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Abstract Dysregulation in the expression of miRNAs

contributes to the occurrence and development of many

human cancers. We herein attempted to obtain the poten-

tial association between miRNA expression profile and

breast cancer by applying high-throughput sequencing

technology. Small RNAs from seven paired tumor and

adjacent normal tissue samples were sequenced. To

determine the miRNA expression profiles in tissues and

sera, another five equally pooled serum samples from 20

patients and 30 normal women were sequenced. Despite a

similar number in abundantly expressed miRNAs across

samples, we detected varying miRNA expression profiles.

Some miRNAs showed inconsistent or opposite dysregu-

lation trends across different tumor tissues, including some

abundantly expressed miRNA gene clusters and gene

families. Wilcoxon sign-rank test for paired samples

analysis revealed that abnormal miRNAs showed a higher

level of variation across the seven tumor samples. We also

completely surveyed abnormal miRNAs expressed in

tumor and serum tissues in the mixed datasets based on the

relative expression levels. Most of these miRNAs were

significantly down-regulated in tumor samples, but nine

abnormal miRNAs (miR-18a, 19a, 20a, 30a, 103b, 126,

126*, 192, 1287) were consistently expressed in tumor

tissues and serum samples. Based on experimentally vali-

dated target mRNAs, functional enrichment analysis

indicated that these abnormal miRNAs and miRNA groups

(miRNA gene clusters and gene families) have important

roles in multiple biological processes. Dynamic miRNA

expression profiles, various abnormal miRNA profiles and

complexity of the miRNA regulatory network reveal that

the miRNA expression profile is a potential biomarker for

classifying or detecting human disease.

Keywords MicroRNA (miRNA) � Breast cancer �
miRNA profile

Introduction

MicroRNAs (miRNAs), *22 nt in length, negatively reg-

ulate gene expression at the post-transcriptional and/or

translation levels [1]. The small ncRNAs are well-con-

served phylogenetically and have similar roles in the

development of diverse species [2–4]. They have critical

roles in various biological processes, such as cell develop-

ment, differentiation, proliferation, apoptosis and metabo-

lism [5], and can even influence specific human diseases,

including various cancers. Some miRNAs are located at

fragile sites or genomic regions, and are prone to be aber-

rantly expressed in cancers due to frequent deletion or

amplification [6]. The dysregulation is mainly from nucle-

otide deletion, mutation and methylation of miRNA genes

in human disease [6]. A series of miRNAs have been

characterized as potential tumor suppressors or oncomiRs
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[7, 8]. Many of them are differentially expressed between

normal and tumor tissues, and have potential biological

roles in the occurrence and development of cancer. The

small RNAs are quite stable and are not degraded, and

emerging evidence suggests that the small RNAs may be

potential biomarkers, especially for circulating miRNAs.

Some miRNAs were identified to be associated with human

tumors, such as ovarian cancer and colon cancer [9–11].

Thus, miRNA expression profile can classify different

human cancers [12].

In recent decades, miRNAs have been involved in the

study of the human diseases, including breast cancer (BC)

[13–24]. By applying miRNA microarrays and high-

throughput sequencing technologies, several miRNAs are

reportedly associated with BC. Dysregulation of miR-210

is correlated with tumor aggressiveness and poor prognosis

[24], and miR-355 inhibits tumor reinitiation [25]. How-

ever, these studies have always implicated a single miRNA

or few miRNAs in breast cancer. Here, we attempted to

investigate miRNA expression profiles by applying high-

throughput sequencing technology in paired tumor tissues

and adjacent normal tissues from patients with breast

cancer, and in pooled normal and tumor serum samples.

Differentially expressed miRNA profiles based on each

control were obtained and subjected to comparative anal-

ysis, especially between the seven paired tumor and adja-

cent normal tissues, and between tissue and serum samples.

In addition, we also estimated differentially expressed

miRNA species based on sequencing datasets of single

paired samples and mixed datasets of samples.

Materials and methods

Sample collection and small RNA library preparation

7 paired tumor and adjacent normal tissues from seven

patients with breast cancer were obtained. Serum samples

from 20 patients and 30 normal women were collected.

Due to less serum samples from patients, these rare sam-

ples were equally pooled as another two tumor samples and

three normal samples (each pooled serum sample contained

10 samples) (Table S1). The institutional review board of

Nanjing Medical University approved this study. Written

informed consent was obtained from each participant or

representative prior to tissue acquisition.

Total RNA was extracted from samples using TRIzol

(Invitrogen). Small RNAs were then isolated using mir-

VanaTM miRNA Isolation Kit (Ambion) and purified using

Small RNA Expression Kit (Life Technologies). Purified

small RNAs were then used to construct a small RNA

library to be used for sequencing using the SOLiDTM

sequencing platform (ABI, Life Technology).

