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ABSTRACT

Background: MicroRNAs biomarkers have shown value for diagnosis and prognosis 
of various cancers. Combination with established tumor markers has rarely been done.

Results: Breast cancer patients had significantly higher serum RNA loads (AUC 
0.665), lower miR-34a (AUC 0.772), higher CEA and CA 15-3 levels (AUCs 0.717 and 
0.721) than healthy controls. miR-34a correlated with tumor stage and hormone 
receptor status. There was no significant difference between groups for all other 
miRNAs. Combination of miR-34a with CEA or CA 15-3 led to improved AUCs of 0.844 
and 0.800, respectively. Sensitivity of miR-34a and CA 15-3 reached 56.1% at 95% 
specificity. When compared with benign breast diseases, combination of miR-34a (AUC 
0.719) and CEA (0.623) or CA 15-3 (0.619) resulted in improved performances (0.794 
and 0.741). Sensitivity of miR-34a and CA 15-3 reached 53.7% at 95% specificity.

Conclusion: While miR-34a provides valuable information for diagnosis and 
staging, combination with tumor markers CA15-3 or CEA improves the sensitivity for 
breast cancer detection. 

Patients and Methods: The diagnostic relevance of the miR-21, miR-34a, miR-92a, 
miR-155, miR-222 and miR-let-7c was tested in sera of 103 individuals (55 breast 
cancer, 20 benign breast diseases, 28 healthy controls). MiRNAs were detected by 
quantitative rt-PCR after extraction and reverse transcription. Cel-miR-39 and miR-16 
were used for normalization. Established tumor markers CEA, CA 15-3, CA 19-9 and CA 
125 were measured by automatized immunoassays. Diagnostic performance was tested 
by areas under the curve (AUC) of receiver operating characteristic (ROC) curves and 
sensitivities at 90% and 95% specificity. 
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INTRODUCTION

Breast cancer is by far the most frequently diagnosed 
cancer and cause of cancer death among women. There 
were an estimated 1.7 million new cases (25% of all 
cancers in women) and 0.5 million cancer death (15% 

of all cancer deaths in women) in 2012 [1]. Improved 
diagnostic tools that enable an earlier and more sensitive 
detection have led to a better outcome for patients and 
also to economic advantages [2]. However, screening 
methods like mammography and breast examination 
still miss 10–40% of early breast cancer. Especially for 
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young women, whose tumors are often more aggressive, 
the existing cancer screening tools are less effective due 
to their dense breast tissue structure [3, 4]. Despite the 
benefits of mammography, exposure to ionizing radiation, 
costs and follow-up exams of false positive findings have 
to be considered as limiting factors [5]. Therefore, highly 
sensitive and specific blood-based biomarkers would be 
highly useful to improve breast cancer detection. 

Established tumor markers such as 
carcinoembryonic antigen (CEA) and carbohydrate 
antigen 15-3 (CA15-3) are only valuable in late stages and 
support therapy response assessment and early detection 
of recurrent disease. In early stages, their sensitivity is 
limited [6–9]. During the last years, microRNAs have 
come up as a promising new biomarker class. They are 
single-stranded, non-coding RNA species with around 
18–24 nucleotides, regulate the expression of diverse 
oncogenic genes and play a major role for many cellular 
functions, like cell cycle, development, differentiation, 
proliferation and apoptosis. Thereby, each miRNA targets 
multiple different mRNAs and each mRNA is regulated 
by diverse miRNAs producing a very complex web of 
tight regulation. Dysregulated expression of specific 
miRNAs affects many onco- and suppressor genes that 
influence cancer initiation, progression and metastasis 
[10]. Up to now, more than 2000 miRNAs have been 
identified in human tissue. Beyond cancer diseases, they 
are described to be also relevant in traumatic, ischemic, 
inflammatory and degenerative diseases [11]. Therefore, 
cancer specificity has to be shown not only on the basis of 
healthy controls but also on all pathologies that have to be 
considered in differential diagnosis.

MiRNA deregulation in breast cancer was first 
demonstrated by Iorio et al. in 2005 [12]. Other research 
projects showed that cancer-related miRNAs are present 
in blood serum [13–15]. Further it was reported that 
miRNAs are circulating in a cell-free form in blood of 
healthy and cancer bearing individuals and that miRNAs 
are protected from degradation by RNAses [16–18]. 
While it was assumed that circulating RNAs (including 
miRNAs) are rapidly destroyed accumulated data showed 
that miRNAs in serum are quite stable when exposed to 
external influences like pH-alteration, storage, freezing 
and thawing [19–21]. Reasons for their stability may be 
the association with exosomes or the binding to argonaut 
proteins or high-density lipoproteins [21].

In breast cancer patients, some miRNAs such as 
miR-21 or miR-155 were found to be elevated in serum 
[22–26], others were decreased like miR-34a [23, 27]. 
In addition, correlation with tumor stage was described 
for miR-21 and miR-34a [23–25]. However, there were 
also contradictory reports about the same miRNAs 
challenging the previous findings [28–31]. Therefore, 
we here addressed the thorough investigation of a panel 
of circulating miRNAs (miR-16, miR-21, miR-34a, 
miR-92a, miR-155, miR-222 and let-7c) as potential 

serum biomarkers for the detection of breast cancer and 
compared them with healthy women and patients with 
benign breast cancer as control groups. Importantly, the 
results were compared with the established tumor markers 
CEA and CA 15-3 as well as with CA 19-9 and CA 125 
in order to see a potential additive value of the miRNAs.

RESULTS

Methodical performance was good for all miRNA 
rtPCR assays with PCR efficacies close to 2.0, excellent 
calibration curves as well as low intra- and interassay 
imprecisions. RNA quantity after extraction was quite 
different in the diagnostic groups with higher levels in 
patients with breast cancer and benign breast diseases 
as compared with healthy controls. Extraction and 
transcription efficiency was comparable in all groups. 
However, there were considerable variations within each 
group. Similarly, miR-16 that was used for normalization 
of miR-values showed comparable median values and 
distributions in all groups with considerable intra-group 
variations. Ratio of miR-451 to miR-23a that was reported 
to indicate hemolytic contamination showed a tendency 
to higher values in cancer patients; however, this was not 
significant. As most of the Ct-ratio values were below 5 it 
can be assumed that hemolysis was not a relevant factor 
that could have influenced the clinical results. Among all 
other microRNAs investigated, miR-34a serum levels 
were significantly lower in breast cancer patients as 
compared with healthy controls and also than patients 
with benign breast diseases. For the other microRNAs 
miR-21, miR-92a, miR-155, miR-222 and miR-let-7c, 
no differences in relative levels between the differential 
diagnostic groups were observed (Figure 1).

