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Functional foods include compounds with nutritional and health properties. The human diet could 
play a stronger role in cancer prevention. Only a few studies have described the presence of plant small 
RNA, in humans who were fed with plant foods, which demonstrated the ability of these molecules 
to modulate consumer’s genes and evidenced the existence of a plant-animal regulation. Through in 
silico prediction, Olea europaea small RNAs (sRs), which had been previously reported as miRNAs, 
were identified, each with functional homology to hsa-miR34a. According to this initial funding, we 
investigated the ability of oeu-sRs to regulate tumorigenesis in human cells. The transfection of these 
synthetic oeu-sRs reduced the protein expression of hsa-miR34a mRNA targets, increased apoptosis 
and decreased proliferation in different tumor cells; by contrast, no effect was observed in PBMCs 
from healthy donors. The introduction of oeu-small RNA in hsa-miR34a-deficient tumor cells restores 
its function, whereas cells with normal expression of endogenous hsa-miR34a remained unaffected. 
The natural oeu-small RNAs that were extracted from O. europaea drupes induce the same effects as 
synthetic sRs. Careful research on the small RNA sequences executed for mapping and annotation in 
the genome of O. europaea var. Sylvestris and var. Farga led to the hypothesis that RNA fragments 
with functional homology to human miRNAs could be generated from the degradation of regions of 
RNA transcripts. These results indicate the possibility of developing novel natural non-toxic drugs that 
contain active plant-derived tumor-suppressing small RNA with functional homology to hsa-miRNAs 
and that can support antineoplastic strategies. 

 
 

Small RNAs, including microRNAs (miRNAs), are a class of small (19–24 nucleotides) non-coding RNAs 
that post-transcriptionally regulate gene expression through interacting with specific mRNAs. In all species, 
miRNA-mediated gene regulation may occur through either degradation or post-translation blocking of mRNAs. 
In plants, miRNAs need high complementarity to recognize their substrate, while the target cleavage is considered 
the predominant pathway to repress gene expression. In animals, the semi-complementary interaction leads to 
silencing achieved via translational repression1. 

In humans, miRNAs (hsa-miRNAs) have been strongly associated with the regulation of critical biological 
events, including development, differentiation, inflammation, apoptosis and carcinogenesis2,3. The miRNA34 
family (hsa-miR34) is an important class of human onco-suppressor miRNAs: the expression of its components 
is frequently repressed in tumors, compared with normal tissues4,5. 

 
 

1Department of Biology, University of Rome “Tor Vergata”, Rome, Italy. 2Mir-Nat s.r.l, Rome, Italy. 3Department 
of Agricultural and Forestry, Science, University of Tuscia, Viterbo, Italy. 4Interdepartmental Center for Animal 
Technology, University of Rome “Tor Vergata”, Rome, Italy. Antonella Minutolo, Marina Potestà and Angelo 
Gismondi contributed equally to this work. Correspondence and requests for materials should be addressed to C.M. 
(email: montesano@uniroma2.it) 

http://www.nature.com/scientificreports
mailto:montesano@uniroma2.it


2 SCIeNTIFIC RePoRtS | (2018) 8:12413 | DOI:10.1038/s41598-018-30718-w 

www.nature.com/scientificreports/ 

 

 

 

 

Bioinformatics and in vitro studies indicate that hsa-miR34a is involved in different apoptotic cellular mecha- 
nisms by repressing B-cell lymphoma 2 (BCL2) mRNA translation. BCL2 is a crucial anti-apoptotic protein that is 
involved in the intrinsic pathway; it blocks NAD-dependent deacetylase sirtuin-1 (SIRT1), which induces apopto- 
sis via regulating p53 activity6–9. In hepatocellular carcinoma (HCC), hsa-miR34a may act as a tumor suppressor 
miRNA that inhibits cell growth, migration and invasion and regulates the epithelial to mesenchymal transition 
(EMT) through SNAIL modulation10,11. 

Evidence has been found for the therapeutic application of hsa-miR34 in murine tumor models of lung, liver, 
prostate and lymphoma. In such systems, systemic delivery of nanoparticles loaded with synthetic hsa-miR34a 
mimics showed robust tumor inhibition12–14. An hsa-miR34a-based therapy is currently in Phase I clinical 
trials15,16. 

The majority of the human population worldwide has long used medicinal plants as their primary source of 
health care. Many of these medicinal plants may have the scientific evidence to be considered in general practice17. 

Recently, scientific studies have demonstrated the existence of a so-called “cross-kingdom interaction”, which 
is mediated by exogenous miRNAs that are derived from plants: these, inside the host cell, serve to regulate the 
gene expression machinery18. 

Among them, of interest is the research by Zhou and colleagues, who identified the first bioactive compound 
in Traditional Chinese Medicine: miR2911 from honeysuckle. This compound is able to target various Influenza A 
viruses (IAVs), and it represents a novel type of natural product with effective anti-viral activity19. 

Other studies have reported that miRNAs derived from plant foods are also functional in mammals, and they 
regulate the expression of host genes. Zhang and colleagues described the presence of rice miRNAs in the serum 
of humans and animals fed with the same foodstuff 20. 

In particular, rice miRNA168a was able to bind the mRNA of human and mouse low-density lipoprotein 
receptor adapter protein 1 (LDLRAP1) and inhibit its expression in the liver, consequently decreasing LDL 
removal from the plasma20. Similarly, Liang et al. demonstrated the survival of miR172 from Brassica oleracea in 
the tissues and feces of mice fed with this plant species21. 

In another study, through analysis of publicly available information, Liu et al.22 identified abundant 
plant miRNA sequences via sequencing of plasma small RNAs; plant miRNA 2910, which is homologous to 
hsa-miR4259 and hsa-miR4715-5p, was found in high levels in plasma samples and was predicted to target the 
human JAK-STAT signaling pathway mRNA SPRY4. 

Subsequent studies have shown that exogenous plant miRNAs that are ingested in food persist for several 
hours in the mammalian gut and rapidly move into the bloodstream. Moreover, plant miRNAs have been demon- 
strated to be unaffected by heat treatment, due to cooking, and by digestive processes23,24. 

Using several computational approaches to predict miRNA-mRNA interactions25–29, some Moringa oleifera 
miRNAs that exhibit putative functional homology to their mammalian counterparts were identified, and their 
ability to regulate human target genes in cell-transfection assays was also demonstrated in a specific cell line30. 

In the current work, olive (Olea europaea L.) small RNA, previously reported as miRNAs31, were predicted 
to show functional homology to various human microRNAs; additionally, their potential human mRNA targets 
were identified. Taking into consideration the use of synthetic hsa-miR34a as an anti-tumoral molecule in differ- 
ent preclinical and clinical trials4,5,12,13, we selected the putative novel olive miRNAs (oeu-miR20, oeu-miR27 and 
oeu-miR34, according to the nomenclature assigned by Yanik et al.)31 with predicted homology to hsa-miR34a. 
Therefore, the purpose of this research focused on assessing the ability of olive small RNAs (sRs) to regulate 
tumorigenesis. 

A series of transfection experiments were performed on lymphoid, monocytoid and hepatic cell lines and 
PBMCs from healthy donors to validate the effective ability of synthetic sequences of oeu-sRs to modulate the pro- 
tein expression of hsa-miR34a-specific targets (SIRT1, BCL2 and SNAIL) and, subsequently, the down-streamed 
biological effect of such treatments. 

 

Results 
Identification of Olea europaea miRNAs that are homologous to human miRNAs and their tar- 
get genes and evaluation of the free energy of duplex formation.     MirCompare32 was used to com- 
pare the data set of miRNAs from Homo sapiens33 and O. europaea31 (Fig. 1A). The analysis of 172 O. europaea and 
2042 H. sapiens microRNAs generated a total of 351,224 different comparisons. The cut-off value of r lower than 
0.5 made it possible to reduce the number to 12,134. After the second filtering phase over the seed region, only 
2,164 different comparisons were obtained. These comparisons analyze 117 O. europaea putative microRNAs and 
1,001 H. sapiens microRNAs. The complete MirCompare analysis can be found in the Supplementary Information 
(Table S1). 

