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ABSTRACT

Epidemiological studies provide evidence that physical activity reduces the risk 
of cancer, particularly of breast cancer. However, little is known about the underlying 
molecular mechanisms as related to microRNAs. The goal of the herein presented 
study is to explore the involvement of miRNAs in beneficial effects exerted by physical 
activity in breast cancer prevention. Thirty subjects (mean age: 57.1 ± 14.7 years) 
underwent 45 minutes of treadmill walking under standardized conditions. The levels 
of extracellular miRNAs were evaluated in blood plasma before and after structured 
exercise by means of microarray analysis of 1,900 miRNAs identifying mostly 
modulated miRNAs. Structured exercise has been found to modulate the expression 
of 14 miRNAs involved in pathways relevant to cancer. The different expression of 
two miRNAs involved in breast cancer progression, i. e. up-regulation of miR-206 
and down-regulation of anti-miR-30c, were the most striking effects induced by 
exercise. The biological effects of these miRNAs were investigated in MCF-7 human 
breast cancer cells. miR-206 transfection and anti-miR-30c silencing, inhibited cell 
growth and increased apoptosis of MCF-7 cells. Moreover, the combined use of the two 
miRNAs further enhanced apoptosis and induced growth arrest in the G1/S phase of 
cell cycle. Our results support that physical activity effectively change the expression 
of extracellular miRNAs. Specifically, miR-206 up-regulation and anti-miR-30c down-
regulation act as suppressors in breast cancer cells. The evaluation of these miRNAs 
in blood can be used as non-invasive biomarkers for breast cancer prevention.
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INTRODUCTION

The relevance of structured exercise for public 
health has been addressed by the World Health 
Organization, and its lack is estimated to be the main risk 

factor for 21–25% of breast and colon cancer cases, 27% 
of diabetes cases, and 30% of ischemic heart disease cases 
[1, 2]. Several epidemiological studies demonstrated the 
dose-dependent protective effect of regular and moderate 
structured exercise against chronic degenerative diseases, 
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with a particular reference to both the primary (prevention 
of cancer onset) and tertiary (prevention of cancer 
relapses) prevention of cancer [2]. These findings refer 
only to structured physical activities, i. e. those proposed 
according to international guidelines such as those 
proposed by the American College of Sports and Medicine 
[3]. Breast cancer survivors engaging in structured 
exercise increase the drainage of lymph from their upper 
limbs, thereby decreasing the side effects of mastectomy, 
significantly lowering their risk of a cancer relapse and 
improving their immune functions [4]. Conversely, no 
beneficial effects of an unstructured structured exercise (e. 
g., household work) have been observed [5]. Moderate-
intensity aerobic exercise combined with resistance 
training benefited early adjuvant breast cancer treatment; 
after 18 weeks of an exercise program, there was a positive 
effect on physical fatigue, cardiopulmonary function, and 
muscle strength among participating patients [6].

Randomized clinical trials have shown that 
structured exercise interventions can change biomarkers 
of cancer risk [7].

The main preventive molecular mechanisms 
activated by structured exercise, include regulation 
of insulin-like growth factors (IGFs) and aromatase 
inhibition. Insulin resistance, hyperinsulinaemia, 
hyperglycaemia and type 2 diabetes have been linked to 
increased risk of breast, colon, pancreas and endometrial 
cancers. Structured exercise improves insulin resistance, 
reduces hyperinsulinaemia and reduces risk for diabetes, 
which could explain the link between increased structured 
exercise and reduced risk for these cancers [8].

A lack of structured exercise enhances the activity 
of aromatase, an enzyme mainly locates in white adipose 
tissue responsible for a key step in the biosynthesis of 
estrogens, thus increasing estradiol levels in the serum, a 
major risk factor for breast cancer onset and progression. 
Recent findings indicate that women with a history of 
breast cancer who engage in more than 9 metabolic 
equivalent (MET)·h/week of structured structured exercise 
(corresponding to 3 h per week of brisk walking) after 
breast cancer diagnosis had a significantly lower risk of 
death or breast cancer recurrence than women who were 
physically inactive [9, 10].

However, the mechanisms underlying the preventive 
effect of structured exercise against cancer have been 
only partially depicted. MicroRNAs (miRNAs) play 
pivotal roles in carcinogenesis and cancer outcomes 
[11], including breast cancer [12]. miRNAs function as 
regulators of myogenesis and muscle mass, and structured 
exercise modulates miRNA expression, especially in 
skeletal muscle. These muscle-specific miRNAs are 
known as ‘myomiRs’ [13]; among them, miR-1, miR-
133a, miR-133b, and miR-206, account for nearly 25% of 
miRNA expression in skeletal muscle in both humans and 
mice [13]. Structured exercise adaptively changes the level 
of circulating miRNAs in animals and human beings [13] 

and this effect is related to the different type of structured 
exercise [14].