SOLiD sequencing and small RNA analysis

SOLiD sequencing was conducted at the State Key Labo-

ratory of Bioelectronics, School of Biological Science and

Medical Engineering, Southeast University, China. Expres-

sed miRNAs were comprehensively searched using SOLiD

miRNA analysis pipeline (http://SOLiDsoftwaretools.com/

gf/project/srna/). The pipeline included three steps: (1) filter

other human non-coding RNAs (ncRNAs, including tRNAs,

rRNAs, snoRNAs, etc.), (2) detect human known miRNAs

based on known pre-miRNAs from the miRBase database

(Release 16.0, http://www.mirbase.org/), and (3) discover

novel candidate miRNAs based on the human genome

sequence.

The final relative expression levels of miRNAs were

determined by normalization with the total reads of all the

expressed miRNAs in the sample. To comprehensively

search for differentially expressed miRNA species and

filter out those miRNAs with lower expression levels, fold

change values were estimated by adding an additional and

given low number (1 sequence counts), respectively. In

order to estimate miRNA expression profiles more accu-

rately, we only collected those miRNAs with at least

0.30 % relative expression levels in a sample.

Assessment of miRNA profiles and functional

enrichment analysis

To characterize the differentially expressed miRNA pro-

files in BC, we also analyzed the miRNAs at the single

dataset and mixed dataset levels based on the original

sequence counts and relative expression levels, respec-

tively. The mixed datasets were similar to equally pooled

samples, based on relative expression levels. Different

methods were used to assess miRNA expression profiles to

help select and correct the estimation method. For example,

for the breast cancer samples and their adjacent normal

tissues, sequencing datasets of seven cancer samples and

adjacent normal tissues were mixed as a larger tumor

dataset and as an adjacent normal tissue dataset based on

the relative expression levels, respectively.

miRNAs are prone to be clustered on chromosomes

(miRNA gene cluster), and some miRNAs are composed of

miRNA gene family with similar sequences. These special

miRNAs may have close functional relationships by co-

regulating biological processes. Therefore, in the study, we

also surveyed some abundantly expressed miRNA gene

clusters and gene families, and further investigated their

expression patterns and potential functional relationship.

For those aberrantly expressed miRNAs in tumor

tissues, further functional enrichment analysis was per-

formed using CapitalBio Molecule Annotation System

V4.0 (MAS, http://bioinfo.capitalbio.com/mas3/) based on

2176 Mol Biol Rep (2013) 40:2175–2186

123

http://SOLiDsoftwaretools.com/gf/project/srna/
http://SOLiDsoftwaretools.com/gf/project/srna/
http://www.mirbase.org/
http://bioinfo.capitalbio.com/mas3/


their known experimentally validated target mRNAs in the

miRTarBase database[26].

Statistical analysis

Hierarchical clustering analysis was performed using

Cluster 3.0 program, and the results were visualized with

the TreeView 1.60 program [27, 28]. Both the two soft-

wares were obtained from http://rana.lbl.gov/eisen. Wil-

coxon sign-rank test for paired samples was used to

identify differentially expressed miRNA profiles between

paired tumor and adjacent normal tissues. The association

between miRNA species with aberrant expression and

breast cancer was evaluated by principal component anal-

ysis (PCA). The scatter-plot matrix was drawn by using the

‘‘car’’ package in R. We used the top principal components

(PCs) explaining at least 80 % of the total variation to

discriminate tumor and normal controls. Receiver Operat-

ing Characteristic (ROC) curves were applied to evaluate

the discriminant ability of PCA. All the analyses were

performed using Statistical Analysis System software

(Version 9.1.3, SAS Institute, NC) and R. A P value\0.05

was considered statistically significant, and all tests of

significance were two-tailed.

Results

Overview of miRNA expression profiles

There were 34–56 (45.90 ± 6.40) abundantly expressed

miRNA species in all samples, and significant differences

were detected between tissue and serum samples (tissue

samples: 43.43 ± 5.29, serum samples: 52.80 ± 3.56,

P \ 0.05) (Table S1). No significant difference was

detected between tumor and adjacent normal tissues

(P = 0.75). Generally, several miRNA species were quite

abundantly expressed in vivo, while others were always

expressed at lower levels (Figure S1). However, although

similar expression patterns were detected across samples,

the relative expression profiles vary. For example, in the

tumor tissue of patient 3, let-7b was the most abundantly

expressed miRNA species with a 22.45 % relative

expression level, while in the tumor tissue of patient 5,

miR-23a was the most abundant miRNA with a 12.41 %

relative expression level. Despite the detected miRNAs

showing large divergence across different samples, they

always shared nearly half or more common miRNA species

between each paired tumor and adjacent normal samples

(Figure S2). Furthermore, we also collected those miRNAs

with higher relative expression levels (more than 1.00 % in

a sample) to characterize their distribution patterns across

different samples. 10–26 miRNA species were detected in

a specific sample, but a total of 74 miRNAs were detected

in all samples (Fig. 1). These samples showed varying

expression profiles of abundantly expressed miRNAs.