Clustering analysis on the abundance distribution made it possible to generate 5 different bins (Fig. 1A), with 
different degrees of sequence homology: 1) each of the 33 out of n. 117 (28%) plant putative miRNAs were homol- 
ogous with less than 10 human miRNAs; 2) n. 47 (40%) plant putative miRNAs exhibited homology with human 
homologous miRNAs ranging between 10 and 20; 3) n. 22 (19%) plant putative microRNAs showed a sequence 
homology between 20 and 30 human miRNAs; 4) n. 9 (10%) had at least 30 homologous human miRNAs; and 5) 
only n. 5 out 117 putative oeu-microRNAs had a number of homologous human miRNAs higher than 50. 

Among this last group of putative O. europaea miRNAs, we selected the putative novel miRNAs, oeu-miR20, 
oeu-miR27 and oeu-miR34, which showed sequence homology (45%, 63% and 45%, respectively) with 
hsa-miRNA34a-5p, an important regulator of tumor suppression4,5,12,13 (Fig. 1A). However, a zero alignment hit 
was obtained from the analysis of validation of these putative novel oeu-miR sequences that was performed using 
miRDeep234 in O. europaea var. sylvestris. Therefore, a wide bioinformatics analysis (Table S2) was performed 
to verify whether the sequences were true-to-type miRNAs and for mapping and annotating sequences on the 
genomes of O. europaea var. Sylvestris and var. Farga. 
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Figure 1. Bioinformatics analysis and transfection efficiency of synthetic FITC-oeu-sR20, -27 and -34 in Jurkat, 
THP1 cell lines and in PBMCs from healthy donors. Workflow of the MirCompare analysis used for comparing 
H. sapiens microRNA and O. europaea putative miRNAs (panel A): Sequences homology comparison (n = 117 
oeu-human miRNAs homologous) and distribution analysis. Among the 5 oeu-sRs having more than 50 
homologous human miRNAs, oeu-sR20, -27 and -34 (homologous to hsa-miRNA34a) were aligned and 
the homology percentage was calculated. qRT-PCR expression analysis (ΔΔCT method) of hsa-miR34a in 
cell lines compared to PBMCs; data are expressed as means ± SD of three independent samples (panel B). 
Quantification was performed using the threshold cycle (Ct) comparative method and normalized with 18S 
rRNA. Presence of fluorescinated oeu-sRs in Jurkat, THP-1 cell lines and PBMCs 72 hours after transfection 
(panel C). The efficiency of oeu-sRs transfection was confirmed by observing the fluorescent cells as they appear 
at fluorescence microscope in these representative samples (Evos Floid Cells Imaging Station Life Technologies). 
Localization of oeu-sR20 FITC and calreticulin (ER) in THP1 cell after 72 hours from mimic oeu-sR20 
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transfection (panel D); Representative histogram obtained by flow cytometric analysis of fluorescinated oeu-sRs 
positive cells in Jurkat cell line after 72 hours from miRNA transfection (panel E). Red curves represent control 
cells receiving only HF, the empty curves represent transfected cells. The percentages of FITC-miRNAs positive 
Jurkat, THP1 cells and PBMCs were assessed via Cytexpert 2.0 software (Beckman Coulter) and showed in 
graphs (panels F). The results show the means ± SD of three independent experiments and 10 PBMCs samples 
(mean of percentage FL-1-positive for all three oeu-sR vs HF) 72 hours after from miRNA transfection. 

 
 

As a result of the bioinformatics analysis (Table S2) that was conducted to verify whether the sequences were 
true-to-type miRNAs, we have redefined the concept of small RNA miRNA-like in the acronym sRs, without 
changing the numbering reported by Yanik et al.31. Therefore, in the text, from now on, each small RNA from 
Olea will be reported as sRs instead of miR. 

The interaction of oeu-sRs with human mRNAs was studied via transfecting synthetic (mimics) oeu-sR20, 
oeu-sR27 and oeu-sR34 or hsa-miR34a into Jurkat lymphoid and into THP1 monocytoid cell lines, as well as into 
PBMCs from healthy donors. 

THP1 monocytoid, Jurkat E6-1 lymphoid cell lines and HEPG2 hepatoma cells were selected for their low 
levels of human miR34a compared to other human tumor cell lines (HT29, CaCo-2, FPAF) and PBMCs from 
healthy donors (Fig. 1B). 

The oeu-sRs transfection efficiency was evaluated in Jurkat and THP-1 cell lines and PBMCs by using fluores- 
cent mimics via the EVOS FLoid cell imaging station and by monitoring the percentage of fluorescent-positive 
(FL1-positive) cells via flow cytometric analysis (Cytoflex, Beckman Coulter). 

Seventy-two hours after transfection, both cell lines and PBMCs were efficiently transfected with the three 
oeu-sR mimics (oeu-sR20, oeu-sR27 and oeu-sR34), as shown by green fluorescence (Fig. 1C). 

In one representative picture (Fig. 1D), the FITC oeu-sR20 in THP1 cells co-localized with calreticulin, a spe- 
cific endoplasmic reticulum (RE) molecule, thereby suggesting the ability of plant sRs to localize in the specific 
cellular compartment where endogenous miRNAs operate. 

Cell lines and PBMCs treated with High Fect vehicle control (HF) showed a mean intensity fluorescence 
(MIF) that was lower than 102 (Fig. 1E, representative flow cytometric analysis in Jurkat cells). Cells were consid- 
ered FL1-positive when the MIF was higher than 103. Based on this threshold, the percentage of FITC-positive 
Jurkat and THP1 cells, as well as PBMCs, was significantly higher for all oeu-sRs than for HF control cells. This 
demonstrates the possibility of transfecting plant sR mimics into human cell lines (Fig. 1E,F). 

 
The oeu-sR mimics inhibit SIRT-1 and BCL-2 protein expression likewise to hsa-miR34a. The 
COMIR29 and Diana Tarbase35 algorithms were used to identify human genes potentially regulated by O. euro- 
paea sRs, and free energy variation of each sR:mRNA duplex formation was assigned. Oeu-sR20, oeu-sR27 and 
oeu-sR34 show a high propensity to bind SIRT1, BCL2 and SNAIL transcripts, which proved similar or superior 
to that of the human homologous hsa-miR34 (Table 1). 

The transfection of the mimics oeu-sR20, oeu-sR27 and oeu-sR34 did not affect the transcript levels of the 
SIRT1 and BCL2 genes in both THP1 and Jurkat cell lines and in PBMCs (Fig. 2A and F). However, the same cells 
exhibited a significant decrease in SIRT1 (Fig. 2B,C) and BCL2 proteins (Fig. 2G,H), compared with HF-treated 
cells (p < 0.05 for all treatment vs HF cells and vs hsa-miR34a). These results are consistent with the mechanism 
mediated by the post transcriptional function of miRNAs. The modulation of SIRT1 and BCL2 protein expression 
after transfection was also confirmed via flow cytometry assay (Fig. 2D,E,I,J). In contrast, the transfection of sRs 
in PBMCs from healthy donors exhibited no effect on the modulation of SIRT1 and BCL2 proteins. Transfection 
with an hsa-miR34a mimic scramble exhibited no effect in all the cell lines tested (data not shown). 

 
Oeu-sRs-mimic transfection affects cell viability and apoptosis. To assess whether the decrease 
in SIRT1 and BCL2 proteins via oeu-sR might also affect cell proliferation and apoptosis, the cell number and 
viability of THP1 and Jurkat cells were evaluated via the Trypan-blue-exclusion test at 72 hours after transfection. 
As shown in Fig. 3A (left panel), statistically significant differences (p < 0.05) were observed for all treatments vs 
High Fect (HF) (sample treated with lipofectamine only) cells. Moreover, a significant inverse correlation between 
the percentage of sR-positive cells and the cell count (Fig. 3A right panel) suggested a direct effect of oeu-sRs on 
host cell viability. No effect on cell viability was reported for sR-transfected PBMCs. 