In subgroup analyses, miR-34a levels correlated 
with UICC-tumor stage and hormone receptor status. 
Regarding UICC-stage, patients with stage II and higher 
stage tumor disease had significantly lower levels. 
However, there was no difference with regard to tumor 
size or lymph node status: Similar values were obtained 
for T1-2 and T3-4 stage patients as well as for N0 and 
N1-3 stage patients. Patients with negative ER or PR 
receptor status had somewhat lower values than receptor 
positive patients. For all other miRNA markers, no 
differences according to tumor stage or receptor status 
were seen (Figure 2).

As expected, tumor markers CEA and CA 15-3 were 
significantly higher in serum of breast cancer patients as 
compared with healthy women, however, not as compared 
to patients with benign breast diseases. For CA 125 and 
CA 19-9, no differences were found in the different patient 
groups (Figure 3).

Concerning the differentiation between breast cancer 
patients and healthy women, the markers RNA quantity 
(AUC 0.665; 95% CI 0.546–0.783), miR-34a (AUC 0.722; 
0.608–0.836), CEA (AUC 0.717; 0.601–0.833) and CA 
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Figure 1: Distribution of miRNA biomarker levels in various patient groups. Box plots for RNA quantity (A) and for miRNA 
biomarkers cel-miR-39 (B; extraction efficiency), miR-16 (C; normalization), miR 451/23a ratio (D; hemolysis indicator), miR-34a (E), 
miR-21 (F), miR-92a (G), miR-155 (H), miR-222 (I) and miR-let-7c (J) indicating medians, means, interquartile ranges, whiskers and 
outliers for the groups of healthy individuals, patients with benign and malignant breast diseases.
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15-3 (AUC 0.721; 0.605–0.837) showed good diagnostic 
performance. Sensitivities at 95% specificity were 14.5% 
for RNA, 34.0% for miR-34a, 18.0% for CEA and 31.9% 
for CA 15-3. While combination of CEA and CA 15-3 
led only to a slightly higher AUC of 0.741 (0.628–0.854) 
and slightly higher sensitivities of 38.5% at 90% and 95% 
specificities, the combination of miR-34a with CEA or 

CA 15-3 improved the performance considerably with 
AUCs of 0.844 (0.754–0.933) and 0.800 (0.697–0.904), 
respectively. Sensitivities of the combinations reached 
for miR-34a and CEA 59.1% and 34.1% at 90% and 95% 
specificities for breast cancer detection, and for miR-34a 
and CA 15-3 56.1% for both 90% and 95% specificities 
(Figure 4; Table 1).
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In the comparison of breast cancer and benign breast 
diseases that is more relevant for differential diagnosis, the 
diagnostic performance of miR-34a (AUC 0.719; 0.594–
0.844) and the sensitivity of 34.0% at 95% specificity 
remained at a high level. In contrast performances of CEA 
(AUC 0.623; 0.483–0.763) and CA 15-3 (AUC 0.619; 
0.477–0.761) dropped down. Most impressively, the 
combination of miR-34a with CEA or CA 15-3 resulted in 
a considerably improved performance with AUCs of 0.794 
(0.685–0.904) and 0.741 (0.620–0.863), respectively. 
Sensitivities were 54.5% and 31.8% at 90% and 95% 
specificities for the combination of miR-34a and CEA, 
and 53.7% for both specificities for the combination of 
miR-34a and CA 15-3, respectively (Figure 4; Table 1).

DISCUSSION

MicroRNAs have shown to be promising 
biomarkers for the detection of cancer diseases. Different 

compartments such as serum, plasma, exosomes or 
tumor cells themselves were discussed as sources for 
informative changes of tumor cell metabolism or altered 
reaction of immune and stroma cells upon tumor growth 
and invasiveness [10, 11]. As microRNAs were reported 
to be stable under varying preanalytical conditions they 
are considered as potential future tumor markers [19, 20, 
32]. While several studies have shown the differential 
diagnostic power of miRNAs for different tumor diseases, 
only some have used benign diseases of the respective 
organ as control group and not only healthy individuals 
[33]. Some markers have found to be involved in the 
regulation of tumor growth and metastasis pathways such 
as miR-21 or miR-34 [24–25, 34–53]. However, there 
were discrepant results when these markers were used 
as diagnostic tools – even in the same tumor entities [22, 
28–31]. Moreover, only few studies have done a thorough 
comparison with the already established tumor markers to 
investigate whether miRNAs have superior performance 

Figure 2: Correlation of miRNA biomarkers with clinical features of breast cancer patients. Box plots for miRNA 
biomarkers miR-21, miR-34a, miR-92a, miR-222, miR-let-7c and miR-155 indicating medians, means, interquartile ranges, whiskers and 
outliers for the groups of healthy individuals, patients with benign and malignant breast diseases differentiated according to UICC tumor 
stage (A), T-stage (B), N-stage (C), estrogen receptor (ER)-status (D), and progesterone receptor (PR)-status (E). MiRNA are normalized 
to miR-16 and cel-miR-39.
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or can at least add to the diagnostic sensitivity [54–56]. 
Here we assessed the differential diagnostic power of a 
panel serum miRNAs (miR-16, miR-21, miR-34a, miR-
92a, miR-155, miR-222 and let-7c) for the detection 
of breast cancer that have been described earlier to be 
relevant for this purpose [22, 23, 26, 28, 34–53, 57–72]. 
We compared their expression in sera of breast cancer 
patients in relation to healthy women and patients with 
benign breast diseases as control groups. Finally, results 
were correlated with the established breast tumor markers 
CEA and CA 15-3 as well as with CA 19-9 and CA 125 
in order to see a potential additive value of the miRNAs.

Among all microRNAs investigated, only miR-
34a serum levels were able to discriminate significantly 
between breast cancer patients and healthy controls and 
also when compared with patients with benign breast 
diseases. In addition, miR-34a levels correlated with 
UICC-tumor stage and hormone receptor status. For all 
other microRNAs miR-21, miR-92a, miR-155, miR-222 
and miR-let-7c, no differences in relative levels between 
the differential diagnostic groups were found. 