A larger level of divergence was detected between seven

tumor tissues and seven adjacent normal tissues (Fig. 1).

No significant difference was detected between the total

numbers of abundantly expressed miRNAs in tumor and

adjacent normal samples (P = 0.72).

Moreover, we also mixed samples of the same origin

based on their original sequence counts and relative expres-

sion levels. Thus, the four experimental samples include

tumor tissue sample, adjacent normal tissue sample, serum

tumor, and normal serum samples. Compared to the miRNA

profile of single samples, mixed samples indicated similar

abundant miRNA populations despite the involvement of

different miRNA species. Different methods of combining

datasets also led to similar profile of abundantly expressed

miRNAs. Similar to what was observed using single sam-

ples, a highly variant miRNA profiles across the mixed four

samples were also detected based on the mixed datasets of

original sequence counts (Figure S3A). Most of these miR-

NAs were ‘‘private miRNAs’’ or shared by 1–3 mixed

samples. For the miRNA species that were commonly

expressed, their expression pattern in tissue and serum tumor

was variable (Figure S3B). For example, let-7a was down-

regulated in tissue and serum tumor samples. On the other

hand, miR-191 was significantly up-regulated in tumor tis-

sue, whereas it was significantly down-regulated in serum

tumor.

Differentially expressed miRNAs in breast cancer

tissues

Among the set of abundant miRNAs, aberrantly expressed

miRNAs were then determined based on adjacent normal

tissue in each patient. A miRNA was considered to be

significantly dysregulated if the fold change (log2) was

more than 2.0 or less than -2.0. Based on this criterion,

various differentially expressed miRNA populations were

obtained in the seven tumor tissues, and the expression

profiles of these miRNAs across the tissue samples were

inconsistent in spite of all seven patients being diagnosed

with the same pathology (breast cancer) (Table S2). The

significantly dysregulated miRNAs (from 8 to 58) exhib-

ited up-regulation or down-regulation patterns. Of these

seven paired samples, rare dysregulated miRNAs were

found, and most of them were private miRNAs (Figure S4;

Table S2). Only three commonly up-regulated miRNAs

(miR-192, 223 and 451) were identified in three tumor

tissue samples, whereas others were always shared by two

tumor tissue samples, including 12 up-regulated and 10

down-regulated miRNA species (Figure S4). Strikingly,

miR-150 showed an inconsistent trend of dysregulation
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Fig. 1 Distribution patterns across different samples based on

abundantly expressed miRNAs. These miRNAs have higher relative

expression levels (more than 1.00 % at least in a sample). A total of

74 miRNAs are shown in the figure. These miRNAs exhibited a

dynamic expression distribution across different samples. Pn-T:

indicates tumor sample from patient 1 to 7 (in red background);

Pn-N: indicates adjacent normal sample from patient 1 to 7 (in blue
background); Sn-T: indicates tumor serum samples (in yellow
background); Sn-N: indicates normal serum samples (in green
background). (Color figure online)
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across samples. It was up-regulated in two tumor tissues,

whereas it was down-regulated in another two tumor tis-

sues (Figure S4). Moreover, we also found that another 18

miRNAs were shared by up-regulated and down-regulated

miRNA populations (Figure S4; Table S2).

A hierarchical clustering analysis was performed on all

of the listed miRNAs in Figure S4. The result revealed

various expression patterns across different samples

(Fig. 2), despite these samples originating from patients

with the same pathology (breast cancer). Although these

miRNAs might be dysregulated between some paired

samples, the average fold changes (log2) were moderate

and variable (Fig. 2). Most of these miRNAs that we

identified to be dysregulated did not show a significant

dysregulated trend. The average fold change values of 4

miRNAs (miR-145, 130b, 192 and 223) were more than

1.5, while only one miRNA (miR-103b) was less than -1.5

(Fig. 2).