Resistance exercise is associated with the down-
regulation of miR-1 and miR-133a, leading to increased 
IGF-1/AKT signaling. Endurance exercise leads to 
different adaptive responses which are regulated 
by miRNAs, including mitochondrial biogenesis, 
angiogenesis and fiber-type shifts to an oxidative metabolic 
profile [14]. Incubation of MCF-7 estrogen responsive 
breast cancer cells and MDA-MB-231 triple negative 
breast cancer cells treated with post-exercise serum, from 
both healthy volunteers [15] and operated cancer patients 
[16] resulted in a reduction of breast cancer cell viability 
in comparison with breast cancer cells incubated with pre-
exercise sera. MCF-7 and MDA-MB-231 challenge with 
post-exercise sera from operated cancer patients receiving 
adjuvant chemotherapy compared to pre-exercise serum 
leads to a viability reduction of 11% in MCF-7 cells and 
9% in MDA-MB-231 cells [15]. Furthermore, the viability 
of both breast cancer cell lines supplemented with sera 
from healthy women was also significantly reduced by 
the exercise-conditioned sera, resulting in 19% reduction 
in MCF-7 viability and 13% reduction in MDA-MB-231 
viability by 2 h treatment with post-exercise sera.

Pre-incubation for 48 hours with post-exercise 
sera from healthy volunteer’s decrease cancer incidence 
and growth in nude mice inoculated with MCF-7 or 
MDAMB-231 breast cancer cells. In particular, cancer 
incidence decreased from 90% to 45% and cancer volume 
was reduced by 76% [15].

Based on these premises, we set up the herein 
reported study aimed at identifying the contribution of 
extracellular miRNAs to the anti-cancer properties of 
blood serum conditioned by structured exercise in humans. 
Accordingly, we analyzed circulating miRNAs expression 
profiles before and after structured exercise and evaluated 
their potential anti-cancer properties in breast cancer 
cells. The aim of the study was to develop new, non-
invasive biomarkers that could provide information on 
the beneficial effects of structured exercise in cancer 
prevention.

RESULTS

Subject characteristics: blood glucose, heart 
rate, blood pressure and metabolic equivalent

Training status of each subject was evaluated by 
questionnaire: subject performing at least 30 min 3 days 
per week of physical activity (i. e., brisk walking, gym, 
bike) were classified as physically active; otherwise 
as sedentary. 18 subjects were physically active and 12 
sedentary. 3 subjects despite being classified as physically 
active by questionnaire underwent heart rate increase 
>25 bpm (pulse per minute) thus being located in the 
horizontal central line in Figure 1.
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The influence of training status was also determined 
by evaluating the difference in heart beats per minute 
(bpm) between pre and post exercise. The relationship 
between the difference in heart beats per minute (bpm) 
between pre and post exercise on the alterations of 
blood glucose (delta glycaemia pre-post exercise) was 
examined by regression analysis (Figure 1A). As indicated 
by the regression line, in trained, physically active 
subjects, blood glucose was more markedly decreased 
than in untrained subjects that had a sedentary lifestyle 
(P < 0.05), in whom the glucose decrease after physical 
activity was almost undetectable (Figure 1A). The 
regression line indicates that in trained physically active 
subjects (i. e. those having delta bpm below the 50th 
percentile) blood glucose was more markedly decreased 
than in untrained subjects having a sedentary lifestyle 
(P < 0.05), (Figure 1A). This finding indicates that 

training status is important in modulating the efficacy of 
structured exercise to induce a reduction of blood glucose 
levels.

A statistically significant inverse correlation  
(P < 0.05) was found between the decrease in blood glucose 
and the increase in heart rate during exercise (∆0’/35’), that 
is an indicator of the training status of the subjects. Indeed, 
trained subjects display smaller increases in heart rate 
during exercise and a faster recovery of their resting heart 
rate after stopping the exercise (Figure 1A).

Untrained (sedentary lifestyle) subjects showed 
significantly higher values for both basal and peak systolic 
blood pressure than trained (physically active lifestyle) 
subjects (P < 0.001 and P = 0.05, respectively). Similarly, 
basal and peak diastolic blood pressure values were higher 
in untrained subjects in comparison with trained subjects 
(P = 0.05 and P = 0.01, respectively) (Figure 1B).

Figure 1: (A) Correlation between Heart Rate increase during exercise (Y axis, training status indicator) and glycemia variation (X axis) 
in the 30 subjects. The Beats Per Minute measurement (bpm), indicates that exceedingly high heart-rate increase during physical activity in 
non-trained subjects are not useful to decrease glycemia. R = 0.394, P < 0.05. (B) Variations in blood pressure during structured exercise. 
Reported values were relative to the start of the exercise (basal, 0 minutes), after 15 minutes, at the period of maximum intensity (peak, 35 
minutes) and at the end of the exercise (45 minutes). **p < 0.001, *p < 0.05, as compared to controls.
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Physical effort assessed by the Borg scale was 
different comparing untrained and trained subjects. 
The scores (mean ± SD) were 5.05 ± 0.25 for untrained 
subjects versus 2.63 ± 0.62 for trained subjects  
(P < 0.001). This finding shows that untrained subjects are 
less resistant to moderate structured exercise than trained.

In the untrained subjects having high basal blood 
pressure, structured exercise caused a greater increase in 
heart rate in respect to the other subjects. The increase 
in heart rate at the exertion peak (HR ∆0’/35’) was 
35.22 ± 4.00 bpm in high-blood pressure subjects versus 
21.81 ± 2.62 bpm in normal-BP subjects (P < 0.01).