Jurkat cells that were treated with mimics of oeu-sR20, oeu-sR27, oeu-sR34 and hsa-miR34a showed a signifi- 
cant increase in hypodiploid nuclei, as assessed via propidium-iodide incorporation. This highlights apoptosis in 
cells exposed to O. europaea sRs compared with the control samples (Fig. 3B). The results obtained from THP1 
analysis confirmed those observed in Jurkat cells, whereas in PBMCs from healthy donors, no significant differ- 
ence was observed in the apoptosis levels. 

To confirm the role of oeu-sR20, oeu-sR27 and oeu-sR34 in apoptosis mediated via the BCL2 pathway, the 
expression of intracellular BCL2 was analyzed through flow cytometry. The treatment of Jurkat and THP-1 cells 
with mimics derived from oeu-sR sequences induced a significant decrease of BCL2-positive cells compared with 
the HF control (Fig. 3C); this event was associated with a significant increase in the pro-apoptotic BAX protein 
level, as assessed via western blot analysis (Fig. 3D,E). 

 
Small RNA extracted from O. europaea drupes affects apoptosis and viability of Jurkat 
cells. The pool of small RNAs that were extracted from mature drupes of olive and analyzed via RT-qPCR 
revealed the presence of plant miRNAs and sRs. Among them, oeu-sR34 and oeu-sR20 were the most highly 
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 hsa-miR-34a-5p oeu-sR20 oeu-sR27 oeu-sR34 
BCL2 −26,94 −37,52 −74,27 −27,02 
SIRT1 −32,88 −26,00 −28,11 −29,35 
SNAIL −18,97 −25,46 −26,41 −59,57 

 

Table 1.  Free Energy variation (ΔG) in hsa-miRNA-mRNA and oeu-sR-mRNA duplex formation. 
 
 

expressed (Fig. 4A). To confirm the activity of this olive-fruit-extracted pool on human cells, it was transfected in 
Jurkat cells, and its effect on SIRT1 and BCL2 protein expression were analyzed via flow cytometry. 

The treatment of Jurkat with the oeu-sR pool induced a significant decrease in SIRT1- and BCL2-positive cells 
(Fig. 4B,D) and a significant decrease in MIF (Fig. 4C,E) compared with the HF control sample. 

Cell viability and apoptosis were analyzed and compared to the pro-apoptotic synthetic oeu-sR20. 
Jurkat cells treated with the oeu-sR pool showed a significant decrease in cell viability and increase in apopto- 

sis, similar to the effects induced by the sR20 mimic (Fig. 4F,G). 

 
Transfection of oeu-sR20 mimic and oeu-sR pool in a hepatoma cell line reduces the expression 
of SNAIL. The impact of oeu-sRs on the gene expression of SNAIL, another specific target of hsa-miR34a, and 
the relative biological effects were analyzed in the HepG2 hepatoma cell line after oeu-sR20 or oeu-sR pool trans- 
fection. During tumorigenesis, the increase in SNAIL protein down-regulates the synthesis of E-cadherin, which 
induced the acquisition of metastatic potential during the late stages of epithelial tumor progression36. 

The transfection efficiency was significant in the hepatoma cell line (Fig. 5A,B), as demonstrated in Jurkat and 
THP1 cells; the transfection with the mimics (oeu-sR20 and hsa-miR34) resulted in a significant decrease in cell 
viability that correlated with the increase in apoptosis in these cells, as well as in HepG2 cells transfected with the 
oeu-sR-extracted pool (Fig. 5C). 

Oeu-sR20, hsa-miR34a and oeu-sR pool transfections induced a significant decrease in the SNAIL protein 
level in HEPG2 cells and restored the expression of the adhesion protein E-cadherin (Fig. 5D–F), which is crucial 
in the epithelial morphogenesis process. The scratch test was used to detect the HepG2 cell migration rates at 0 
and 72 h after oeu-sR20 or oeu-small RNA extracted pool transfection, confirming the ability of these to coun- 
teract the cell migration (Fig. 5G). Oeu-sR20 and oeu-small-RNA pool transfections were able to prevent hepatic 
damage associated with lipid accumulation that was induced by TGF-beta treatment37, as demonstrated by the 
significant decrease in lipid accumulation and restoration of the intracellular lipid content as in the control cells 
(Fig. 5H). 

 

Discussion 
miRNAs are a class of small single-stranded, non-coding RNA present in animals and plants. The ability of miR- 
NAs to regulate post-transcriptional gene expression by binding specific mRNAs relies on two mechanisms: 
translation repression or target-mRNA degradation, depending on the complementarity degree of the miRNA 
with the mRNA-binding region. 

Although there is a high similarity in the biological function generated from the regulation of transcripts, 
plant and animal miRNAs exert their control differently. In animals, miRNAs repress gene expression by mediat- 
ing translation reduction through multiple miRNA-binding sites that are located within the 3′ untranslated region 
of the target gene. In contrast, most plant miRNAs regulate their targets by directing mRNA cleavage at single 
sites in the coding regions1. 

Brennecke and co-workers38 reviewed for the first time the minimal requirements for a functional 
miRNA-mRNA duplex in vivo and introduced the concept of “functional sequence homology” related to com- 
mon post-transcriptional regulations mediated by miRNAs. 

Following Zhang’s article20, several studies have shown that exogenous plant miRNAs, which are introduced 
by diet, are taken up into the bloodstream and tissues through the gastrointestinal system. Other studies, which 
were conducted using next-generation sequencing technology30 and in vivo mice models21 and were supported by 
computational analysis22,26,27,32,38,39, have highlighted a high number of exogenous miRNAs in the human plasma 
and the potential bioactivity of plant-based dietary miRNAs in other body tissues. Moreover, the robustness and 
stability of plant miRNAs have also been documented both in high temperatures during cooking and in chemical 
degradation typically associated with the digestion process23,24. Several mechanisms regarding the stability of 
plant miRNAs have been suggested, such as the presence of a 2′-O-methylation in plant miRNAs, which enhances 
their stability by protecting them from exonucleolytic digestion and uridylation40,41. miRNA carriers such as 
exosomes, microvesicles, and high-density lipoprotein protect miRNAs from degradation42–44. Moreover, some 
plant extracts and secondary metabolites may protect plant miRNAs from the enzymatic environment of the 
digestive tract45,46. 

Additionally, other studies have demonstrated that exogenous plant miRNAs remain functionally active in 
consumers and that they regulate the post-transcriptional expression of specific human genes21,30,47. 

The most direct evidence of the therapeutic effects of plant miRNAs has been recently published by Zhang’s 
group19. A plant-derived miRNA, miR2911, is highly stable in the decoction of a Chinese herb honeysuckle; it can 
be absorbed through the GI tract and delivered via the blood stream to the lungs of the animals, and it protects 
against influenza virus infections in mice. 