The finding of lower miR-34a levels in breast 
cancer, particularly in advanced stages, is in line with 
other studies that reported downregulated miR-34a 
expression in sera of breast cancer patients and lower 
miR-34a levels in higher UICC stage patients, too [23]. 
In addition, it was shown that low expression of miR-
34a in FFPE-tissue samples was strongly associated with 
poor outcome of breast cancer patients [27]. However, 
there were also discrepant findings demonstrating 
higher miR-34a expression in breast cancer patients 
as compared with healthy controls, in advanced stage 
tumors and in hormone-receptor negative cancers [22, 
28]. These differences may be explained by the size 
and selection of patient groups in the studies and by 
different methodical procedures that may influence the 
results considerably. From a biological point of view, our 
results are in line with the tumor suppressive function 
of miR-34a. During tumorigenesis and progression miR-
34a is downregulated abrogating its function to induce 
cell cycle arrest and p53-dependent apoptosis of tumor 
cells [39, 40]. MiR-34a exerts its regulative role for cell 

Figure 3: Distribution of tumor marker levels in various patient groups. Box plots for CEA (A), CA 15-3 (B), CA 125 (C), 
and CA 19-9 (D) indicating medians, means, interquartile ranges, whiskers and outliers for the groups of healthy individuals, patients with 
benign and malignant breast diseases.
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cycle, differentiation, apoptosis, cancer cell progression 
and metastasis by targeting genes such as SIRT1, Bcl-2 
and HMGI-C [41–47, 73, 74]. In addition, it is involved 
in mediating immune paralysis of T-lymphocytes via the 
PD1/PD-L1 system [48–52]. Similar to breast cancer, 
miR-34a was found to be downregulated also in other 
tumor entities such as non-small cell lung cancer, colon 
cancer, pancreatic cancer, neuroblastoma and leukemia 
[75–82]. The diagnostic role of microRNA-34a in breast 
cancer was also assessed by a recent systematic review 
and meta-analysis [83].

Unfortunately, the great expectations set in miR-21, 
that is known to stimulate cell invasion and metastasis in 
breast and other cancers, as a diagnostic serum biomarker 
of breast cancer were not met in our study. Several 
studies reported higher miR-21 expressions in the sera 
of breast cancer patients than in healthy controls as well 
as a correlation with advanced tumor stage, lymph node 
metastasis and poor prognosis [24, 25, 37, 38]. However, 
others could not confirm these positive results [29–31]. 
Similarly discrepant results are described for miR-155 in 
the literature. MiR-155 is known to be a potent suppressor 

Figure 4: Discriminative power of significant biomarkers between breast cancer and control groups. Receiver operating 
characteristic (ROC) curves provide a sensitivity-specificity profile over the whole range of possible cutoffs for the discrimination between 
breast cancer and healthy controls (A) as well as between breast cancer and benign breast diseases (B). 
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of apoptosis and to target the tumor suppressor gene 
“suppressor of cytokine signaling 1(SOCS1)” [57, 58]. 
While some studies reported elevated levels of miR-155 in 
serum of breast cancer patients [22, 23, 26], others could 
not confirm these findings [28–30]. Further miRNAs 
such as miR-92a and miR-222 that are involved in cancer 
pathogenesis [59, 64–66] and that were considered useful 
for the detection of breast, but also gastrointestinal cancers 
have controversely been discussed in the literature so far 
[24, 63]. Indeed, miR-222 is supposed to increase cell 
migration in the epithelial to mesenchymal transition 

acting downstream of the RAS-RAF-MEK oncogenic 
pathway [65, 67] and to be a promising therapeutic 
target for estrogen-receptor downregulated breast cancer 
[68]. However, we could not confirm earlier findings of 
elevated miR-222 serum levels in breast cancer patients 
[69]. Tumor suppressing miR-let-7c that downregulates 
the oncogene RAS function in cellular physiological 
conditions and breast cancer cells [70, 71] was no potential 
diagnostic marker in our setting, too.

As differences in the outcome of diverse studies 
may be explained by variations in the preanalytical and 

Table 1: Performance of biomarkers for discrimination of patient groups

Marker N CA N Controls AUC 95% CI 
lower

95% CI 
upper

Sens at 
95% Spec

Sens at 90% 
Spec

Comparison: Healthy controls vs. breast cancer    
RNA 55 28 0.665 0.546 0.783 14.5% 21.8%
miR 21 55 28 0.583 0.455 0.711 16.4% 21.8%
mir 34a 47 28 0.722 0.608 0.836 34.0% 36.2%
mir 92 55 28 0.464 0.331 0.597  
mir 222 55 28 0.534 0.403 0.665 12.7% 16.4%
mir let 7c 55 28 0.512 0.380 0.644 12.7%
mir 155 33 19 0.525 0.361 0.689 16.7% 24.2%
CEA 50 26 0.717 0.601 0.833 18.0% 26.0%
CA 15-3 47 27 0.721 0.605 0.837 31.9% 36.2%
CA 19-9 50 27 0.616 0.488 0.744 14.0% 24.0%
CA 125 47 27 0.604 0.473 0.735 29.8% 34.0%
(CEA) + (CA 15-3) 47 26 0.741 0.628 0.854 38.5% 38.5%
(miR 34a) + (CEA) 44 26 0.844 0.754 0.933 34.1% 59.1%
(miR 34a) + (CA15-3) 45 23 0.800 0.697 0.904 56.1% 56.1%
Comparison: Benign breast diseases vs. breast cancer   
RNA 55 20 0.515 0.367 0.663 20.0% 23.6%
miR 21 55 20 0.486 0.337 0.635  
mir 34a 47 20 0.719 0.594 0.844 34.0% 36.2%
mir 92 55 20 0.425 0.275 0.575  
mir 222 55 20 0.586 0.444 0.728 16.4% 20.0%
mir let 7c 55 20 0.563 0.419 0.707 14.5% 23.6%
mir 155 33 10 0.603 0.409 0.797 6.1% 30.3%
CEA 50 20 0.623 0.483 0.763 20.0% 20.0%
CA 15-3 47 20 0.619 0.477 0.761 23.4% 25.5%
CA 19-9 50 20 0.514 0.364 0.664 6.0% 14.0%
CA 125 47 18 0.521 0.364 0.678 19.1% 19.1%
(miR 34a) + (CEA) 44 20 0.794 0.685 0.904 31.8% 54.5%
(miR 34a) + (CA15-3) 45 20 0.741 0.620 0.863 53.7% 53.7%

Performance of biomarkers and combinations thereof is given by the area under the curve (AUC) or receiver operating 
characteristic (ROC) curves with corresponding 95% confidence interval limits as well as sensitivities for cancer detection 
at specificities of 95% and 90%.
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analytical part of microRNA assessment we performed 
a thorough schedule for sample collection and handling, 
establishment of the methods as well as various quality 
controls through all analytical steps: Samples from 
patients and controls were collected according to SOPs 
of the Biofluid Biobank of the University Hospital 
Bonn and were stored under controlled conditions at 
-80° C until marker measurement. Assays for miRNA 
determination were set up according to MIQE criteria 
and quality controls for RNA extraction, transcription 
(spiked in exogenous synthetic control miRNA cel-
miR 39), quantification (diverse controls, duplicates) 
and interpretation (normalization by miR-16) were used 
[28, 34]. Samples of all diagnostic groups were mixed 
in all runs to minimize interassay variability. Potential 
influence of contamination by blood cells and hemolysis 
in serum samples was controlled by the ratio of miR-23a 
and miR-451 as suggested by Blondal et al. [32] Finally, 
results were calculated by independent professional 
biostatisticians who took quality aspects of miRNA 
determination and value distribution into consideration to 
avoid bias and overfitting to the present sample. Of course, 
the evaluation has exploratory nature as the number of 
the patients investigated was limited. However, it gives a 
robust basis for further validation studies. 