A relationship was observed between blood pressure 
and a decrease in blood glucose after structured exercise. 
High-blood pressure subjects displayed a change in 
blood glucose pre-post exercise of +0.89 ± 5.81 mg/dl, 
whereas normal-blood pressure subjects had a change 
of –20.91 ± 7.55 mg/dl (P < 0.05). These data indicate 
that the beneficial effects of structured exercise should be 
determined taking into account the specific characteristics 
of the subject.

Physically active lifestyle influenced the variation of 
systolic arterial blood pressure during the exercise. Indeed, 
a statistically significant increase (∆0-35 min systolic 
blood pressure, P = 0.05) was found comparing sedentary 
and trained subjects (Figure 1B).

Plasma miRNA and structured exercise

The expression of miRNAs in the plasma collected 
from subjects before and after structured exercise was 

measured using microarray analysis. Structured exercise 
modified the expression profile of extracellular miRNAs 
(Figure 2A). Fourteen different miRNAs showed 
variations of their expression before and after structured 
exercise based on the previously stated criteria (volcano 
plot, k-nearest neighbor algorithm). The specific 
miRNAs and the associated biological functions, as 
inferred from the available literature, are reported in 
Table 1. The miRNAs, involved in the prevention of 
cancer were all down-regulated by structured exercise 
with the exception of miR-206, which was up-regulated. 
The miRNAs mostly modulated by structured exercise 
were miR-206 (up-regulated) and anti-miR-30c (down-
regulated).

The relationships of the miRNAs modulated by 
structured exercise with the measured clinical variables 
are reported in Table 2. A strong relationship was found 
with the decrease in glucose: 9 out of the 15 miRNAs 
were modulated only in patients showing a decrease in 
glucose as a result of structured exercise. This finding 
indicates that the down-regulation of these miRNAs 
reflects the beneficial effects of structured exercise in 
terms of reducing blood glucose, which primarily was 
found in subjects that were already trained. Similarly, 9 
miRNAs were related to increase in the diastolic pressure 
at 35 minutes and to the level of exertion as evaluated by 
the Borg scale. These findings indicate that the benefits of 
miRNAs are affected by the training status of the subject, 
as it is also indicated by the relationship of the modulated 
miRNAs with a low basal heart rate (Table 2).

Figure 2: (A) Scatter plot reporting variations of miRNA expression before and after physical activity as evaluated by microarray in 30 
subjects testing 1,900 microRNAs in blood plasma. MiRNAs, whose expression was modified by physical activity, were identified as 
red dots in scatter-plot. (B) Up-modulation of miR-206 and down-modulation of miR-30c in transfected MCF7 cells (logarithmic scale). 
qPCR analysis of miR-206 and miR-30c expression after transfection of miR-206 mimics and miR-30c siRNA. The data were reported as 
variation in respect to their expression in the control. The fold change in the samples (MCF7 cells transfected with miRNA-mimic and/or 
siRNA) was normalized to the reference RNU6 and expressed relative to a calibrator sample (mock MCF7 sample) using the 2−(∆∆Ct  ±  
SD) method.

www.oncotarget.com


Oncotarget2110www.oncotarget.com

miR-206 and miR-30 modulate viability and 
apoptosis in MCF-7 cancer cells

In order to evaluate the biological effects of anti-
miR-30c downregulation and miR-206 upregulation 
on cancer cell growth, we silenced and over-expressed 
these two miRNA, respectively, in MCF-7 human breast 
cancer cells. In detail, the expression of miR-206 was 
increased by 1.51-fold while anti-miR-30c expression 
was reduced by 1.72-fold in respect to mock control 
(Figure 2B).

In MCF-7 cells transfected with miR-206 a 
16% reduction of cell viability and a concomitant 47% 
increase of apoptosis was observed in respect to mock 
cells (Figure 3A). Anti-MiR-30c silencing alone barely 
affected either viability or apoptosis. However, when 
used in combination, miR-206 transfection and anti-
miR-30c silencing significantly decreased viability and 
increased apoptosis of MCF-7 cells (26% reduction of cell 
viability; 80% increase of apoptosis in respect to mock 
cells) (Figure 3A). Use of miR-206 or anti-miR-30c alone 
did not cause any significant alteration of the percentage 

of cells in GO/G1, S or G2/M phases (Figure 3B). 
Conversely, the simultaneous use of both miR-206 and 
anti-miR-30c led to an increase of 15% in the number of 
cells blocked in G0/G1 phase.

Myoblast and breast cancer cells

Figure 4 reports the results obtained comparing the 
effects of supernatant extracted from myoblasts either un-
activated or activated by microgravity on MCF7 breast 
cancer cells.