Recently, Chin and coworkers published a detailed set of experiments that showed that in an in vitro model, 
plant miR159 suppressed the proliferation of breast cancer (BC) cells48. In this manner, by binding and inhibiting 
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Figure 2. Effects of oeu-sRs transfection on modulation of SIRT1 and BCL2 mRNA and protein in Jurkat   
and THP-1 cell lines and in PBMCs from healthy donors. Relative qRT-PCR expression analysis of SIRT1 and 
BCL2 genes at 72 hours after oeu-sRs and hsa-miR34a transfection (panel A and F). The analysis was carried 
out on three independent biological experiments and expressed as a fold change in respect to untreated 
samples previously normalised with a housekeeping gene (beta actin). Western Blot assay of SIRT1 and BCL-2 
proteins modulation after oeu-sRs transfection (panel B and G, Figures S1 and S2). One representative of three 
independent biological experiments is reported and the reference beta actin protein was detected. Western  
blot analysis of SIRT1 and BCL-2 protein expression was quantified by densitometric analysis (panels C and 
H). Each sample was normalised to its respective beta actin value and the background (Bkg) of the picture was 
subtracted. Values were expressed as OD-Bkg/mm2 (means ± SD of at least three independent experiment, 
p < 0.05 treated vs HF control). Flow cytometry analysis of SIRT1 (panels D and E) and BCL-2 (panels I   
and J) proteins intracellular expression in Jurkat and PBMcs 72 hours after oeu miR20 like transfection. One 
representative dot plot overlay, and histogram overlay of three independent biological experiments is reported. 
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Figure 3. Effects of oeu-sR-20, -27 and -34 on cell viability and apoptosis in Jurkat, THP-1 cell lines and 
PBMCs from healthy donors. Cell viability (panel A) analysed via Trypan blue exclusion assay (left panel) and 
correlation between efficiency of transfection and cell viability (right panel). Percentage of apoptotic cells and 
percentage of BCL-2 positive cells after oeu-sRs and hsa-miR34a transfection analysed via Flow cytometry 
(panel B and C) (means ± SD at least three independent biological experiments performed, p < 0.05 treated   
vs control); one representative of the three independent biological experiments of Western Blotting assay of 
BAX modulation after oeu-sRs and hsa-miR34a transfection (panel D, Figure S3). In the densitometric analysis 
(panel E) (means ± SD) of three independent biological experiments, values were expressed as OD-Bkg/mm2. 
For all experiments, we show means ± SD of at least of three independent experiments performed, p < 0.05 
treated vs control. 

http://www.nature.com/scientificreports/


8 SCIeNTIFIC RePoRtS | (2018) 8:12413 | DOI:10.1038/s41598-018-30718-w 

www.nature.com/scientificreports/ 

 

 

 

 

 
 

Figure 4. Effects of oeu-sR pool derived from O. europaea drupe. Relative RT-qPCR expression analysis of 
some oeu miRNAs contained in the pool of small RNAs extracted from drupes of O. europaea (panel A). The 
analysis was carried out on three independent biological experiments and expressed as fold change with respect 
to oeu-miR159 expression previously normalised with a housekeeping gene (5 S rRNA). Flow cytometry  
analysis of SIRT1 (panels B and C) and BCL2 (panels D and E) proteins intracellular expression in Jurkat 
72 hours after oeu-sR pool transfection. One representative dot plot overlay, and histogram overlay of three 
independent biological experiments is reported (% of SIRT1 and BCL2 positive cells, oeu-sRs vs HF, SIRT1% 
2.36 ± 0.36** vs 10.32 ± 0.63; BCL2% 42.63 ± 8.65 vs 70.51 ± 4.62**). Cell viability analysed via Trypan  
blue (panel F), percentage of apoptotic cells (panel G) after oeu-sRs or oeu-sR20 analysed via Flow cytometry 
(means ± SD of three independent biological experiments, p < 0.05 treated vs control). 

 
 

its specific human transcripts, TCF7, involved in the Wnt signaling pathway, is targeted. This, in turn, induced a 
substantial reduction of tumor growth and increased apoptosis level in a xenograft BC tumor model. 

The identification of plant-derived miRNAs and/or sRs that regulate the human genome expression could be 
an interesting approach to shed light on the nutritional and functional value of plant foods. Encouraged by these 
discoveries, we used MirCompare to identify O. europaea-sRs; these possess functional homology with human 
miRNAs and the potential to interact with human target genes and modulate their expression. 

We selected oeu-sR20, oeu-sR27 and oeu-sR34, which show a sequence homology of 45%, 63% and 45%, 
respectively, with hsa-miR34a. However, to confirm their identity and annotation, when these sRs, which had 
been previously reported as miRNAs by Yanik et al.31, were searched within the high performed whole-genome 
of O. europaea sp sylvestris, which was recently sequenced40 and was present in Phytozhome41 and NCBI Genome 
(https://www.ncbi.nlm.nih.gov/genome), the analyses executed with the miRDeep2 tool42 resulted in a zero 
alignment hit. Further studies were then conducted to identify the origin of small RNAs in the genome of var. 
Sylvestris and var. Farga of O. europaea. Surprisingly, it emerged that the three sequences that were indicated by 
Yanik et al.31 as novel miRNAs are prevalently located in non-coding regions (Table S2), except for one location of 
sR27 and sR34 that are both annotated as transcript coding sequences (Table S2). 

Because it is not clearly known if non-coding regions that contain the sR sequences are expressed or not, we 
checked and confirmed their presence in the pulp of mature olive drupes via RT-qPCR. Therefore, we advance 
the hypothesis that small RNAs are fragments of the degradome of non-coding transcripts and mRNAs that are 
expressed in the tissues during the over-ripening of olive drupes. Their presence in the ripening fruits was also 
reported by Yanik et al.31 and was confirmed in the extracts of mature drupes through RT-qPCR analyses in other 
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Figure 5.  oeu-sR pool transfection effects on SNAIL protein modulation and lipid accumulation in Hepatoma 
cell lines. Percentage of FITC- oeu-sR20 positive HepG2 (panel A). The efficiency of miRNA transfection 
was confirmed by observing the fluorescent cells as they appear at fluorescence microscope in panel B. 
Percentage of viabilty and apoptosis in oeu-sR20, hsa-miR34 and oeu-sR pool transfected Hep-G2 (panel  
C). One representative western blot image of SNAIL and E-Cadherin (panel D, Figure S4) in HepG2 cells 
after transfection as well as densitometric analysis of three independent biological experiments are reported 
(panel E and F). The scratch test was used to detect HepG2 migration rates at 0 and 72 h after transfection. 
The representative microscopy picture (×40) was shown (panel G). FACS analysis of lipid accumulation 
induced by TGFbeta1 in HEPG2 in the presence or absence of oeu-sR20, oeu-sR pool and hsa-miR34, 72 hours 
post-transfection (panel H). Results are from at least three independent biological experiments. Histograms 
represent the mean and the bars ± S.D, **p < 0.01. 

http://www.nature.com/scientificreports/


www.nature.com/scientificreports/ 

10  SCIeNTIFIC RePoRtS | (2018) 8:12413 | DOI:10.1038/s41598-018-30718-w 

 

 

 

 

experiments (data not shown). Recently, evidence has been reported in the literature that in plants and animals, a 
new class of small RNAs are derived from tRNA49, and they exhibit a microRNA-like function50,51. 

Through these results and evidence from the literature, we hypothesize that a new lateral evolution of small 
RNA classes might be generated from non-coding regions of the genome that under stress and/or organ devel- 
opment are expressed as reported for Brassica rapa52. These small RNAs can open a new challenge in the role that 
they could play in cross-kingdom interaction, and this might be an exciting new research frontier. 

Several studies have indicated that hsa-miR34a plays a pivotal role in different apoptotic mechanisms by 
repressing the post-transcriptional expression of BCL2 and SIRT1, which, in turn, induces apoptosis via regulat- 
ing the mitochondrial pathway and p53 activity, respectively7–9. 

In various tumors, hsa-miR34a is frequently silenced, which suggests an important role of the controller in 
tumor suppression. The hsa-miR34a mimic, which had been already used in different clinical trials, restores the 
physiological post-transcriptional expression of both its human target genes, SIRT1 and BCL2, promoting an 
anti-tumoral effect8,53. Moreover, the restoration of hsa-miR34a reduces cell viability, promotes apoptosis and 
enhances sorafenib-induced apoptosis and toxicity in HCC via inhibiting BCL2 expression54. 

The epithelial to mesenchymal transition (EMT) is considered a key process that is implicated in neoplas- 
tic transformation, particularly in invasion and metastatic processes55. The strong evidence for EMT in HCC 
patients demands novel strategies in pathological assessments and therapeutic concepts to effectively combat 
HCC progression. 

SNAIL is directly involved in EMT during tumor progression: SNAIL over-expression is sufficient to induce 
EMT in many epithelial cell lines and is associated with E-cadherin down-regulation in several mouse and human 
invasive tumor cell lines56,57. 

