signature in Cancer 

	Discussion 
	Materials and Methods 
	Research Data Extraction Strategy: Inclusion and Exclusion Criteria 
	Differential Expression of the miRNA Signature in Cancer: High-Throughput Data 
	Dysregulation of miR-98-5p, miR-152-3p, miR-326 and miR-4289 Associated with Cancer Prognosis 

	Conclusions 
	References