The presence of miR-206 in the supernatant 
extracted from activated myoblasts was confirmed by 
qPCR (data not shown). Microscope analysis demonstrate: 
(a) the different morphology of activated and un-activated 
myoblasts; (b) the different behavior of cancer cells; 
indeed, these cells when exposed to supernatant from 
activated myoblasts undergo slowing down of cell growth 
(no confluence) and remarkable increase of apoptosis as 
highlighted by light-reflecting droplets corresponding to 
death cells detached from the basement. MTT viability test 
preformed on MCF7 cells highlighted a 38% decrease of 

Table 1: Parameters of the exercise protocol performed: metabolic equivalent (MET) blood pressure, heart rate

Minutes 
(min)

Speed 
(km/h)

Incline 
(%)

MET (ml 
O2/kg/min) Blood pressure (mm/Hg) Heart rate 

(bpm)

Systolic Diastolic

Warm-up 0 2 0 1.95 125.2  ±  15.1 75.6  ±  7.7 73.5  ±  9.1

3 2 1 2.12

5 2.7 1 2.53

Central part 10 2.7 2 2.76

15 3.2 2 3.08 136.8  ±  16 77.3  ±  9.1 85.3  ±  9.4

20 3.2 3 3.36 146.3  ±  19.3 78.8  ±  10.8 99.8  ±  11.8

25 3.5 4 3.86

30 3.5 5 4.16

35 3.8 5 4.43

Cool-down 40 3.2 3 3.36

45 2.7 0 2.29

Recovery 46 0 0 0 126.8  ±  14.7 73.0  ±  7.8 81.8  ±  11.9

MET arithmetic mean 2.83

∆ between physical 
activity’s start-time and 
effort peak (0’/35’)

∆ 0/35 20.7  ±  14.1 3.2  ±  6.5 26.5  ±  11.4

∆ between effort peak and 
recovery-time (35’/46’)

∆ 35/46 −19.8  ±  12.3 −5.8  ±  8.3 −18.6  ±  10.7

Data were measured before the activity session (0 minutes), after 15 and 35 minutes, at the beginning of the recovery 
period (35-45 min), and at the end of the treadmill workout (46 minutes). The metabolic equivalent (MET) was calculated 
indirectly by means of an equation based on speed and incline of the treadmill (id est; [(mph ×26.8) x (0.1 + ((Grade × 
0.018)) + 3.5]/3.5).
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Table 2: Characteristics and biological functions of the extracellular serum miRNAs modulated by physical activity

miRNA Fold 
variation

P 
value Biological function Tissue 

specificity
Drug 

modulation References

miRNA-25 2.65 ↓ 0.0210

Dicer regulation; Oncogene 
(PTEN) suppression; calcium 
accumulation in mitochondria; 

apoptosis; mitochondrial function; 
suppression of colon cancer cells 

proliferation; oncogene (SMAD 7/ 
TGF β) suppression

—  [41]

miRNA-30c 2.25 ↓ 0.0235

Protein repair; cell proliferation; 
stem cell recruitment; multi-drug 
resistant; stress (NFkB) response; 

oncogene (BCL9) suppression

Lung Modulated by 
Metformin in 
mouse lung

 [33, 34]
Breast

Ovary

miRNA-92b 2.16 ↓ 0.0495
Dicer regulation; cell proliferation; 

apoptosis; Oncogene (PTEN) 
suppression

Lung  [43]

miRNA-
133b 2.01 ↓ 0.0269

Muscle response to physical 
activity; associated with heart 

failure; oncogene (EGF) 
suppression; cell proliferation; 

cancer invasion

Skeletal muscle

Heart

miRNA-204 4.08 ↓ 0.0170

Epithelial mesenchymal transition; 
apoptosis; cell proliferation; 

oncogene (VHL) suppression; 
removal of cancer cells by 

mitochondrial driver autophagy; 
regulation of autophagy induced by 
ischemia-reperfusion in heart (rat)

—  [40, 44]

miRNA-206 2.21  ↑ 0.0297

Muscle response to physical 
activity; associated with breast 
cancer prognosis and patients 

survival; oncogene (Wnt) 
suppression; cell proliferation; 

cardiac regeneration; inhibition of 
cancer invasion; metalloprotease 

(TIMP-3) inhibition

Skeletal muscle

 [33, 36]Breast

miRNA-
450a 2.22 ↓ 0.0048 — Heart

Decreased 
in heart of 

diabetic mice
 [8]

miRNA-492 2.56 ↓ 0.0110 Angiogenesis Blood vessels 
(endothelium)  [46]

miRNA-
513b 2.11 ↓ 0.0378 Inflammation; apoptosis Lymphoma

miRNA-
516b 2.56 ↓ 0.0053 Metastasis suppressor Melanoma  [12]

miRNA-
519e 2.22 ↓ 0.0078 Cell proliferation; Oncogene 

(HuR) suppression —  [45]

miRNA-711 3.14 ↓ 0.0277 Inhibition of heart fibrosis after 
heart infarction —

Modulated by 
Pioglitazone in 

rat heart
 [39]

miRNA-765 2.13 ↓ 0.0396 Oncogenic protein (HMGA1) 
suppression Prostate  [47]

miRNA-877 2.06 ↓ 0.0163 — Hepatocellular 
carcinoma

Pioglitazone 
(2,10 up 

regulation in 
mouse lung)
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Figure 3: Biological effects of miR-30c and miR-206 modulation in breast cancer cells. Apoptosis (A) and cell cycle 
distribution (B) were analyzed in MCF-7 cells over-expressing miR-206 or silenced for miR-30c. The apoptotic rate and cell cycle phases 
were evaluated by cytofluorimetric analyses performed 48 h after the transfection. The data were reported as percentage. *p < 0.05 vs mock 
cells; **p < 0.01 vs mock cells.
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viable cells when treated with supernatant collected from 
gravity-activated myoblasts.