The strategies to increase hsa-miR34a could potentially constitute a critical targeted therapy for different 
tumors in the future. To verify the ability of synthetic sequences of oeu-sRs to regulate the post-transcriptional 
expression of hsa-miR34a-specific target, we used lymphoid-monocytoid and hepatocellular tumor cell lines with 
low expression of hsa-miR34a and PBMCs from healthy donors with a normal expression level of hsa-miR34a. 
The obtained results show that synthetic sRs oeu-sR20, oeu-sR27 and oeu-sR34 cause a statistically significant 
reduction in the SIRT1 and BCL2 protein expression levels with respect to the controls. However, a modulation 
of the same proteins was not observed in PBMCs despite the efficiency of transfection. As a consequence of BCL2 
down-regulation and a rise in BAX level, we detected a remarkable increase in apoptosis levels in tumor cells, 
whereas PBMCs proved to be unaffected. In hepatic cells, the SNAIL protein reduction after oeu-sR20 transfec- 
tion was associated with a significant increase in E-cadherin expression and a reduction of lipid accumulation. 
This suggests that plant-derived sRs, through their ability to restore the correct epithelial phenotype, have the 
potential to counteract liver damage that determines EMT. All obtained data suggest that the transfection of plant 
sRs that are homologous to hsa-miR34a restores the hsa-miR34 functions in tumor cells lacking this hsa-miRNA. 
Conversely, cells with the normal expression of endogenous hsa-miR34a were observed to be unaffected by exog- 
enous plant sR regulation. 

Despite the fact that sequences of plant-derived synthetic sRs show neither complete identity nor high homol- 
ogy to the human miR34a sequence, the results have shown that they exhibit an important “functional homology”, 
as demonstrated by their capability to modulate the translation of hsa-miR34a genomic targets. 

Based on the results obtained in this study, we propose to extend this concept to small RNAs (sRs) that, con- 
sidering their structural sequence, can perform the same functional activity in a cross-kingdom interaction. This 
consideration was also confirmed via the results obtained from the experiments conducted with sR-mimics and 
with the pool extracted from drupes, which contained either sRs or miRNAs; among these components of the 
extracted pool, a high quantity of oeu-sR20 and oeu-sR34 were present. Accordingly, this research indicated that 
there are plant small RNAs that are capable of exhibiting antitumor activity upon entering the human cells and 
performing a fine-tuning function homologous to hsa-miRNAs. 

Transfection of the olive-extracted pool, as well as the mimics used, induces a decrease in BCL2 and SIRT1 
protein expression, enhancement of apoptosis and reduction in the transition from the EMT to MET phenotype. 

The application of miRNAs and/or sRs in cancer therapy may involve the administration of these small RNAs 
with tumor-suppressor function to restore their activities12,13. 

miRNAs derived from food have been demonstrated to be stable under stress conditions of high temperature 
during cooking, during enzymatic digestion occurring in the gastrointestinal tract, and in animal serum23,24. 
They are also able to regulate gene expression in organisms that have ingested them19,20,30,58, which indicates the 
possibility that small RNAs act as new bioactive components in herbal remedies. 

Oral administration is the only way of application for herbal preparations; however, despite increasing evi- 
dence, the mechanism underlying the functional transfer of plant miRNAs across the intestinal barrier remains 
unclear. Considering the instability of naked RNA, miRNAs in plant materials are, possibly, packaged into protein 
complexes and/or lipid vesicles and are recognized by a mammalian transport system23. 

For these reasons, it could be possible to develop a natural, non-toxic nutraceutical compound that con- 
tains active tumor suppressor miRNAs and sRs; this would help address the problems of toxicity resulting from 
chemotherapy54,59–61. 

The use of edible plants to produce therapeutic small RNAs has ground-breaking potential for clinical applica- 
tions, and it could be an economical alternative to the current production of synthetic miRNAs. Recent advances 
regarding the role of miRNAs and sRs, considering the results obtained in this study, could form a basis for fur- 
ther in vivo studies to finally understand oncosuppressive functions of plant small RNAs in humans. 

Finally, the obtained results support the exposome concept that correlates the environment, as nutrition and 
epigenetics, with human health: in this work, epigenetic activity is represented by plant miRNAs and their effects 
on the host after oral intake of plant-based food62,63. 
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So far, it was assumed that plant miRNAs could regulate human cell mRNA translation behavior; this research 
also indicates that there are plant small RNAs that are capable of exhibiting antitumor activity when entering 
human cells and performing a fine-tuning function that is homologous to hsa-miRNAs. 

 

Materials and Methods 
Bioinformatics analysis.    Cross-kingdom analysis.   MirCompare32 was used to identify small RNA 
sequences with a functional homology to human miRNAs. The software compared the miR sequences of O. 
europaea cv. Ayvalik31 with all H. sapiens mature miRNAs, which were extracted from miRBase33. The parameters 
used for the analysis are r-value = 0.55 and seed-region threshold = 5 (in accordance with the guidelines provided 
by the authors). 

 
Prediction of small RNA targets. Concerning the prediction of all potential cross-kingdom targets, we assumed 
that plant sRs regulate host mRNA translation in a manner that is analogous to mammalian functional miR- 
NAs. We used the COMIR29 web interface to extract a list of human genes that are putatively regulated by the 
submitted miRNAs together with a p-value based on scrambled sequences targeting predictions. According to 
that reported in the COMIR documentation, a total of 20,121 H. sapiens genes (3′UTR sequences downloaded 
from the ENSEMBL website) were considered in the analysis. After selecting the significant predictions, Diana 
TarBase33 was used to select the output of COMIR gene-miRNA interactions. 

 
sR-mRNA free energy calculation. For the estimation of miRNA-mRNA free energy variations, a custom script 
was developed that uses the miRanda algorithm64 to calculate the free energy of duplex formation. For each plant 
miRNA sequence, we provided the target mRNAs sequences, in the FASTA format. 

 
Validation of initial dataset. To evaluate the nature of the O. europaea sequences listed by Yanik and 
co-workers31, we extracted the raw sequencing data from SRA52, and we performed an miRDeep242 analysis 
using the Olea europaea var. sylvestris genome65 as the reference. 

 
Identification of sR location in the genome. To search for the mapping and annotation of all three small RNA, 
an interrogation of their sequences was run through BLASTn against the whole genome of O. europaea var. 
sylvestris deposited in the Phytozome v12.1 database (https://phytozome.jgi.doe.gov/pz/portal.html) and NCBI 
non-redundant (nr) database. Moreover, we have also interrogated the genome drafts of O. europaea cv. Farga 
(http://denovo.cnag.cat/genomes/olive/) and NCBI. From the interrogation, nine hits were produced for the com- 
plete sequence of sR20, and eight and 19 hits were produced for the sR-27 and sR-34 sequences, respectively 
(Table S2). One hit for sR27 and for sR34 was a coding transcript: the first is an annotated transcript identified in 
the cultivar Picual, and the second is a putative glycine-rich cell wall structural-protein-like transcript located in 
the chromosome 9 of var. sylvestris. 

 
Experimental validation in vitro and ex-vivo. Cell culture. Human Jurkat E6-1 lymphoid and human 
THP1 monocytoid cell lines (American Type Culture Collection, USA) were grown in a suspension culture at a 
density of 7 × 105 cells/mL and 4 × 105 cells/mL, respectively. The human HepG2 hepatoma-derived cell line was 
grown in Dulbecco’s modified Eagle’s medium (DMEM) that was supplemented with 10% fetal bovine serum, 
100 U/mL penicillin, 100 mg/mL streptomycin and 2 mM L-glutamine (Lonza, USA). Human PBMCs, obtained 
from healthy blood donors attending at the local blood transfusion unit of Policlinico Tor Vergata in Rome, were 
separated via density gradient, according to the standard technique by Fycoll Hypaque (Lonza, USA), and were 
cultured at a density of 106 cells/mL. The cell lines and PBMCs were cultured in Roswell Park Memorial Institute 
(RPMI) 1640 (Invitrogen, USA) that was supplemented with 10% fetal bovine serum (FBS, Invitrogen USA), 
2 mM glutamine (Hyclone, UK), 50 U/mL penicillin and 50 U/mL streptomycin (Hyclone, UK). All the cell lines 
were cultured at 37 °C under a humidified 5% CO2 atmosphere. 