Importantly, the power of established tumor 
markers was assessed in the same patient setting as well. 
Thereby, the breast tumor markers CEA and CA 15-3 
showed good performances for differential diagnosis of 
breast cancer from healthy women and slightly lower 
sensitivities when patients with benign breast diseases 
were used as control groups. For CA 125 and CA 19-
9, no differences were found in the different patient 
groups. AUC of ROC curves for breast cancer detection 
vs. healthy women yielded similar results for miR-34a, 
CEA and CA 15-3 and sensitivities at 95% specificity 
were best for miR-34a and CA 15-3. When patients with 
benign breast diseases were considered as control groups, 
miR-34a was clearly superior to CEA and CA 15-3 alone. 
These results are in line with other studies that reported 
similar results for CA 15-3 for breast cancer detection 
[84]. 

Most impressively, we found considerably improved 
performances for discrimination of breast cancer patients 
from either control group when miR-34a was combined 
with one of the tumor markers CEA or CA 15-3 resulting 
in higher AUCs and sensitivities at high specificities 
that are requested for differential diagnosis. This shows 
that miR-34a and cancer cell surface markers such as 
CEA and CA 15-3 play different roles in breast cancer 
development and provide additive diagnostic information. 
To our knowledge this is the first evidence that a combined 
approach of miRNAs and established tumor markers leads 
to an improved diagnostic sensitivity in breast cancer 
detection that warrants consideration by further validation 
studies.

PATIENTS AND METHODS

Patients

In the present study, serum samples from 103 
caucasian women were analyzed. Among them were 55 
patients with breast cancer (2 in situ cancer, 20 Union 
for International Cancer Control (UICC) stage I, 12 stage 
II, 14 stage III, and 7 stage IV), 20 patients with benign 
breast diseases (ductal hyperplasia, mastopathy, mastitis, 
etc.) and 28 healthy women as control group. Samples 
were taken from all patients at time of active disease 
and before undergoing any therapeutic procedure at the 
University Hospital Bonn. The samples of the healthy 
control group were obtained from women, who had no 
history of cancer and were in good health on the basis of 
self-report. Detailed patient characteristics are listed in 
Table 2.

Written informed consent was obtained from all 
patients for blood collection in the Biofluid Biobank of 
the University Hospital Bonn at the Institute for Clinical 
Chemistry and Clinical Pharmacology supported by the 
Center for Integrated Oncology Cologne-Bonn (CIO). This 
process as well as the use of the samples for the planned 
study were approved by the Local Ethics Committee of the 
University Bonn.

Blood samples were collected prospectively 
between 2010 and 2013 during a residence or ambulant 
consultations at the Department for Gynecology and 
Obstetrics of the University Hospital Bonn simultaneously 
with the routine blood samplings. They were immediately 
transported to the Central Laboratory of the University 
Hospital Bonn and centrifuged at 4000 rpm (3300 G) for 
10 minutes. Subsequently, serum samples were aliquoted 
into polypropylene vials and archived at –80° C in the 
biobank store, labeled with a double-pseudonomized 
code. Corresponding to the code the pathology report and 
clinical history of each patient was documented in detail.

Methods

RNA-Isolation was done from 400 µL serum using 
the mirVana PARIS Kit (Ambion, Foster City, CA, USA) 
after the addition of 400 µl 2× denaturation buffer. After 
short vortexing and a short storage on ice, 5 µl of the 
synthetic cel-miR-39 miScript miRNA Mimic (Qiagen, 
Hilden, Germany) in the concentration of 5 fmol/µl was 
added. The organic extraction started by adding 800 µl 
acid-phenol/chloroform to each sample. The samples were 
short mixed and centrifuged at 4000 rpm for 15 minutes 
by room-temperature. Then a minimum of 500 µl of the 
upper aqueous phase was taken into another tube. These 
tubes were centrifuged at 4000 rpm for 5 minutes and 
500 µl were decanted in another tube. To each sample 
1.25 volumes of ethanol (100%) were added followed 
by 3 steps of filtration with two different wash solutions. 



Oncotarget22532www.oncotarget.com

Finally, miRNA was eluted in 50 µl elution solution. 
The whole procedure was performed according to the 
manufacturer´s protocol. Subsequently, every sample was 
measured by spectro-photometry in a Tecan Infinite M200 
Pro NanoQuant (Crailsheim, Germany). 

Reverse transcription was carried out with the 
miScript Reverse Transcription Kit (Qiagen, Hilden, 
Germany). 12 µl isolated RNA, 4 µl miScript RT Buffer 
(5× HiFlex), 2 µl 10× miScript Nucleics Mix and 2 µl 
miScript Reverse Transcriptase Mix were used for the 
reverse transcription. The solution was incubated in the 

LifeTouch Thermal Cycler (Biozym, Scientific GmbH, 
Oldendorf, Germany) at 37° C for 60 minutes and at 95° C  
for 5 minutes. Final elution volume was 20 µL, which was 
diluted with 80 µl RNAse-free water. The aliquots were 
stored at –20° C for further analysis or maintained on ice 
for immediate rtPCR. 

Quantitative real-time-PCR was carried out using the 
miScript SYBR Green PCR Kit (Qiagen, Hilden, Germany) 
with predesigned miScript PCR primers (Qiagen). Details 
to the single miRNA primer sequences and assays are given 
in the Supplementary Table 1 (Supplementary Table 1). 

Table 2: Patient characteristics

Groups N Age
(median/range)

Healthy controls 28 44 (20.1–64.5)
Benign breast diseases 20 54 (24.2–81.8)
Breast cancer 55 59 (32.6–85.8)
UICC stage N Percentage
   0 2 3,6%
   1 20 36,4%
   2 12 21,8%
   3 14 25,5%
   4 7 12,7%
T-stage N  
   is 2 3,6%
   1 24 43,6%
   2 17 30,9%
   3 5 9,1%
   4 7 12,7%
N-stage N  
   0 42 76,4%
   1 6 10,9%
   2 5 9,1%
   3 2 3,6%
M-stage N  
   0 49 89,1%
   1 6 10,9%
Receptor status N  
ER+/PR+/Her2– 30 54,5%
Triple positive 4 7,3%
Triple negative 11 20,0%
ER+/PR-/Her2– 7 12,7%
ER–/PR+/Her2– 1 1,8%
ER–/PR–/Her2+ 2 3,6%

Table shows numbers and age of patients with breast cancer, benign breast diseases and healthy controls as well as 
different clinical features of breast cancer patients (UICC-, T-, N-, M-stage and receptor status).
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RtPCR-quantification of micro-RNA was performed using 
target-specific miScript Primer Assays (forward primers) 
and the miScript SYBR Green PCR Kit that contains the 
miScript Universal Primer (reverse primer) and QuantiTect 
SYBR Green PCR Master Mix (Qiagen) according to the 
manufacturer’s protocol. 10 µl 2× QuantiTect SYBR Green 
PCR MasterMix, 2 µl 10× Universal-Reverse-Primer, 2 
µl miScript-PCR Primer Assay, 4 µl RNAse-free water 
and 2 μL reverse transcription product were used for the 
rtPCR with each sample and were pipetted into 96-well 
plates (Roche Applied Sciences, Basel, Switzerland). All 
rtPCR experiments were carried out on a LightCycler 480 
(Roche) using the following conditions: 95° C for 15 minutes 
followed by quantitative real-time PCR amplification, which 
was conducted by 40 cycles of denaturation (94° C for 15 
s), annealing (55° C for 30 s) and extension (70° C for 30 s). 