DISCUSSION AND CONCLUSIONS

Structured exercise has a beneficial role in many 
diseases and in particular it has been shown to contribute 
to reduce the onset and to improve the prognosis of 
cancer [17–19]. This effect is related to the fact that 
structured exercise not only acts on skeletal muscle but 
also at a systematic level and, consequently, it can also 
influence tumor microenvironment and cancer hallmarks 
[20]. Among the most evident systemic effects found in 
the subjects analyzed in our study, a reduction of blood 
glucose levels has been reported after structured exercise. 
This result is in line with a recent work demonstrating 
that structured exercise induces a decrease in the hematic 
levels of glucose, insulin and IGF-1, by increasing the 
muscle glucose uptake [21].

In our study, structured exercise decreases blood 
glucose primarily in trained subjects while structured 
exercise in non-trained subjects is not effective in 
decreasing blood glucose level. These finding is likely 
related to the expression of GLUT4 glucose receptor 
that is established to occur mainly in physically activated 
skeletal muscle [22].

The ability of structured exercise to modulate 
miRNAs relevant to cancer prevention has not been well 
investigated. Although some authors have hypothesized 
that structured exercise could modulate miRNAs with 
cardiovascular and onco-protective relevance [23], any 
direct evidence in human beings has been reported until 
now. Therefore, this study aims to explore this issue.

Firstly, our results indicate an overall trend of miRNA 
down-regulation, with 13 out of the 14 miRNAs that were 
significantly down-regulated by structured exercise. Since 
miRNA overload is linked to the activation of inflammatory 
pathways and lymphocyte activation through TLR3/7 
binding [24], structured exercise by modulating miRNA 
in the blood might exert an anti-inflammatory effect. 
miRNAs are silencers of gene expression by coupling 
with complementary messenger RNA and consequent 
RISC activation. Whenever gene expression has to be 
unlocked, miRNAs are typically mainly downregulated. 
Because of this reason, downregulation prevails in case of 
environmental chemical stress [25, 26].

Indeed, physical activity induces a short-term 
oxidative stress rebounding after few hours in the 
activation of anti-oxidant pathways [27].

We have found that structured exercise modulates 
the expression of miR-206 and miR-133, two muscle 
miRNAs whose levels are related to IGF and IGF-1R 
expression [28]. Furthermore, the results of our functional 
analyses provide evidence that miR-206 inhibits breast 
cancer cells growth by blocking the G1/S transition and 
suppress cell proliferation.

MiR-206 expression was correlated with negative 
ER status, negative PR status, and negative HER-
2 status (P < 0.05), regardless of age, menstruation, 
lymph node metastasis. miR-206 has been demonstrated 
to be decreased in normal breast tissues compared with 
primary breast tumors and in ER-positive compared with 
ER-negative tumors [29]. However, our females were 
all at postmenopausal age; accordingly, the influence of 
estrogenic status on the results obtained is expected to be 
negligible.

Figure 4: Myoblasts stimulated by gravity (G) release miRNA-microvesicles inhibiting breast cancer cell growth.
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Physical activity unlocks the expression of many 
genes in skeletal muscle, mainly including those encoding 
for enzymes involved in oxidative phosphorylation, 
mitochondrial functions and antioxidants activities. 
Indeed, as demonstrated by biopsy, physical activity 
results in a dramatic upregulation of genes associated 
with mitochondrial function in skeletal muscle [30]. Our 
results indicate that these genes unlock is triggered by an 
overall trend towards miRNA downregulation, as detected 
in blood plasma.

The effects of physical activity on miRNAs bearing 
role in cancer prevention depend on their specific activity. 
miRNAs directly silencing oncogenes are upregulated, 
as demonstrated for miR-206 an established wnt 
oncogene silencer. Conversely, other miRNAs acting as 
negative regulator of genes blocking biological processes 
involved in cancer development are downregulated. 
This downregulation corresponds to the unlocking of 
controlled genes that can accordingly express their 
defensive activities. This situation was envisaged by 
our results for various biological function including 
NFkB inflammation silencing, oncogene suppression by 
activation of anti-oncogenes, decrease of cell proliferation. 
Structured exercise is able to modulate the expression of 
miRNAs that have been shown to be protective against 
cancer. We have demonstrated this modulation exert after 
45 minutes of structured exercise. MiR-206 is down-
regulated in human breast cancer [31] and in particular in 
those resistant to tamoxifen, and the down regulation is 
associated with advanced clinical stage of breast cancer 
[32], In the present study we found that miR-206 is up-
regulated by structured exercise. The enhanced expression 
of miR-30c is associated with ER-positive breast cancers 
[33]. Our findings, according to literature, show that 
miR-30c is down-regulated by structured exercise, thus 
supporting the relevance of structured exercise in the 
tertiary prevention of breast cancer. Indeed, anti-miR-30c 
promotes the invasive osteoclastic phenotype of metastatic 
breast cancer, explaining the clinical observation of poor 
survival of patients with elevated miR-30c levels [34].