 
Transfection. THP1 monocytoids, Human Jurkat E6-1 lymphoid cells and PBMCs were all transfected via the 
lipofectamine method (Hi-Fect, Qiagen German, HF) using 5 nM synthetic mimic human miR34 (hsa-miR34) or 
a scramble of hsa-miR34a and three homologous vegetal mimics (oeu-sR20, oeu-sR27 and oeu-sR34) (Table S3, 
INVITROGEN, USA) in accordance with the manufacturer’s instruction (miRNA mimic and inhibitor exper- 

iment protocols®, Qiagen, Italy). Oeu-sR mimics that were tagged with fluorescein isothiocyanate (FITC) were 
also used as the transfection control. 

The cells were harvested 72 hours after transfection and were characterized for the efficiency of transfection 
through fluorescence microscopy and flow cytometry analysis and for the effect of hsa-mir34 and plant sRs on 
specific target genes via western blot analysis. 

 
Fluorescence microscope analysis. Oeu-sRs green positive cells, that were transfected for 72 hours with 
FITC-tagged oeu-sRs mimics, were observed under a fluorescence microscope (Evos Floid Cells Imaging Station, 
ThermoFisher Scientific, USA). In some experiments, to evaluate the localization of oeu-sRs in the cells, the cells 
were harvested, fixed, permeabilized with 70% ethanol and incubated with anti-human calreticulin for 1 hour and 
Alexa-Fluor-647-conjugated secondary antibody (ThermoFisher Scientific). 

 
Cell viability assays. The percentage or absolute number of dead/living cells was evaluated using the trypan blue 
dye exclusion test (Euroclone S.p.A. ITA). 
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Apoptosis assays. Seventy-two hours after transfection, apoptosis was assessed through flow cytometry analy- 
sis (Cytoflex, Beckman Coulter, USA) of isolated nuclei that were stained with propidium iodide, as previously 
described66. 

 
Intracellular BCL2 staining. BCL2 intracellular expression was evaluated via flow cytometry analysis. After 
72 hours, the transfected cells were harvested, fixed, permeabilized with 70% ethanol and incubated with 
PE-conjugated anti-human BCL-2 (BD Biosciences, USA). The stained cells were analyzed via Cytoflex (Beckman 
Coulter, USA) and the Cytexpert 1.2 software (Beckman Coulter, USA). 

 
Analysis of lipid accumulation. Seventy-two hours after transfection, for the analysis of lipid accumulation, the 
cells were suspended with BODIPY® fluorescent probe (Thermo Fisher Scientific, USA) and were incubated at 
4 °C for 30 minutes. Flow cytometry analysis was performed via Cytoflex (Beckman Coulter, USA) and Cytexpert 
1.2 software (Beckman Coulter, USA). 

 
In vitro scratch assay. HepG2 cells in the presence or absence of the oeu-extracted pool or oeu-sR20 were plated, 
and after 24 hrs, a 10 μL pipette tip was used to make a scratch in the middle of the plate. The cells were allowed to 
migrate, and images of the scratch width were taken at 72 hours after the initial scratch. 

 

mRNA isolation, cDNA synthesis and qRT-PCR for the expression of SIRT1 and BCL2 genes. 
Real-time PCR was performed on a CFX96 Real-Time System instrument (Bio-Rad, CA, USA) with gene-specific 
primers (BIOFAB, Rome, Italy) (Table S4) and SYBR Green protocol. 

Total RNA was isolated using the TRIzol reagent (Invitrogen, CA). The integrity of total RNA was deter- 
mined via 1% agarose gel electrophoresis. cDNA synthesis was performed using high-capacity cDNA Reverse 
Transcription Kits (Applied Biosystem by Life Technologies NY, USA Invitrogen, CA) using 1 μg of total RNA 
as the template, according to manufacturer’s instructions. Real-time PCR reaction was performed as previously 
described67. Quantification was performed using the threshold cycle (Ct) comparative method according to the 
MIQE guidelines68. 

 
Plant-small-RNA pool extraction and transfection.   Total O. europaea small pool (containing oeu-miRs and 
oeu-sRs) was extracted from 50 mesocarp tissue mature drupes using NucleoSpin miRNA in accordance with the 
manufacturer’s instruction (NucleoSpin miRNA experiments protocols®, MACHEREY-NAGEL, Germany) and 
were transfected into the Jurkat cell line, as described above. 

 
Experimental validation of conserved plant miRNAs and small RNA via Quantitative Real-Time PCR 
(qRT-PCR). Total miRNAs were purified from plant tissues obtained in the previous step. The presence of most 
of the conserved plant miRNAs (Table S5) in Olea europaea drupe extract was evaluated via qRT-PCR, as widely 
reported in Gismondi et al.69. In brief, cDNA was synthesized using a specific reverse transcription kit for microR- 
NAs (miRCURY LNA Universal RT microRNA PCR, Synthesis Kit II; EXIQON), according to the manufacturer’s 
guidelines. To verify the absence of nucleases in the reaction and to evaluate the efficiency of retro-transcription 
and RT-qPCR amplification, 108 copies of a synthetic spike-in control miRNA (UniSp6, EXIQON) were added 
to each RNA sample before conversion to cDNA. RT-qPCR was performed in a 10 µL reaction volume, which 

included 20 ng of cDNA, 50% SYBR green (ExiLENT SYBR® Green master mix, EXIQON) and 1 µL of a mixture 
that contained pre-designed PCR primers specific for microRNA amplification (microRNA LNA PCR primer 
sets, EXIQON). RT-qPCR assay was performed using a Bio-Rad (IQ5) thermocycler. Amplification parameters 
were set as recommended by the instruction manual of EXIQON pre-designed primers. 

The same experimental protocol was used to analyze the expression of hsa-miR34a in different tumor cell lines 
compared to PBMCs. Relative expression levels of hsa-miR34a were quantified by using the 2−ΔΔCt method, and 
18 S rRNA was used as a housekeeping gene. 

 
Western blot analysis. Aliquots of 3 × 106 cells, subjected to different experimental conditions, were lysed and 
processed for western blot analysis, as previously described54. The primary antibodies used were rabbit mono- 
clonal antibodies directed against SIRT1, BCL2 and SNAIL proteins; mouse monoclonal anti-BAX; E-cadherin 
and calreticulin (used for microscope images, see above); and goat monoclonal anti-human beta-actin (all from 
Santa Cruz Biotechnology, CA USA). The secondary antibodies used were anti-goat, anti-mouse and anti-rabbit 
IgG chain specific conjugated to peroxidase (Calbiochem, Merck Millipore, Darmstadt, Germany) and anti-rabbit 
IgG-PE for microscopy images (Calbiochem). 

 
Statistical Analysis. Data analysis was performed using the SPSS statistical software system (Chicago, IL, USA). 
Comparison of means of FL1-positive cells, protein levels, cell vitality, percentage of apoptosis and SIRT1 and 
BCL2 positive cells in response to transfection were all conducted using the t-test; p-value < 0.05 (*), p < 0.01 
(**) or p < 0.001 (***) were considered significant. For non-parametric correlation, the Pearson correlation coef- 
ficient was calculated. 

 

References 
1. Xie, M., Zhang, S. & Yu, B. microRNA biogenesis, degradation and activity in plants. Cellular and Molecular Life Sciences 72, 87–99 

(2015). 
2. Sukata, T. et al. Circulating microRNAs, possible indicators of progress of rat hepatocarcinogenesis from early stages. Toxicol. Lett. 