Details of method establishment, validation and 
quality controls were charted in accordance with the 
MIQE guidelines. Standards for all assays were produced 
by a SKBR cell line that was diluted until 1:10E6. Melting 
curve analysis confirmed specificity of the PCR products. 
All samples calibrators and controls were measured as 
double determinations and patient groups were mixed 
in all plates to minimize the inter-assay variability. 5 
fmol/µl of the synthetic cel-miR-39 miScript miRNA 
Mimic (Qiagen, Hilden, Germany) was spiked in all 
samples before RNA-isolation to control extraction and 
reverse transcription efficiency and quantification. MiR-
16 was used as an endogenous control to normalize the 
micro-RNA expression. Potential blood contamination 
by hemolysis was controlled by the ratio of delta-Ct of 
miR-451 and miR-23a [32]. The relative quantity of each 
miRNA was determined using the comparative Ct method 
(LightCycler 480 RT-PCR Instruments, Roche) and miR-
16 as reference miRNA [28, 34].

Tumor markers were measured by automated 
chemiluminescence immunoassays on Dimension Vista 
1500 systems (Siemens Healthineers, Erlangen, Germany) 
for CEA, CA 15-3 and CA 19-9 and on the Architect i1000 
SR platform (Abbott Diagnostics, Wiesbaden, Germany) 
for CA 125.

Statistics

Performances of RNA quantity, single miRNAs 
and tumor markers were assessed for the discrimination 
between breast cancer patients and healthy controls as 
well as between breast cancer patients and patients with 
benign breast diseases. In addition, subgroup analyses for 
association of the biomarkers with UICC-stage, T-stage, 
N-stage, ER- and PR-receptor status were done. After 
normalization by celmir-39 and miR-16, miRNAs, RNA 
quantity and also tumor marker levels were log-transformed 
for variance stabilization. Significance testing was done 
using t-Test or Wilcoxon rank sum test when data were 
not following a normal distribution. As the evaluation had 

explorative character, no adjustment for multiple testing 
was performed. Differences with a p-level of p ≤ 0.05 were 
considered significant. In addition, areas under the curve 
(AUC) of receiver operating characteristic (ROC) curves 
were calculated and sensitivities of relevant biomarkers at 
95% specificity versus the control groups were given.

CONCLUSIONS

Our findings show a promising performance of 
miR-34a for the differential diagnosis and staging of 
breast cancer. Most importantly, the combination with 
established tumor markers CEA or CA 15-3 improved the 
sensitivity for breast cancer detection suggesting further 
validation studies with this combined biomarker approach.

ACKNOWLEDGMENTS

This work is part of the doctoral thesis of Martin 
Zaleski. 

CONFLICTS OF INTEREST

The authors declare to have no conflicts of interests.

FUNDING

The study was supported by the grant 13N12852 of 
the German Federal Ministry of Education and Research 
(BMBF).

REFERENCES

1. Steward BS, Wild CP. WHO/IARC: World Cancer Report 
2014. ISBN 978-92-832-0429-9, Chapter 5.2, 363.

2. Groot MT, Baltussen R, Uyl-de Groot CA, Anderson BO, 
Hortobagyi GN. Costs and health effects of breast cancer 
interventions in epidemiologically different regions of 
Africa, North America and Asia. Breast J. 2006; 12: 81–90.

3. Moss SM, Cuckle H, Evans A, Johns L, Waller M, 
Bobrow L. Effect of mammographic screening from age of 
40 years on breast cancer mortality at 10 years’ follow-up: a 
randomised controlled trial. Lancet. 2006; 368:2053–2060.

4. Boyd NF, Guo H, Martin LJ, Sun L, Stone J, Fishell E, 
Jong RA, Hislop G, Chiarelli A, Minkin S, Yaffe MJ. 
Mammographic density and the risk and detection of breast 
cancer. New Engl J Med. 2007; 356:227–236.

5. Taplin S, Abraham L, Barlow WE, Fenton JJ, Berns EA, 
Carney PA, Cutter GR, Sickles EA, Carl D, Elmore JG. 
Mammography facility characteristics associated with 
interpretive accuracy of screening mammography. J Natl 
Cancer Inst. 2008; 100:876–887.

6. Duffy MJ, Shering S, Sherry F, McDermott E, O'Higgins N. 
CA 15-3: a prognostic marker in breast cancer. Int J Biol 
Markers. 2000; 15:330–333.



Oncotarget22534www.oncotarget.com

 7. Harris L, Fritsche H, Mennel R, Norton L, Ravdin P,  
Taube S, Somerfield MR, Hayes DF, Bast RC. 
American Society of Clinical Oncology 2007update of 
recommendations for the use of tumor markers in breast 
cancer. J Clin Oncol. 2007; 25:5287–5312.

 8. O’Hanlon DM, Kerin MJ, Kent P, Maher D, Grimes H, 
Given HF. An evaluation of preoperative CA 15–3 
measurement in primary breast carcinoma. Br J Cancer. 
1995; 71:1288–1291.

 9. Uehara M, Kinoshita T, Hojo T, Akashi-Tanaka S, 
Iwamoto E, Fukotomi T. Long-term prognostic study of 
carcinoembryonic antigen (CEA) and carbohydrate antigen 
15–3 (CA 15–3) in breast cancer. Int J Clin Oncol. 2007; 
13:447–451.

10. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism 
and function. Cell. 2004; 116:281–297.

11. Esquela-Kerscher A, Slack FJ. Oncomirs – microRNAs 
with a role in cancer. Nat Rev Cancer. 2006; 6:259–269.

12. Iorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, 
Sabbioni S, Magri E, Pedriali M, Fabbri M, Campiglio M, 
Ménard S, Palazzo JP, Rosenberg A, et al. MicroRNA gene 
expression deregulation in human breast cancer. Cancer 
Res. 2005; 65:7065–7070.