For the seven paired tumor and adjacent normal samples,

the aberrantly expressed miRNAs were identified from

abundantly expressed miRNAs using the Wilcoxon sign-

rank test for paired samples. 23 miRNAs were characterized

as aberrantly expressed miRNA species, but 15 of them were

down-regulated in breast cancer samples. These abnormal

miRNAs showed larger levels of variation (Table 1). If the

samples with similar origins were mixed based on their

original sequence counts and relative expression levels,

aberrantly expressed miRNA profiles showed high incon-

sistency in expression (Tables 1, S3). The different estima-

tion methods resulted in variable differentially expressed

miRNA profiles.

Principal component analyses (PCA) suggested that the

top principle components of several miRNAs (miR-30a, 145,

223, 130b and 192) could distinguish tumor samples from

normal samples based on seven paired tumor and adjacent

normal samples (Fig. 3a). Further, we also analyzed the nine

Fig. 2 Hierarchical clustering of miRNA expression. All of these

miRNAs were listed in Fig. 1, and were detected to be abundantly

expressed in at least two patients. miRNA expression levels are

shown in a spectrum with red indicating up-regulation and green
indicating down-regulation. P1-7 indicates tumor and normal adjacent

samples from the seven patients. Each paired samples showed

differentially expression miRNA profiles. The average fold changes

(log2) are presented on the right. Dysregulated miRNAs are

highlighted in red (up-regulation) and green (down-regulation)

background. (Color figure online)

Table 1 Aberrantly expressed miRNAs in breast cancer based on the

adjacent normal tissues by Wilcoxon sign-rank test for paired samples

(n = 7)

miRNAs Mean ± SD log2

(fold change value)

P value

let-7b -0.59 ± 1.13 0.03

let-7g 0.02 ± 1.09 0.00

let-7i 0.59 ± 3.20 0.00

miR-100 -0.83 ± 1.39 0.00

miR-141 -0.32 ± 1.95 0.00

miR-143 -0.02 ± 1.65 0.00

miR-145 1.45 ± 1.29 0.00

miR-146a 0.54 ± 2.62 0.00

miR-148a -1.09 ± 1.32 0.00

miR-17 -0.46 ± 1.53 0.00

miR-181b -0.14 ± 0.89 0.00

miR-181c -1.45 ± 2.31 0.00

miR-1975 0.34 ± 0.66 0.00

miR-19b -0.58 ± 2.34 0.00

miR-200c 0.74 ± 1.52 0.00

miR-20a -1.18 ± 1.86 0.00

miR-22 0.38 ± 1.80 0.00

miR-23a 0.17 ± 1.81 0.02

miR-23b 0.11 ± 1.40 0.00

miR-26a -0.73 ± 1.81 0.00

miR-30d 0.02 ± 1.99 0.00

miR-320a -0.43 ± 1.59 0.02

miR-342-3p 0.88 ± 2.62 0.02

miR-423-5p -0.81 ± 2.28 0.00

miR-451 0.86 ± 2.56 0.02

miR-99a -0.08 ± 2.13 0.02

These miRNAs are abundantly expressed ([1.00 %)

Mol Biol Rep (2013) 40:2175–2186 2179

123



miRNAs (miR-18a, 19a, 20a, 30a, 103b, 126, 126*, 192,

1287) in the 19 samples (including serum samples).

Although Tumor and normal samples were not separated

completely as well as in the 14 samples, it is worth noting that

most were separated (Fig. 3b). ROC curves indicated that

these miRNA species can discriminate breast cancer samples

from normal samples (Fig. 3c).

Abnormal miRNAs in tissue and serum samples

Here, seven paired tumor and adjacent normal tissue sam-

ples, five pooled serum tumor and control samples (each

sample was obtained from 10 patients or 10 normal women)

were sequenced. miRNA profiles showed various patterns

due to individual differences, especially for differentially

expressed miRNA profiles (Figure S2; Table S2). To avoid

the influence of inconsistent miRNA profiles, we mixed

samples with similar origins based on their relative

expression levels to survey aberrantly expressed miRNAs

between tumor tissue and serum samples. In the set of

abundantly expressed miRNAs, 28 miRNAs were dysreg-

ulated in tumor tissues or serum samples (Table 2). They

always showed a consistent trend in expression levels and

most of them (20 miRNAs) were consistently down-regu-

lated. Only nine miRNAs (miR-18a, 19a, 20a, 30a, 103b,

126, 126*, 192, 1287) showed consistent dysregulation

patterns between tumor tissues and tumor sera samples

(Table 2). Interestingly, of these consistently dysregulated

miRNAs, only miR-192 was up-regulated in tumor samples,

while others were down-regulated. Except for miR-103b

and miR-192, other aberrantly expressed miRNAs were

registered in the miRWalk database (http://www.umm.uni-

heidelberg.de/apps/zmf/mirwalk/) [29] as miRNAs associ-

ated with human breast neoplasms. However, miR-103 was

correlated with mouse breast neoplasms.