200, 46–52 (2011). 
3. Hermeking, H. MicroRNAs in the p53 network: Micromanagement of tumour suppression. Nature Reviews Cancer 12, 613–626 (2012). 

http://www.nature.com/scientificreports/


www.nature.com/scientificreports/ 

13  SCIeNTIFIC RePoRtS | (2018) 8:12413 | DOI:10.1038/s41598-018-30718-w 

 

 

 

 

4. Bader, A. G., Brown, D. & Winkler, M. The promise of microRNA replacement therapy. Cancer Research 70, 7027–7030 (2010). 
5. Wang, R. et al. Functional role of miR-34 family in human cancer. Curr Drug Targets 14, 1185–1191 (2013). 
6. Brenner, D. & Mak, T. W. Mitochondrial cell death effectors. Current Opinion in Cell Biology 21, 871–877 (2009). 
7. Corney, D. C., Flesken-Nikitin, A., Godwin, A. K., Wang, W. & Nikitin, A. Y. MicroRNA-34b and MicroRNA-34c Are Targets of p53 

and Cooperate in Control of Cell Proliferation and Adhesion-Independent Growth. Cancer Res. 67, 8433–8438 (2007). 
8. Hermeking, H. The miR-34 family in cancer and apoptosis. Cell Death and Differentiation 17, 193–199 (2010). 
9. Li, L. et al. MiR-34a inhibits proliferation and migration of breast cancer through down-regulation of Bcl-2 and SIRT1. Clin. Exp. 

Med. 13, 109–117 (2013). 
10. Castro, R. E. et al. MiR-34a/SIRT1/p53 is suppressed by ursodeoxycholic acid in the rat liver and activated by disease severity in 

human non-alcoholic fatty liver disease. J. Hepatol. 58, 119–125 (2013). 
11. Siemens, H. et al. miR-34 and SNAIL form a double-negative feedback loop to regulate epithelial-mesenchymal transitions. Cell 

Cycle 10, 4256–4271 (2011). 
12. Bader, A. G. MiR-34 - a microRNA replacement therapy is headed to the clinic. Front. Genet. 3 (2012). 
13. Dang, Y., Luo, D., Rong, M. & Chen, G. Underexpression of miR-34a in Hepatocellular Carcinoma and Its Contribution towards 

Enhancement of Proliferating Inhibitory Effects of Agents Targeting c-MET. PLoS One 8 (2013). 
14. Trang, P. et al. Systemic delivery of tumor suppressor microRNA mimics using a neutral lipid emulsion inhibits lung tumors in mice. 

Mol. Ther. 19, 1116–1122 (2011). 
15. Agostini, M. & Knight, R. A. miR-34: from bench to bedside. Oncotarget 5, 872–81 (2014). 
16. Craig, V. J. et al. Systemic microRNA-34a delivery induces apoptosis and abrogates growth of diffuse large B-cell lymphoma in vivo. 

Leukemia 26, 2421–2424 (2012). 
17. Sagnia, B. et al. Antioxidant and Anti-Inflammatory Activities of Extracts from Cassia alata, Eleusine indica, Eremomastax speciosa, 

Carica papaya and Polyscias fulva Medicinal Plants Collected in Cameroon. PLoS One 9, e103999 (2014). 
18. Lukasik, A. & Zielenkiewicz, P. Plant MicroRNAs-novel players in natural medicine? Int. J. Mol. Sci. 18 (2017). 
19. Zhou, Z. et al. Honeysuckle-encoded atypical microRNA2911 directly targets influenza A viruses. Cell Res. 25, 39–49 (2015). 
20. Zhang, L. et al. Exogenous plant MIR168a specifically targets mammalian LDLRAP1: Evidence of cross-kingdom regulation by 

microRNA. Cell Res. 22, 107–126 (2012). 
21. Liang, G. et al. Assessing the survival of exogenous plant microRNA in mice. Food Sci. Nutr. 2, 380–388 (2014). 
22. Liu, Y. C., Chen, W. L., Kung, W. H. & Huang, H. Da. Plant miRNAs found in human circulating system provide evidences of cross 

kingdom RNAi. BMC Genomics 18 (2017). 
23. Xie, W., Weng, A. & Melzig, M. MicroRNAs as New Bioactive Components in Medicinal Plants. Planta Med. 82, 1153–1162 (2016). 
24. Philip, A., Ferro, V. A. & Tate, R. J. Determination of the potential bioavailability of plant microRNAs using a simulated human 

digestion process. Mol. Nutr. Food Res. 59, 1962–1972 (2015). 
25. John, B. et al. Human microRNA targets. PLoS Biol. 2 (2004). 
26. Kertesz, M., Iovino, N., Unnerstall, U., Gaul, U. & Segal, E. The role of site accessibility in microRNA target recognition. Nat. Genet. 

39, 1278–1284 (2007). 
27. Krek, A. et al. Combinatorial microRNA target predictions. Nat. Genet. 37, 495–500 (2005). 
28. Lewis, B. P., Burge, C. B. & Bartel, D. P. Conserved seed pairing, often flanked by adenosines, indicates that thousands of human 

genes are microRNA targets. Cell 120, 15–20 (2005). 
29. Coronnello, C. & Benos, P. V. ComiR: Combinatorial microRNA target prediction tool. Nucleic Acids Res. 41 (2013). 
30. Pirrò, S. et al. MicroRNA from Moringa oleifera: Identification by High Throughput Sequencing and Their Potential Contribution 

to Plant Medicinal Value. PLoS One 11, e0149495 (2016). 
31. Yanik, H. et al. Genome-wide identification of alternate bearing-associated microRNAs (miRNAs) in olive (Olea europaea L.). BMC 

Plant Biol. 13 (2013). 
32. Pirrò, S. et al. Bioinformatics prediction and experimental validation of MicroRNAs involved in cross-kingdom interaction. J. 

Comput. Biol. 23 (2016). 
33. Kozomara, A. & Griffiths-Jones, S. MiRBase: Annotating high confidence microRNAs using deep sequencing data. Nucleic Acids 

Res. 42 (2014). 
34. Friedländer, M. R., MacKowiak, S. D., Li, N., Chen, W. & Rajewsky, N. MiRDeep2 accurately identifies known and hundreds of novel 

microRNA genes in seven animal clades. Nucleic Acids Res. 40, 37–52 (2012). 
35. Vergoulis, T. et al. TarBase 6.0: Capturing the exponential growth of miRNA targets with experimental support. Nucleic Acids Res. 

40 (2012). 
36. Batlle, E. et al. The transcription factor Snail is a repressor of E-cadherin gene expression in epithelial tumour cells. Nat. Cell Biol. 2, 

84–89 (2000). 
37. Wanninger, J. et al. Lipid accumulation impairs adiponectin-mediated induction of activin A by increasing TGFbeta in primary 

human hepatocytes. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1811, 626–633 (2011). 
38. Brennecke, J., Stark, A., Russell, R. B. & Cohen, S. M. Principles of microRNA-target recognition. in. PLoS Biology 3, 0404–0418 

(2005). 
39. Shu, J., Chiang, K., Zempleni, J. & Cui, J. Computational characterization of exogenous microRNAs that can be transferred into 

human circulation. PLoS One 10 (2015). 
40. Li, J., Yang, Z., Yu, B., Liu, J. & Chen, X. Methylation protects miRNAs and siRNAs from a 3′-end uridylation activity in Arabidopsis. 