13. Lo KW, Lo YM, Leung SF, Tsang YS, Chan LY, Johnson PJ, 
Hjelm NM, Lee JC, Huang DP. Analysis of cell-free 
Epstein-Barr virus associated RNA in the plasma of 
patients with nasopharyngealcarcinoma. Clin Chem. 1999; 
45:1292–1294.

14. Kopreski MS, Benko FA, Kwak LW, Gocke CD. Detection 
of tumor messenger RNA in the serum of patients with 
malignant melanoma. Clin Cancer Res. 1999; 5:1961–1965.

15. Chen XQ, Bonnefoi H, Pelte MF, Lyautey J, Lederrey C, 
Movarekhi S, Schaeffer P, Mulcahy HE, Meyer P, Stroun M,  
Anker P. Telomerase RNA as a detection marker in the 
serum of breast cancer patients. Clin Cancer Res. 2000; 
6:3823–3826.

16. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman 
SK, Pogosova-Agadjanyan EL, Peterson A, Noteboom J, 
O'Briant KC, Allen A, Lin DW, Urban N, Drescher CW, 
et al. Circulating microRNAs as stable blood-based markers 
for cancer detection. Proc Natl Acad Sci USA. 2008; 
105:10513–10518.

17. Chim SS, Shing TK, Hung EC, Leung TY, Lau TK, Chiu 
RW, Lo YM. Detection and characterization of placental 
microRNAs in maternal plasma. Clin Chem. 2008; 
54:482–490.

18. Hunter MP, Ismail N, Zhang X, Aguda BD, Lee EJ, 
Yu L, Xiao T, Schafer J, Lee ML, Schmittgen TD, Nana-
Sinkam SP, Jarjoura D, Marsh CB. Detection of microRNA 
expression in human peripheral blood microvesicles. PLoS 
ONE. 2008; 3:e3694.

19. Tsui NB, Ng EK, Lo YM. Stability of endogenous and 
added RNA in blood specimens, serum and plasma. Clin 
Chem 2002: 48:1647–1653.

20. Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J, 
Zhang Y, Chen J, Guo X, Li Q, Li X, Wang W, et al. 
Characterization of microRNAs in serum: a novel class of 
biomarkers for diagnosis of cancer and other diseases. Cell 
Res. 2008; 18:997–1006.

21. Ishikawa H, Yamada H, Taromaru N, Kondo K, Nagura A, 
Yamazaki M, Ando Y, Munetsuna E, Suzuki K, Ohashi K, 
Teradaira R. Stability of serum high-density lipoprotein-
microRNAs for preanalytical conditions. Ann Clin 
Biochem. 2017; 54:134–142.

22. Roth C, Rack B, Müller V, Janni W, Pantel K, 
Schwarzenbach H. Circulating microRNAs as blood-based 
markers for patients with primary and metastatic breast 
cancer. Breast Cancer Res. 2010; 12:R90.

23. Hagrass HA, Sharaf S, Pasha HF, Tantawy EA, Mohamed 
RH, Kassem R. Circulating microRNAs - a new horizon in 
molecular diagnosis of breast cancer. Genes Cancer. 2015; 
6:281–287. https://doi.org/10.18632/genesandcancer.66.

24. Si H, Sun X, Chen Y, Cao Y, Chen S, Wang H, Hu C. 
Circulating microRNA-92a and microRNA-21 as novel 
minimally invasive biomarkers for primary breast cancer. 
Cancer Res Clin Oncol. 2013; 139:223–229.

25. Asaga S, Kuo C, Nguyen T, Terpenning M, Giuliano AE, 
Hoon DSB. Direct serum assay for mir-21 concentrations 
in early and advanced breast cancer. Clin Chem. 2010; 
57:84–91.

26. Mar-Aguilar F, Mendoza-Ramirez JA, Malagon-Santiago I, 
Espino-Silvad PK, Santuario-Facioc SK, Ruiz-Flores P, 
Rodriguez-Padillab C, Resendez-Pereza D. Serum 
circulating microRNA profiling for identification of 
potential breast cancer biomarkers. Dis Markers. 2013; 
34:163–169.

27. Agarwal S, Hanna J, Sherman ME, Figueroa J, Rimm DL. 
Quantitative assessment of miR34a as an independent 
prognostic marker in breast cancer. Br J Cancer. 2013; 
112:61–68.

28. Eichelser C, Flesch-Janys D, Chang-Claude J, Pantel K, 
Schwarzenbach H. Deregulated serum concentrations 
of circulating cell-free microRNAs miR-17, miR-155, 
and miR-373 in human breast cancer development and 
progression. Clin Chem. 2013; 59:1489–1496.

29. Zhu W, Qin W, Atasoy U, Sauter ER. Circulating 
microRNAs in breast cancer and healthy subjects. BMC 
Res Notes. 2009; 2:89.

30. Heneghan HM, Miller N, Lowery AJ, Sweeney KJ, 
Newell J, Kerin MJ. Circulating microRNAs as novel 
minimally invasive biomarkers for breast cancer. Ann Surg. 
2010; 251:499–505.

31. Appaiah HN, Goswami CP, Mina LA, Badve S, 
Sledge GW, Liu Y, Nakshatri H. Persistant upregulation 
of U6:SNORD44 small RNA ratio in the serum of breast 
cancer patients. Breast Cancer Res. 2011; 13:R86.

32. Blondal T, Jensby Nielsen S, Baker A, Andreasen D, 
Mouritzen P, Wrang Teilum M, Dahlsveen IK. Assessing 



Oncotarget22535www.oncotarget.com

sample and miRNA profile quality in serum and plasma or 
other biofluids. Methods. 2013; 59:1–6.

33. Hasanzadeh A, Mesrian Tanha H, Ghaedi K, Madani M. 
Aberrant expression of miR-9 in benign and malignant 
breast tumors. Mol Cell Probes. 2016; 30:279–284.

34. Davoren PA, McNeill RE, Lowery AJ, Kerin MJ, Miller N. 
Identification of suitable endogenous control genes for 
microRNA gene expression analysis in human breast 
cancer. BMC Mol Biol. 2008; 9:76.

35. Lawrie CH, Gal S, Dunlop HM, Pushkaran B, Liggins 
AP, Pulford K, Banham AH, Pezzella F, Boultwood J, 
Wainscoat JS, Hatton CS, Harris AL. Detection of elevated 
levels of tumour associated micro-RNAs in serum of 
patients with diffuse B-cell lymphoma. Haematology. 2008; 
141:672–675.

36. Ambros V. The functions of animal microRNAs. Nature. 
2004; 431:350–355.

37. Yan LX, Huang XF, Shao Q, Huang MY, Deng L, Wu QL, 
Zeng YX, Shao JY. MicroRNA miR-21 overexpression in 
human breast cancer is associated with advanced clinical 
stage, lymph node metastasis and patient poor prognosis. 
RNA. 2008; 14:2348–2360.