Aberrantly expressed miRNAs were subjected further to

pathway analysis using the miRTarBase database. mRNAs

were included in the analysis if they were regulated by at

least two abnormal miRNAs. The analysis revealed that the

putative target mRNAs may contribute to multiple bio-

logical processes including MAPK signaling pathway,

TGF-beta signaling pathway, ErbB signaling pathway, p53

signaling pathway, and occurrence and development of

some cancers [e.g. Chronic myeloid leukemia, Bladder

cancer, Pancreatic cancer, etc. (Table S4)]. These results

suggest that these abnormally regulated miRNAs have

important biological roles in multiple signaling pathways.

miRNA gene clusters/gene families associated

with breast cancer

According to the viewpoint that several miRNAs can

co-regulate or co-contribute to complex biological

processes, we also collected some abundantly expressed

miRNA gene clusters and gene families to further charac-

terize their potential expression and functional relation-

ships. These clustered and homologous miRNAs with close

functional relationships were analyzed as a special miRNA

group. We selected let-7, miR-23, 30, 221 gene families,

and miR-221, 23a, 30b and 143 gene clusters for further

analysis to be able to understand the potential functional

implication of miRNA groups (miR-221 and miR-222 were

clustered in a gene cluster, and they both belong in the miR-

221 gene family). Certain miRNAs are included in multiple

miRNA gene clusters or gene families. For example, miR-

23a is a member of the miR-23a gene cluster and the miR-

23 gene family. These miRNA groups showed a dynamic

expression pattern across the 19 samples based on their

relative expression levels, especially for the let-7 gene

family (Fig. 4a). The let-7 group exhibited more than 50 %

expression in adjacent normal sample of patient 3, while it

was rarely expressed in other samples (less than 5 %).

Differential expression analysis based on each adjacent

normal sample also showed various miRNA expression

patterns in the seven patients, showing an inconsistent dys-

regulation trend. For example, with the miR-23 and miR-30

gene families, the miR-30b gene cluster exhibited a variable

trend in dysregulation (Fig. 4b). According to the average

fold change (log2), although most of these miRNAs showed

consistent expression patterns, the opposite trends were also

detected between tissue and serum tumor samples, especially

for let-7 and miR-30 gene families, and miR-30b gene cluster

(Fig. 4c). Similar to the single abnormally expressed miR-

NAs, these abnormally expressed miRNA groups may also

contribute to various biological processes, including p53

signaling pathway, Wnt signaling pathway, MAPK signaling

pathway and some cancers, based on their experimentally

validated target mRNAs (Table S5).

Discussion

Dynamic miRNA expression profiles across different

samples

Analysis of miRNA profiles revealed dynamic expression

patterns across different samples, including tissue and serum

samples (Figs. 1, S1). This may be derived from the spatial/

temporal expression of miRNAs and individual differences.

Based on the profile of abundantly expressed miRNAs, the

number of miRNAs expressed was similar and no significant

difference was detected between samples, despite of the

serum samples containing a higher proportion of the abun-

dant miRNA species (Table S1). Indeed, expression analysis

suggested an expression bias based on the relative expres-

sion level. Several miRNA species had higher expression

2180 Mol Biol Rep (2013) 40:2175–2186

123

http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/
http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/


Fig. 3 PCA and ROC curves

based on the selected miRNAs.

a Scatter-plot matrix of the top

three principal components

(PCs) using the five miRNAs

(miR-30a, 145, 223, 130b, 192)

in 14 samples from seven

patients (the seven paired tumor

and adjacent normal samples).

b Scatter-plot matrix of the top

three PCs using the nine

miRNAs (miR-18a, 19a, 20a,

30a, 103b, 126, 126*, 192,

1287) in 19 samples, including

another 5 mixed serum samples.

c The AUC of discriminate

models use the three top PCs

can explain 100 % (5 miRNAs

in 14 samples) and 82.22 % (9

miRNAs in 19 samples) of the

total variation
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levels, while others were rarely detected (Figure S1). These

abundant miRNAs showed inconsistent expression across

different samples. The large variation in expression might

be derived from difference in original sequence counts,

influenced by polymerase chain reaction (PCR) amplifica-

tion through sample preparation. The higher sensitivity and

high-throughput sequencing datasets from deep sequencing

technology also contributed to the large variation, but the

larger expression difference still implicated expression bias

between different miRNA species (Figure S1). Except for a

series of abundantly expressed miRNAs, the rest were

expressed at lower expression levels. This difference in the

level of expression possibly indicates essential biological

roles of the abundant miRNAs in organisms.