Our in vitro results have been obtained using a 
ER+ breast cancer cell line (MCF7. In vitro experiments 
evaluating the effect of physical activity on different breast 
cancer cell lines have been performed by other authors 
using exercise-conditioned human blood serum [35]. 
These authors demonstrated that exercise-conditioned sera 
significantly reduced the ability of triple negative breast 
cancer cells (MDA-MB-231) to form colonies in soft agar, 
in comparison to pre-exercise sera collected from the same 
subjects.

Our results provide evidence that miR-206 together 
with anti-miR-30c, cooperatively act to reduce cancer cell 
growth by inducing apoptosis and slowing G1/S transition. 
This result is in line with recent studies demonstrating a 
close relationship between miR-206 and cyclin D2, a G1/S 
specific cyclin, whose activity is required for cell cycle 

G1/S transition, reflecting a pivotal role of this muscle-
specific miRNA in cancer prevention [32, 36]. Different 
studies have described an inverse relationship between 
miR-206 and cyclin D2 expression, confirming its possible 
role as a predictor of breast cancer [37, 38]. The miRNAs 
that we have observed to be modulated by structured 
exercise are involved in cancer prevention mechanisms 
including oncogene suppression (miR-25, miR-30 miR-
92, miR-133, miR-204, miR-206, miR-519), reduction of 
inflammation (miR-513), inhibition of cell proliferation 
(miR-25, miR-92, miR-133, miR-204, miR-206, miR-
519), induction of apoptosis (miR-25, miR-204, miR-513), 
inhibition of stem cell recruitment (miR-204), multidrug 
resistance (miR-30), invasion and metastasis (miR-133, 
miR-206) [39–44].

Myoblasts stimulated by gravity (G) release 
miRNA-microvesicles containing miR-206 thus inhibiting 
breast cancer cell growth. Lack of gravity stimulation 
corresponding to the lack of physical activity, de-
differentiate myoblast transforming them into rounded the 
cells undergoing decreased expression of myosin related 
proteins and inhibit miRNA release as well as the ability 
of myoblast to inhibit breast cancer cell proliferation. This 
finding provide evidence of the direct origin of miR-206 
and anti-miR-30 from myoblast as well as their preventive 
effect towards breast cancer cell growth [45].

In conclusion, this study provides evidence that 
miRNA modulation is a specific molecular mechanism 
through which structured exercise exerts preventive effects 
against cancer. The possibility of using these two miRNAs 
for breast cancer prevention is of interest. MicroRNA 
as delivered by lipid nanoparticles has been already be 
effective in mice in preventing NNK induced lung cancer 
[46]. However, insofar no similar experiments exist as far 
as concern breast cancer prevention.

Moreover, the evaluation of miR-206 and anti-miR-
30c levels in the blood of breast cancer patients could 
be useful as non-invasive biomarkers in guiding future 
strategies for cancer prevention.

MATERIALS AND METHODS

Subjects

Thirty female subjects were recruited into the 
present study. All subjects were Caucasians, healthy, 
resided in northwestern Italy, and were between 54 and 
78 years old, i. e. at post-menopausal age. Subjects were 
categorized according to training status. Inclusion criteria 
were: healthy subjects, no drug assumption; exclusion 
criteria: adverse health conditions, any diagnosis of 
systemic diseases. The influence of these variables on 
the following end points was tested: heart rate, blood 
pressure, blood glucose concentration, and extracellular 
miRNAs present in the blood plasma. Peripheral venous 
blood (6 ml) was collected from each subject into 
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vacutainers both before and immediately after performing 
the structured exercise test. All participants gave their 
informed, written and signed consent. All information 
regarding participants was rendered anonymous after the 
collection of personal data and blood samples. The study 
was approved by the Ethics Committee of the San Martino 
Hospital on October 12th 2010.

Structured exercise training program

The exercise protocol consisted of walking at a 
moderate intensity on a treadmill. The treadmill exercise 
session included a 5-minute warm-up, regular exercise 
training for 45 minutes, and a 10-minute cool down 
phase. The training protocol was designed to simulate 
brisk walking, which is often suggested as the first 
step to beginning an active lifestyle to reduce the risk 
of chronic health conditions [16]. During the training 
program, subjects were monitored for blood pressure and 
heart rate, which were measured at 0, 15, and 35 minutes 
and at the end of the activity. Blood glucose was tested 
before and immediately after structured exercise. The 
exercise test protocol was structured according to the 
parameters: metabolic equivalent (MET) blood pressure, 
heart rate. Data were measured before the activity session 
(0 minutes), after 15 and 35 minutes, at the beginning of 
the recovery period (35-45 min), and at the end of the 
treadmill workout (46 minutes). The metabolic equivalent 
(MET) was also calculated for each change of speed and/
or grade of the treadmill during protocol exercise. MET 
was calculated by an equation based on speed and incline 
of the treadmill: [(mph ×26.8) x (0.1 + ((Grade × 0.018)) + 
3.5]/3.5). The structured exercise protocol was structured 
according to an incremental model complemented by a 
cool-down phase. The mean value of metabolic equivalent 
(MET) of the exercise proposed corresponds to 2.8 MET 
(Supplementary Table 1), in accordance with the MET 
score group values for the range of low-impact exercises 
(0-3 MET) [47]. The physical condition of the subjects 
was monitored during the test. At 35 minutes (the point of 
maximum functional effort), they were asked to quantify 
their level of fatigue according to the Borg scale (from 1 to 
10). Treadmill exercise was preferred to cycle ergometers 
because in this last exercise fragile subjects often interrupt 
prematurely due to muscle strain and fatigue. Furthermore, 
the use of a treadmill allows a greater accuracy than bike 
in the administration of the workloads by changing speed 
and inclination.