38. Qian B, Katsaros D, Lu L, Preti M, Durando A, Arisio R, 
Mu L, Yu H. High miR-21 expression in breast cancer 
associated with poor disease-free survival in early stage 
disease and high TGF-beta1. Breast Cancer Res Treat. 
2009; 117:131–140.

39. Welch C, Chen Y, Stallings RL. MicroRNA-34a functions 
as a potential tumor suppressor by inducing apoptosis in 
neuroblastoma cells. Oncogene. 2007; 26:5017–5022.

40. Chen F, Hu SJ. Effect of microRNA-34a in cell cycle, 
differentiation and apoptosis: a review. J Biochem Mol 
Toxicol. 2012; 26:79–86.

41. Kaller M, Liffers ST, Oeljeklaus S, Kuhlmann K, Roh S, 
Hoffmann R, Warscheid B, Hermeking H. Genome-wide 
characterization of miR-34a induced changes in protein 
and mRNA expression by a combined pulsed SILAC and 
microarray analysis. Mol Cell Proteomics. 2011; 10:M111 
010462.

42. Mackiewicz M, Huppi K, Pitt JJ, Dorsey TH, Ambs S, 
Caplen NJ. Identification of the receptor tyrosine kinase 
AXL in breast cancer as a target for the human miR-34a 
microRNA. Breast Cancer Res Treat. 2011; 130:663–679.

43. Li L, Xie X, Luo J, Liu M, Xi S, Guo J, Kong Y, Wu M, 
Gao J, Xie Z, Tang J, Wang X, Wei W, et al. Targeted 
expression of miR-34a using the T-VISA system suppresses 
breast cancer cell growth and invasion. Mol Ther. 2012; 
20:2326–2334.

44. Li L, Yuan L, Luo J, Gao J, Guo J, Xie X. MiR-34a inhibits 
proliferation and migration of breast cancer through down-
regulation of Bcl-2 and SIRT1. Clin Exp Med. 2013; 
13:109–117.

45. Li XJ, Ren ZJ, Tang JH. MicroRNA-34a: a potential 
therapeutic target in human cancer. Cell Death Dis. 2014; 
5:e1327.

46. Yang F, Li QJ, Gong ZB, Zhou L, You N, Wang S, Li XL,  
Li JJ, An JZ, Wang DS, He Y, Dou KF. MicroRNA-
34a targets Bcl-2 and sensitizes human hepatocellular 
carcinoma cells to sorafenib treatment. Technol Cancer Res 
Treat. 2013; 13:77–86.

47. Kumar B, Yadav A, Lang J, Teknos TN, Kumar P. 
Dysregulation of microRNA-34a expression in head and 
neck squamous cell carcinoma promotes tumor growth and 
tumor angiogenesis. PLoS One. 2012; 7:e37601.

48. Mclntyre BW, Allison JP. The mouse T cell receptor: 
structural heterogeneity of mole-cules of normal T cells 
defined by xenoantiserum. Cell. 1983; 34:739–746.

49. Harding FA, McArthur JG, Gross A, Raulet DH, Allison JP. 
CD28-mediated signaling co-stimulates murine T cells and 
prevents induction of anergy in T-cell clones. Nature. 1992; 
356:607–609.

50. Leach DR, Krummel ME, Allison JP. Enhancement of 
antitumor immunity by CTLA-4 blockade. Science. 1996; 
271:1734–1736.

51. Ribas A. Tumor immunotherapy directed at PD-1. N EngI J 
Med. 2012; 366:2517–2519.

52. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, 
Cowey CL, Lao CD, Schadendorf D, Dummer R, Smylie M, 
Rutkowski P, Ferrucci PF, Hill A, Wagstaff J, et al.  
Combined nivolumab and ipilimumab or monotherapy in 
untreated melanoma. N Engl J Med. 2015; 373:23–34.

53. Cortez MA, Ivan C, Valdecanas D, Wang X, Peltier HJ, 
Ye Y, Araujo L, Carbone DP, Shilo K, Giri DK, Kelnar K, 
Martin D, Komaki R, et al. PDL1 Regulation by 53 via 
miR-34. J Natl Cancer Inst. 2015; 17:108.

54. Sun Y, Wang M, Lin G, Sun S, Li X, Qi J, Li J. Serum 
microRNA-155 as a potential bi-omarker to track disease 
in breast cancer. PLoS One. 2012; 7:e47003.

55. Wu J, Li G, Yao Y, Wang Z, Sun W, Wang J. MicroRNA-421 
is a new potential diagnosis biomarker with higher sensitivity 
and specificity than carcinoembryonic antigen and cancer 
antigen 125 in gastric cancer. Biomarkers. 2015; 20:58–63.

56. Sun M, Song J, Zhou Z, Zhu R, Jin H, Ji Y, Lu Q, Ju H. 
Comparison of serum miRNA21 and tumor markers in 
diagnosis of early non-small cell lung cancer. Dis Markers. 
2016; 2016:3823121.

57. Ovcharenko D, Kelnar K, Johnson C, Leng N, Brown D. 
Genome scale microRNA and small interfering RNA 
screens identify small RNA modulators of trail- induced 
apoptosis pathway. Cancer Res. 2007; 67:10782–10788.

58. Jiang S, Zhang H, Lu M, He X, Li Y, Gu H, Liu MF, 
Wang ED. MicroRNA-155 functions as an oncomir in 
breast cancer by targeting the suppressor of cytokine 
signaling 1 gene. Cancer Res. 2010; 70:3119–3127.

59. Mendell JT. MiRaid roles for the miR-17-92 cluster in 
development and disease. Cell. 2008; 120:217–222.

60. Chen ZL, Zhao XH, Wang JW, Li BZ, Wang Z, Sun J, 
Tan FW, Ding DP, Xu XH, Zhou F, Tan XG, Hang J, Shi SS, 
et al. MicroRNA-92a promotes lymph node-metastasis of 



Oncotarget22536www.oncotarget.com

human esophageal squamous cell carcinoma via E-cadherin. 
J Biol Chem. 2011; 286:10725–10734.

61. Ohyashiki K, Umezu T, Yoshizawa S, Ito Y, Ohyashiki M, 
Kawashima H, Tanaka M, Kuroda M, Ohyashiki JH. 
Clinical impact of down-regulated plasma miR-92a levels 
in non-Hodgkin’s lymphoma. PLoS One. 2011; 6:e16408.

62. Tsuchida A, Ohno S, Wu W, Borjigin N, Fujita K, Aoki T, 
Ueda S, Takanashi M, Kuroda M. MiR-92 is a key 
oncogenic component of the miR-17-92 cluster in colon 
cancer. Cancer Sci. 2011; 102:2264–2271.

63. Chan M, Liaw CS, Ji SM, Tan HH, Wong CY, Thike AA, 
Tan PH, Ho GH, Lee AS. Identification of circulating 
microRNA signatures for breast cancer detection. Clin 
Cancer Res. 2013; 19:4477–4487.