We also further characterized the distribution of abun-

dantly expressed miRNA populations (more than 1 %) in all

samples. Variable expression patterns of several miRNAs

were observed despite most of them being present at similar

numbers (Fig. 1). Except for let-7b which was abundantly

expressed in all samples, others showed variable expression

patterns across different samples. For example, let-7a was

highly expressed in most of the samples, while miR-100 was

only highly expressed in the adjacent normal sample of patient

2. About 20 miRNAs (19.30 ± 4.07) were characterized as

abundant miRNAs in a single sample, but a total of 74 miR-

NAs were abundantly expressed in all samples. The results

revealed various miRNA profiles with less common miRNAs,

especially those miRNAs that were detected in all samples

(only let-7b was predominantly expressed in all samples).

Most of these miRNAs were expressed in several samples, or

as private miRNAs expressed in a specific sample (Fig. 1).

Although abundant miRNAs were defined arbitrarily, the

results still revealed that rare miRNAs were shared by dif-

ferent samples or individuals, and a specific individual or

sample had a private profile of abundant miRNAs. However,

miRNA profiles between tumor samples and the adjacent

normal tissue from the same patient exhibited high similarity.

For example, each paired tumor and adjacent normal samples

shared nearly half or more abundant miRNAs, although some

miRNAs were abnormally expressed (Figure S2). When these

samples were grouped into 4 experimental groups according

to their origin, the same dynamic and variable distribution

patterns were detected across samples (Figs. 1, S2, S3).

Tumor and normal tissue samples were separated by the

PCA analysis using selected several miRNAs (Fig. 3). How-

ever, PCA based on the abundantly expressed miRNAs could

not completely separate the tumor and normal samples (Figure

S5). These results indicate that it may be difficult to separate

tumor samples from normal samples based on miRNA

expression profiles, but that a few specific miRNAs could

clearly distinguish tumor from normal samples. Although

PCA analysis based on miRNA expression profiles did not

separate tumor and normal samples, the complexity of inter-

action and functional relationships between miRNAs may be

more revealing. It is not enough to assess tumor samples using

PCA analysis based on the complexity of miRNAs. Indeed,

many studies have reported that a single miRNA or some

special miRNAs could serve as potential biomarkers to

identify or classify human diseases. However, the interaction

of miRNA and its target mRNA is quite complex. Generally, a

biological pathway will involve a set of specific miRNAs, and

a specific miRNA will target multiple mRNAs. More impor-

tantly, the interaction between miRNAs should be not ignored

such as endogenous sense/antisense miRNAs [30–34].

Therefore, a specific miRNA or a set of few miRNAs

might not be suitable biomarkers to classify human diseases,

given the dynamic and highly variable miRNA expression

profiles. Based on the complexity of interaction and potential

functional relationships between miRNAs, comprehensive

miRNA profiles, especially for abundantly expressed and

Table 2 miRNA profiling in tissue and serum samples based on

mixed datasets of relative expression levels

miRNAs log2

(fold change value)

(tissue samples)

log2

(fold change value)

(serum samples)

let-7a -0.01 -2.16

let-7d -0.24 -3.68

let-7e -0.32 -3.08

miR-18a -1.48 -4.84

miR-19b -1.58 -3.94

miR-20a -1.46 -3.92

miR-22 0.08 2.04

miR-27b -0.41 2.00

miR-30a -1.47 -3.05

miR-30d -0.87 -3.44

miR-93 0.45 -3.05

miR-103b -4.53 -7.58

miR-124 2.40 0.94

miR-126 -1.68 -4.21

miR-126* -2.47 -3.64

miR-130a 1.00 -3.81

miR-181c -0.79 -3.43

miR-188-5p -7.36 -0.74

miR-192 3.48 1.50

miR-210 2.45 0.67

miR-223 2.51 1.18

miR-342-3p 2.92 -0.27

miR-375 -0.22 2.00

miR-376c -0.84 -3.86

miR-708 1.31 -3.88

miR-891a 0.72 -5.67

miR-1287 -7.72 -1.88

miR-4303 1.38 -5.36
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functional miRNAs, may serve as a potential biomarker

(discussed below).