Plasma miRNA analysis

Extra-cellular miRNAs were extracted using a 
commercially available kit (miRNeasy Mini Kit, Exiqon) 
from two aliquots of plasma obtained from each subject 
before and after the structured exercise session. The 
structural integrity of the miRNAs was evaluated via 

capillary electrophoresis (Agilent Bioanalyzer 2100). Total 
RNA was added to a reaction mixture in a final volume 
of 12 µl containing 1 µg of [3 ‘(N) 8-(A) 12-biotin-(A) 
12-biotin 5′] oligonucleotide primer. The mixture was 
incubated for 10 minutes at 70° C and cooled on ice. Then, 
4 µl of 5× first-strand buffer, 2 vol 0.1 M DTT, 1 µl of 
10 mM dNTP mix, and 1 µl Superscript ™ II RNaseH 
- reverse transcriptase (200 U / µl) were added. The 
samples were incubated for 90 minutes at 37° C. After the 
incubation for first-strand cDNA synthesis, 3.5 µl of 0.5 M 
NaOH/50 mM EDTA was added to 20 µl of the first-strand 
reaction mixture containing fluorochrome Cy3/Cy5. The 
reaction mixture was incubated at 65° C for 15 minutes 
to denature RNA/DNA hybrids and to degrade RNA 
templates. Then, 5 µl of 1 M Tris-HCl (pH 7.6) was added 
to neutralize the mixture, and the samples were frozen at 
–80° C until use for chip hybridization.

The expression of miRNAs in the plasma was 
determined using commercially available microarrays 
(Exiqon), which contain 1,900 probes for human miRNAs. 
Microarrays were hybridized in 6× SSPE/30% formamide 
at 25° C for 18 h and washed in TNT (Exiqon) 0.75× 
at 37° C for 40 minutes. The microarrays were then 
analyzed to detect the emitted fluorescence using a laser 
scanner (Perkin Elmer Lite ScanArray® XL5K). The 
specifications of the scan were as follows: laser power: 
80%, photomultiplier: 70%, resolution: 10 µm. The results 
were statistically analyzed using Genespring software 
(Agilent Technologies). The results for each miRNA 
analysis were determined based on averaging the values 
from two spots analyzed in duplicate after logarithmic 
transformation, subtraction of the background signal 
surrounding the spot, and the normalization of the data 
to the average of the results obtained for each microarray. 
Significant variations in miRNA expression before and 
after structured exercise were evaluated using a volcano 
plot analysis, with a 2-fold variation in expression as 
the threshold and P < 0.05 as the limit for significance. 
MiRNAs whose expression was modified by structured 
exercise were also identified using the k-nearest neighbor 
algorithm.

Cell culture and miR-206 and siR-miR-30c 
transfection

MCF-7 (Cell Factory IRCCS San Martino IST 
Genoa Italy, ICLC code HTL95021) adherent cells 
were grown in DMEM (high glucose with L-glutamine) 
supplemented with 10% FBS (Gibco BRL Life 
Technology USA), 5% L-Glutamine (Gibco, BRL Life 
Technology USA), 1% penicillin (10,000 units), and 10 
mg/mL streptomycin (Gibco, BRL Life Technology USA). 
Cells were grown at 37° C with 5% CO2 in a humidified 
incubator. MCF-7 (1.3 × 105 cells per well) were seeded 
in a 6-well plate in 2 ml of an appropriate culture medium 
containing serum and antibiotics.
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MiRNA mimic 206 and anti-miR-30c (Qiagen, 
Milano, Italy) were diluted to obtain a final concentration 
of 10 and 50 nM, respectively and transfected into the cells 
utilizing Lipofectamine 2000 (Invitrogen, Life Technology 
USA) according to the manufacturer protocol. Single and 
combined mimic/inhibitor transfections were performed. 
Cells were utilized for functional or expression analyses 
as described below, and the efficiency of the transfection 
was determined by flow cytometry 48 hr post-transfection, 
i. e. at the highest level of miRNA modulation as indicated 
by preliminary experiments. MCF-7 cells transfected with 
miR-206 and anti-miR-30c were harvested 48 h after 
transfection by trypsinisation. MiR-206 and anti-miR-30c 
expression was quantified by qRT-PCR analysis.