Curr. Biol. 15, 1501–1507 (2005). 
41. Voinnet, O. Origin, Biogenesis, and Activity of Plant MicroRNAs. Cell 136, 669–687 (2009). 
42. Mu, J. et al. Interspecies communication between plant and mouse gut host cells through edible plant derived exosome-like 

nanoparticles. Mol. Nutr. Food Res. 58, 1561–1573 (2014). 
43. Köberle, V. et al. Differential Stability of Cell-Free Circulating microRNAs: Implications for Their Utilization as Biomarkers. PLoS 

One 8 (2013). 
44. Beltrami, C. et al. Stabilization of Urinary MicroRNAs by Association with Exosomes and Argonaute 2 Protein. Non-Coding RNA 1, 

151–166 (2015). 
45. Dutta, S. & Bhattacharyya, D. Enzymatic, antimicrobial and toxicity studies of the aqueous extract of Ananas comosus (pineapple) 

crown leaf. J. Ethnopharmacol. 150, 451–457 (2013). 
46. Dutta, S., Basak, A. & Dasgupta, S. Synthesis and ribonuclease A inhibition activity of resorcinol and phloroglucinol derivatives of 

catechin and epicatechin: Importance of hydroxyl groups. Bioorganic Med. Chem. 18, 6538–6546 (2010). 
47. Lukasik, A., Brzozowska, I., Zielenkiewicz, U. & Zielenkiewicz, P. Detection of plant miRNAs abundance in human breast milk. Int. 

J. Mol. Sci. 19 (2018). 
48. Chin, A. R. et al. Cross-kingdom inhibition of breast cancer growth by plant miR159. Cell Res 26, 217–228 (2016). 
49. Hsieh, L.-C. et al. Uncovering Small RNA-Mediated Responses to Phosphate Deficiency in Arabidopsis by Deep Sequencing. Plant 

Physiol. 151, 2120–2132 (2009). 
50. Alves, C. S. et al. Genome-wide identification and characterization of tRNA-derived RNA fragments in land plants. Plant Mol. Biol. 

93, 35–48 (2017). 
51. Martinez, G., Choudury, S. G. & Slotkin, R. K. TRNA-derived small RNAs target transposable element transcripts. Nucleic Acids Res. 

45, 5142–5152 (2017). 

http://www.nature.com/scientificreports/


www.nature.com/scientificreports/ 

14  SCIeNTIFIC RePoRtS | (2018) 8:12413 | DOI:10.1038/s41598-018-30718-w 

 

 

 

 

52. Byeon, B., Bilichak, A. & Kovalchuk, I. Tissue-specific heat-induced changes in the expression of ncRNA fragments in Brassica rapa 
plants. Biocatal. Agric. Biotechnol. 14, 338–356 (2018). 

53. Li, X. J., Ren, Z. J. & Tang, J. H. MicroRNA-34a: a potential therapeutic target in human cancer. Cell Death Dis. 5, e1327 (2014). 
54. Yang, F. et al. MicroRNA-34a Targets Bcl-2 and Sensitizes Human Hepatocellular Carcinoma Cells to Sorafenib Treatment. Technol. 

Cancer Res. Treat. 13, 77–86 (2014). 
55. Kashiwagi, S. et al. Mesenchymal–epithelial Transition and Tumor Vascular Remodeling in Eribulin Chemotherapy for Breast 

Cancer. Anticancer Res. 38, 401–410 (2018). 
56. Muqbil, I., Wu, J., Aboukameel, A., Mohammad, R. M. & Azmi, A. S. Snail nuclear transport: The gateways regulating epithelial-to- 

mesenchymal transition? Seminars in Cancer Biology 27, 39–45 (2014). 
57. Tania, M., Khan, M. A. & Fu, J. Epithelial to mesenchymal transition inducing transcription factors and metastatic cancer. Tumor 

Biology 35, 7335–7342 (2014). 
58. Sala-Cirtog, M., Marian, C. & Anghel, A. New insights of medicinal plant therapeutic activity-The miRNA transfer. Biomedicine and 

Pharmacotherapy 74, 228–232 (2015). 
59. Kumar, D. et al. Cross-kingdom regulation of putative miRNAs derived from happy tree in cancer pathway: A systems biology 

approach. Int. J. Mol. Sci. 18 (2017). 
60. Mlotshwa, S. et al. A novel chemopreventive strategy based on therapeutic microRNAs produced in plants. Cell Research 25, 

521–524 (2015). 
61. Sablok, G., Pérez-Quintero, Á. L., Hassan, M., Tatarinova, T. V. & López, C. Artificial microRNAs (amiRNAs) engineering – On how 

microRNA-based silencing methods have affected current plant silencing research. Biochem. Biophys. Res. Commun. 406, 315–319 
(2011). 

62. Vrijheid, M. The exposome: a new paradigm to study the impact of environment on health. Thorax 69, 876–878 (2014). 
63. Group, T. C. The Co-operative Group Sustainability Report 2009 - Diet and Health. Co-op. Gr. Sustain. Rep. 2009 2, 926 (2009). 
64. Enright, A. J. et al. MicroRNA targets in Drosophila. Genome Biol. 5, R1 (2003). 
65. Unver, T. et al. Genome of wild olive and the evolution of oil biosynthesis. Proc. Natl. Acad. Sci. 201708621 https://doi.org/10.1073/ 

pnas.1708621114 (2017). 
66. Minutolo, A. et al. D(-)lentiginosine-induced apoptosis involves the intrinsic pathway and is p53-independent. Cell Death Dis. 3 

(2012). 
67. Kalimutho, M., Minutolo, A., Grelli, S., Federici, G. & Bernardini, S. Platinum-(IV)-derivative satraplatin induced G2/M cell cycle 

perturbation viap53-p21(waf1/cip1)-independent pathway in human colorectal cancer cells. Acta Pharmacol. Sin. 32, 1387–96 
(2011). 

68. Bustin, S. A. et al. The MIQE Guidelines: M inimum I nformation for Publication of Q uantitative Real-Time PCR E xperiments 
SUMMARY:. Clin. Chem. 55, 611–622 (2009). 

69. Gismondi, A., Di Marco, G. & Canini, A. Detection of plant microRNAs in honey. PLoS One 12 (2017). 
 

Acknowledgements 
This study was supported by the STARBIOS2 European Union’s Horizon 2020 research and innovation program 
under grant agreement No. 709517 oriented to promote Responsible Research and Innovation in biosciences, and 
supported by the “Fondazione Anna Maria Catalano – ONLUS,” and MIUR (MInister for education, University 
and Research, Law 232/2016, Department of excellence) and partially supported by the spin-off company Mir- 
Nat S.r.l. for some chemicals. 

 

Author Contributions 
C. Montesano (C.M.), V. Colizzi (V.C.), A. Minutolo (A.M.), S. Pirrò (S.P.) and R. Muleo (R.M.) had the original 
idea on which the paper is based. S.P., M. Potestà (M.P.), R.M., F. Gattabria (F.G.) and M. Cirilli (M.C.) performed 
the bioinformatic analysis for the identification of olive small RNAs for functional homology and for Olea spp 
genome localization and annotation. A. Gismondi (A.GI) has been the scientist mainly involved in identification 
and quantification of relevant vegetal small RNAs. A.M., M.P. and L. Sessa (L.S.) performed miRNAs transfection, 
Western Blotting, Flow Cytometry analysis. A. Galgani (A.G.) and M.C. performed RT-PCR. C.M., A.M., M.P., 
R.M., M.C., A.GI., M. Mattei (M.M.), A. Canini (A.C.) and V.C. critically assessed the results and wrote the paper. 
A.M., M.P. and A.GI. contributed equally the experiments performed. 

 

Additional Information 
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30718-w. 

Competing Interests: A.M. and M.P. received a financial support for the grant from the STARBIOS2 European 
Union’s Horizon 2020 research and innovation program under grant agreement No. 709517; M.C. and F.G. 
received partial support for the grant from “Fondazione Anna Maria Catalano – ONLUS,” and MIUR (Law 
232/2016, Department of excellence). S.P., V.C. and A.G. are also affiliated to the spin-off company Mir-Nat 
S.r.l., but like the other authors: A.M., M.P., A.GI., M.C., F.G., L.S., M.M., A.C., R.M. and C.M., they haven’t 
conflict of interest with respect to this work. 

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations. 

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre- 
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per- 
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 

 
© The Author(s) 2018 

http://www.nature.com/scientificreports/
http://dx.doi.org/10.1073/pnas.1708621114
http://dx.doi.org/10.1073/pnas.1708621114
http://dx.doi.org/10.1038/s41598-018-30718-w
http://creativecommons.org/licenses/by/4.0/