Diversity of differentially expressed miRNAs

Similar to the variation observed across miRNA profiles,

abnormally expressed miRNAs also showed dynamic

expression patterns (Fig. 2; Tables 1, 2, S2, S3). For exam-

ple, seven tumor tissues showed inconsistent expression of

abnormal miRNA populations, in spite of these seven sam-

ples originating from the same disease diagnosis (breast

cancer). Only three abnormal miRNAs were shared by three

patients, and about 10 were shared by two patients (Figure

S4). Some abnormal miRNAs also showed inconsistent

Fig. 4 Dynamic expression

patterns of several miRNA gene

clusters and gene families.

a Expression patterns across

different samples based on

relative expression levels. P1-7

indicates tumor (T) and normal

adjacent samples (N) from the

seven patients. S1-5 indicates

tumor (T) and normal serum

samples (N). These miRNA

groups exhibited various

expression patterns. miR-221

and miR-222 are clustered in a

gene cluster, and both comprise

the miR-221 gene family.

b Fold change values of each

paired tumor and adjacent

normal samples were estimated

after taking the logarithm in

seven patients. Some miRNA

gene clusters and gene families

showed inconsistent

dysregulation trends.

c Dysregulation trends were

estimated according to the

average fold change values in

tissue and serum samples. Many

of these miRNAs showed

consistent expression trends
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up-regulation or down-regulation (Figure S4). Hierarchical

clustering analysis also indicated that aberrantly expressed

miRNAs showed larger differences across different samples

(Fig. 2a). Most of these miRNAs (at least in a sample)

characterized to be abnormal were classified as moderate

miRNAs with stable expression (Fig. 2b). Wilcoxon sign-

rank test for paired samples results indicated the widespread

larger standard deviation (Table 1), which demonstrated the

larger divergence among the seven patients. This was

probably due to the dynamic or inconsistent dysregulation

trends, especially for those exhibiting an opposite pattern of

dysregulation (Fig. 2; Tables 1, 2, S2, S3). Individual dif-

ferences across samples and higher sensitivity of deep

sequencing technology also largely contributed to the

expression divergence. Moreover, miRNA expression is

time-specific and/or tissue-specific which also largely con-

tributes to the dynamic miRNA expression profiles. For these

reasons, it is difficult to obtain a consistent trend of dysreg-

ulation in miRNAs of patients with breast cancer. In fact,

some miRNAs exhibited an opposite dysregulation pattern

across different patients (discussed below).

Specific circulating miRNAs have attracted attention for

their specific characteristics as potential non-invasive bio-

markers in various human diseases. In the study, some

equally pooled serum samples were also used to further

understand the potential relationship between tissue and

serum samples. Due to the small amount of serum samples

available, we sequenced small RNAs using equally pooled

serum samples from 10 patients and 10 normal women

(Table S1). Compared to the single sample analysis, using

mixed samples might mask the dynamic expression of

miRNAs to some extent, especially for those miRNAs with

opposite expression trends. Here, we also surveyed abnor-

mal miRNAs in tumor tissues using mixed datasets based on

relative expression levels, which was similar to equally

pooled samples. Inconsistent expression patterns led to

various aberrantly expressed miRNA populations based on

analysis of mixed datasets (Figure S3; Table S3). We also

obtained abnormal miRNAs in tissues and serum samples

with BC based on mixed datasets. Interestingly, compared to

normal samples, most of these miRNAs were down-regu-

lated in tumor samples (Table 2). 9 miRNAs showed con-

sistent dysregulation patterns in tissue and serum samples,

and only miR-192 was up-regulated (Table 2). Although

these samples were obtained from different patients, the

abnormal expression of some miRNAs was consistent

between tumor tissues and serum samples, suggesting that a

serum-based biomarker may be feasible in detecting human

disease. Indeed, abundantly expressed miRNA profiles were

similar between tumor and adjacent normal samples from

the same individual (Figure S2). The close relationship

between tumor and serum samples supported that serum

miRNAs can be potential biomarker for diagnosing human

disease. Based on experimentally validated target mRNAs,

all of these abnormal miRNAs contribute to multiple bio-

logical processes and to the occurrence and development of

human diseases (Table S4). Almost all the abnormal miR-

NAs have been registered in the miRWalk database as target

miRNAs in breast cancer, and they may contribute to mul-

tiple biological processes, including some human diseases

(Table S4). However, the regulatory network of miRNAs

are more complex than we thought and therefore, we further

analyzed some abundantly expressed miRNA gene clusters

and gene families.

Based on the expression profiles of the abundantly

expressed miRNA gene clusters and gene families, these

miRNA groups showed higher levels of expression. They

also exhibited various expression and dysregulation patterns

with possible biological implications (Fig. 4; Table S5).