Real time qPCR

Total RNA was retro-transcribed with miScript II 
RT kit (Qiagen) using miScript HiSpec Buffer. For each 
qRT-PCR reaction, were utilized 13 ng of retrotranscribed 
RNA. Amplification was performed in a volume of 10 μl 
containing miRNA-specific primers at 0.3 μM (miR-206 
reverse: ACCTGCGTAGGTAGTTTCATGT, miR-206 
forward: CGTCAGAAGGAATGATGCACAG; anti-miR-
30c forward: 5′-GCCGCTGTAAACATCCTACACT-3′ and 
anti-miR-30c reverse: 5′-GTGCAGGGTCCGAGGT-3′) 
(Xia Y 2013) purchased from Tib MolBiol s. r. l. (Genova, 
Italy). RNU6 was utilized as an internal reference 
target (miScript PCR Controls Qiagen). Reactions were 
performed in triplicate using 2× Maxima SYBR Green 
qPCR Master Mix (Fermentas, St Leon-Rot, Germany).

qPCR reactions were performed under strictly 
controlled and standardized conditions using an epMotion 
5070 liquid handling station (Eppendorf). A standard 
3-step amplification with a 57° C annealing temperature 
was used. The fold change was normalized to the 
reference RNU6 and expressed relative to the calibration 
sample using the 2−(∆∆Ct ± SD) method. Specificity of 
the amplicon products was checked by analyzing melting 
curves.

Evaluation of cell viability, cycle and apoptosis

These parameters were evaluated by cytofluorimeter 
analysis (Muse Cell Analyzer Millipore, USA) using the 
Muse Annexin V & Dead Cell Assay (EMD Millipore, 
USA). The analysis is based on the fact that the vital and 
non-vital cells are differently permeable to the two colorants 
present in the reagent and they are discriminated by the 
software “Muse ™ Count & Viability Software Module”.

Cell suspension (105 and 107 cells/ml) is diluted 
1:20 with the reagent containing the two colorants and 
incubated in the dark at room temperature for 5 minutes. 
Cytofluorimeter analysis allows to evaluate the number of 
the nucleated and colored cells and to distinguish whole 
cells from cellular debris providing an accurate count of 
cell vitality percentages.

Apoptosis was evaluated by Annexin V& Dead 
Cell” (Millipore) assay and using the Muse Cell Analyzer 
(Millipore) cytofluorimeter. The assay is based on the 
evaluation of morphological changes occurring during the 
apoptotic process. During the early stages of the apoptotic 
process, the phosphatidylserine (PS), which becomes 
outsourced from cell membrane, bind to Annexin V a 
protein with an high affinity for PS, specifically marking 
apoptotic cells. In combination with Annessin V, 7-AAD, 
a cell death marker that fails to color vital cells or early 
apoptosis cells is used as an integrity-indicator of cell 
membranes. Positivity to at least one, both or any of the 
two markers, distinguishes four possible cell types that 
are distinct in the plot resulting from MUSE analysis: 
non apoptotic cells (Annexin V-negative and 7-AAD 
negative); early apoptosis cells (Annexin V-positive and 
7-AAD negative); late apoptotic cells and necrotic cells 
(Annexin V positive and 7-ADD positive); cellular and 
nuclear residues (Annexin V negative e 7-ADD positive). 
Cell suspension (104 and 5*105 cells / ml), was added to the 
same amount (100 µl) of the “Annexin V & Dead Cell” 
reagent. Each sample was incubated at room temperature 
for 20 minutes after and subsequently analysed by the 
cytofluorimeter using the specific apoptotic program.

The cell cycle was analyzed by using the Muse Cell 
Cycle Kit (Millipore). The assay is based on the use of 
propidium iodide (IP), a fluorescent DNA intercalated 
which is able to discriminate cells in relation to their DNA 
content: cells in Phase S have a doubled amount of DNA, 
so in G2/M phase the DNA content will be twice compared 
to “resting” cells (G0/G1). For each sample, 106 cells of a 
suspension as monodispersed as possible, are centrifuged 
at 300 g for 5 minutes, re-suspended in PBS and 
centrifuged at 300 g for 5 minutes twice. The cell pellet 
is fixed and re-suspended in 1 ml of 70% ethanol. After 
at least 3 hours at –20° C the cells are centrifuged and re-
suspended in PBS and centrifuged at 300 g for 5 minutes. 
The supernatant is removed and cells are re-suspended in 
200 μl of Muse Cell Cycle Reagent containing IP. After 
30 minutes of incubation at room temperature and in the 
absence of light, the sample is analyzed at the Mu se Cell 
Analyzer (Millipore).

Myoblast and breast cancer cells co-culture

In order to verify that examined miRNA were 
effectively released for physically activated skeletal 
muscle an in vitro co-culture of myoblasts and breast 
cancer cells was set up. Myoblasts (CRL-1772; ATCC) 
were cultured for 24 h either activated by gravity (G+) or 
un-activated (G-) by exposing them to microgravity using 
a random position machine apparatus RPM (Dutch Space, 
Leiden, NL).

Supernatant was collected after 24 h and transferred 
to MCF7 cells whose morphology and behavior was 
evaluated by normal and light scattering microscopy.
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Statistical analysis

Data expressed as mean  ±  SE (standard error) 
were analyzed using SAS 8.2 software (Stat View., NC). 
Student’s t and ANOVA paired tests were performed to 
assess the statistical significance between groups. In 
all analyses, p ≤ 0.05 was considered to be statistical 
significance.

Abbreviations 

IGFs: insulin growth factors; AMPK: 5′-adenosine 
monophosphate-activated protein kinase; mTOR: 
mammalian target of rapamycin; Ras/ERK: extracellular 
signal-regulated kinase; MyomiR: skeletal-muscle 
microRNA; AKT: protein kinase B.
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