64. Zhao JJ, Lin J, Yang H, Kong W, He L, Ma X, 
Coppola D, Cheng JQ. MicroRNA-221/222 negatively 
regulates estrogen receptor alpha and is associated with 
tamoxifen resistance in breast cancer. J Biol Chem. 2008; 
283:31079–31086.

65. Di Leva G, Gasparini P, Piovan C, Ngankeu A, Garofalo M,  
Taccioli C, Iorio MV, Li M, Volinia S, Alder H, Nakamura T, 
Nuovo G, Liu Y, et al. MicroRNA cluster 221-222 and 
estrogen receptor alpha interactions in breast cancer. J Natl 
Cancer Inst. 2010; 102:706–721.

66. Cochrane DR, Cittelly DM, Howe EH, Spoelstra NS, 
McKinsey EL, LaPara K, Elias A, Yee D, Jennifer K. 
Richer JK. MicroRNAs link estrogen receptor alpha status 
and dicer levels in breast cancer. Horm Cancer. 2010; 
1:306–319.

67. Stinson S, Lackner MR, Adai AT, Yu N, Kim HJ, O'Brien C,  
Spoerke J, Jhunjhunwala S, Boyd Z, Januario T, 
Newman RJ, Yue P, Bourgon R, et al. TRPS1 targeting 
by miR-221/222 promotes the epithelial-to-mesenchymal 
transition in breast cancer. Sci Signal. 2011; 4:ra41.

68. Rao X, Di Leva G, Li M, Fang F, Devlin C, Hartman-
Frey C, Burow ME, Ivan M, Croce CM, Nephew KP. 
MicroRNA-221/222 confers breast cancer fulvestrant 
resistance by regulating multiple signaling pathways. 
Oncogene. 2011; 30:1082–1097.

69. Hu Z, Dong J, Wang LE, Ma H, Liu J, Zhao Y, Tang J, 
Chen X, Dai J, Wei Q, Zhang C, Shen H. Serum microRNA 
profiling and breast cancer risk: the use of miR-484/191 as 
endogenous controls. Carcinogenesis. 2012; 33:828–834.

70. Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R, 
Cheng A, Labourier E, Reinert KL, Brown D, Slack FJ. 
RAS is regulated by the let-7 microRNA family. Cell. 2005; 
120:635–647.

71. Sampson VB, Rong NH, Han J, Yang Q, Aris V, 
Soteropoulos P, Petrelli NJ, Dunn SP, Krueger LJ. 
MicroRNA let-7a downregulates C-MYC and reverts 
C-MYC-induced growth in Burkitt lymphoma cells. Cancer 
Res. 2007; 67:9762–9770.

72. Zhao Y, Deng C, Wang J, Xiao J, Gatalica Z, Recker RR, 
Xiao GG. Let-7 family miRNAs regulate estrogen receptor 
alpha signaling in estrogen receptor positive breast cancer. 
Breast Cancer Res Treat. 2010; 127:69–80.

73. Yamakuchi M, Ferlito M, Lowenstein CJ. MiR-34a 
repression of SIRT1 regulates apoptosis. Proc Natl Acad 
Sci USA. 2008; 105:13421–13426.

74. Mansoori B, Mohammadi A, Shirjang S, Baradaran B. 
HMGI-C suppressing induces P53/caspase9 axis to regulate 
apoptosis in breast adenocarcinoma cells. Cell Cycle. 2016; 
15:2585–2592.

75. Bommer GT, Gerin I, Feng Y, Kaczorowski AJ, Kuick 
R, Love RE, Zhai Y, Giordano TJ, Qin ZS, Moore BB, 
MacDougald OA, Cho KR, Fearon ER. p53- mediated 
activation of miRNA34 candidate tumor-suppressor genes. 
Curr Biol. 2007; 17:1298–1307.

76. Javeri A, Ghaffarpour M, Taha MF, Houshmand M. 
Downregulation of miR-34a in breast tumors is not 
associated with either p53 mutations or promoter 
hypermethylation while it correlates with metastasis. Med 
Oncol. 2013; 30:413.

77. Dutta KK, Zhong Y, Liu YT, Yamada T, Akatsuka S, Hu Q, 
Yoshihara M, Ohara H, Takehashi M, Shinohara T, Masutani 
H, Onuki J, Toyokuni S. Association of microRNA-34a 
overexpression with proliferation is cell type-dependent. 
Cancer Sci. 2007; 98:1845–1852.

78. Gallardo E, Navarro A, Viñolas N, Marrades RM, 
Diaz T, Gel B, Quera A, Bandres E, Garcia-Foncillas J, 
Ramirez J, Monzo M. MiR-34a as a prognostic marker of 
relapse in surgically resected non-small-cell lung cancer. 
Carcinogenesis. 2009; 30:1903–1909.

79. Genovese G, Ergun A, Shukla SA, Campos B, Hanna J,  
Ghosh P, Quayle SN, Rai K, Colla S, Ying H, Wu CJ, 
Sarkar S, Xiao Y, et al. MicroRNA regulatory network 
inference identifies miR-34a as a novel regulator of TGF-β 
signaling in glioblastoma. Cancer Discov. 2012; 2:736–749.

80. Yang S, Li Y, Gao J, Zhang T, Li S, Luo A, Chen H, 
Ding F, Wang X, Liu Z. MicroRNA-34 suppresses breast 
cancer invasion and metastasis by directly targeting Fra-1. 
Oncogene. 2013; 5; 32:4294–4303.

81. Liu C, Kelnar K, Liu B, Chen X, Calhoun-Davis T, Li H, 
Patrawala L, Yan H, Jeter C, Honorio S, Wiggins JF, 
Bader AG, Fagin R, et al. The microRNA miR-34a inhibits 
prostate cancer stem cells and metastasis by directly 
repressing CD44. Nat Med. 2011; 17:211–215.

82. Yao Y, Suo AL, Li ZF, Liu LY, Tian T, Ni L, Zhang WG, 
Nan KJ, Song TS, Huang C. MicroRNA profiling of human 
gastric cancer. Mol Med Rep. 2009; 2:963–970.

83. Imani S, Zhang X, Hosseinifard H, Fu S, Fu J. The 
diagnostic role of microRNA-34a in breast cancer: a 
systematic review and meta-analysis. Oncotarget. 2017; 
8:23177–23187. https://doi.org/10.18632/oncotarget.15520.

84. Molina R, Gion M, Gressner A, Troalen F, Auge JM, 
Holdenrieder S, Zancan M, Wycislo M, Stieber P. 
Alternative antibody for the detection of CA15-3 antigen: 
a European multicenter study for the evaluation of the 
analytical and clinical performance of the Access BR 
Monitor assay on the UniCel Dxl 800 Immunoassay 
System. Clin Chem Lab Med. 2008; 46:612–622.