Although a series of miRNAs are co-transcribed in a gene

cluster or homologous members in a gene family, the

members showed inconsistent expression patterns in each

sample (data not shown) [35, 36]. The dynamic expression

pattern is mainly derived from the complexity of the degra-

dation mechanism, such as variations in the half-life. With

co-regulation of or co-contribution in biological processes,

the special expression pattern may reveal functional impli-

cation. Indeed, most studies often survey and validate dif-

ferentially expressed miRNA gene clusters and gene families

in various human diseases, especially for human cancers, e.g.

miR-17-92 gene cluster in several cancers [37–39]. In the

study, as expected, some miRNA groups showed dysregu-

lation patterns in tumor samples (Fig. 4). Similar to the

findings from analysis of single abnormal miRNAs, these

miRNA groups also have multiple biological roles (Table

S5). This study not only revealed close functional relation-

ships across miRNAs, but also the complexity of its regu-

latory network based on the various expression patterns.

miRNA profiles: more reasonable potential biomarker?

Generally, miRNAs may have multiple target mRNAs and

could play crucial roles in various biological processes.

Moreover, most mRNAs are regulated by more than one

miRNA [40]. For example, miR-124 contributes to the

development of nervous system [41], and has been identi-

fied to have 150 experimentally validated human target

mRNAs according to the miRTarBase database [26].

Clustered miRNAs on special genomic regions, possibly

co-transcribed from genomic DNA sequence, co-regulate

biological processes. The coordinated regulation patterns

can be extended to members in a miRNA gene family, such

as the miR-17-92 gene cluster and the miR-17 gene family

[38, 39]. Although many miRNAs have been identified as

aberrantly expressed in cancers, it is difficult to characterize

tumor-specific miRNAs because most miRNAs have crucial
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and multiple roles in essential biological processes, such as

cell development, differentiation, proliferation, apoptosis

and metabolism [5]. Indeed, accumulating reports suggest

that a series of special miRNAs based on miRNA gene

cluster and gene family contribute to tumourigenesis.

However, given the complexity of regulatory network of

miRNAs, analysis at the single miRNA level or through a

series of special miRNAs is not enough to elucidate path-

ological processes in a complex organism. It is essential that

we should consider the potential interaction between dif-

ferent miRNAs, including their co-regulation. Although a

specific miRNA is dysregulated, other miRNAs might

perform similar biological roles. This redundancy and

complexity in miRNA regulation makes it difficult to draw

conclusions from studies based on a specific miRNA or a

series of miRNAs. Indeed, in this study, a dynamic

expression pattern was observed across different samples.

Some miRNAs might show inconsistent dysregulation

patterns due to individual differences (Figs. 2, S3, S4).

Collectively, the miRNA expression profiles vary across

different individuals. Individual difference largely contrib-

utes to the diversity of miRNA expression profiles. Equally

pooled samples, especially limited serum or plasma samples

from patients, have been used to detect differentially

expressed miRNA profiles and miRNAs associated with

human diseases. The method can identify abnormal miR-

NAs, but cannot reveal individual differences. For example,

those miRNAs with opposite dysregulation trends would be

regarded as stable miRNAs. However, generally, each bio-

logical process which involves multiple and complex regu-

latory networks employs many miRNAs. Some miRNAs,

including miRNA gene clusters and gene families, may co-

regulate or co-contribute to biological processes. Many

abnormal miRNAs had been identified in patients with breast

cancer: down-regulated miRNAs include miR-31, 125b,

145, 200c and 342; up-regulated miRNAs include miR-10b,

21, 27a, 221 and 222 [13–20] (Table S6). Indeed, more

miRNAs associated with breast cancer have been identified

using experimental validation. Here, we also obtained

abnormal miRNA profiles, including some novel aberrantly

expressed miRNA species in BC. The main reason is derived

from high sensitivity of deep sequencing, and especially the

study is simultaneously involved in the tissue and serum

samples. The aberrant expression of miRNAs might be a

potential biomarker combined with pathological data.

According to the results of the study, we also validated that

miR-222 was significantly increased in the serum through

further validation using larger samples [23]. However, as

discussed above, these validated abnormal miRNAs should

not singly contribute to the occurrence and development of

breast cancer, whereas they may co-contribute or regulate

multiple biological processes underlying breast cancer. For

example, a series of miRNAs, including some miRNA gene

clusters and gene families (e.g. miR-221 gene cluster and

gene family), have been reported as potential biomarkers to

classify human diseases. Serum miRNA expression profile

(7 miRNAs) has high sensitivity and specificity for distin-

guishing various stages of pancreatic cancer [42].

Taken together, miRNA profiles, especially for those

abundantly expressed miRNA profiles, should be a better

potential biomarker than a single miRNA or several related

miRNAs. Based on the close relationships of miRNAs in

tumor tissues and serum samples, it may be possible to

diagnose breast cancer through the miRNA expression

profile using chip inspection in the future. The diagnosis

method can be further extended to other human diseases.
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