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ABSTRACT
Small non-coding RNAs (sncRNAs) represent a heterogeneous group of <200nt-

long transcripts comprising microRNAs, PIWI-interacting RNAs (piRNAs) and small-
nucleolar-RNAs (snoRNAs) involved in physiological and pathological processes such 
as carcinogenesis and tumor progression. Aberrant sncRNA expression in cancer 
has been associated with specific clinical phenotypes, grading, staging, metastases 
development and resistance to therapy.

Aim of the present work is to study the role of sncRNAs in endometrial 
carcinogenesis. Changes in sncRNA expression were identified by high-throughput 
genomic analysis of paired normal, hyperplastic and cancerous endometrial 
tissues obtained by endometrial biopsies (n = 10). Using smallRNA sequencing 
and microarrays we identified significant differences in sncRNA expression pattern 
between normal, hyperplastic and neoplastic endometrium. This led to the definition 
of a sncRNA signature (129 microRNAs, 2 of which not previously described, 10 
piRNAs and 3 snoRNAs) of neoplastic transformation. Functional bioinformatics 
analysis identified as downstream targets multiple signaling pathways potentially 
involved in the hyperplastic and neoplastic tissue responses, including Wnt/β-catenin, 
and ERK/MAPK and TGF-β-Signaling.

Considering the regulatory role of sncRNAs, this newly identified sncRNA 
signature is likely to reflect the events leading to endometrial cancer, which can be 
exploited to dissect the carcinogenic process including novel biomarkers for early and 
non-invasive diagnosis of these tumors.

BACKGROUND

More than 80% of the human genome can be 
transcribed into RNA during homeostatic or disease-

driven cellular responses. However, less than 2% of the 
human transcriptome is ultimately translated into proteins. 
The vast, untranslated fraction of the transcriptome 
includes a remarkable number of functional non-coding 
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RNAs (ncRNAs) [1], comprising the so-called “small 
non-coding RNAs” (sncRNAs), made up of less than 200 
nt. Four major groups of functional sncRNAs have been 
so far identified in mammals: micro- (miRNAs), PIWI-
interacting- (piRNAs), small nucleolar- (snoRNAs) and 
endogenous small interfering- (endo-siRNAs) RNAs 
[2–5]. sncRNAs can exert large-scale and diverse effects 
on cellular processes by regulating gene expression, 
protein translation, and genomic organization. The 
best characterized sncRNAs so far are miRNAs (19–25 
nt), known to be involved in post-transcriptional gene 
expression regulation by inducing mRNA degradation 
or translation inhibition. To date, more than 2000 human 
miRNAs have been identified, which are estimated to 
regulate more than 60% of coding genes [6]. Aberrant 
expression of miRNAs has been implied in numerous 
diseases, and miRNA-based therapies are in advanced 
stages of clinical trials or just starting entering clinic [7]. 
The sncRNA class defined as piRNAs have been linked 
to epigenetic and post-transcriptional gene silencing of 
retrotransposons and other genetic elements. They differ 
from miRNAs for size (26–31 nt vs. 19–25 nt), lack of 
sequence conservation and increased complexity [8]. 
Initial data indicated that PIWI proteins, with whom 
piRNA interact, had only germline-restricted functions 
but subsequent research expanded the role of these 
proteins in somatic tissues. Ectopic and over-expression 
of HIWIs (the human PIWI proteins) has been associated 
with several cancer types [9–12], and inhibition of HIWI 
expression can stop cancer cell growth [11]. Moreover, an 
emerging number of studies highlight the role of piRNAs 
or PIWI proteins in the regulation of tumorigenesis. Cheng 
et al. [13] demonstrated increased expression of piR-651 
in gastric, colon, lung, and breast cancer tissues compared 
to normal adjacent tissues and down-regulation of piR-
823 in gastric cancer tissues compared to normal tissues, 
suggesting its potential tumor suppressive role [13, 14]. 
Recently, Rizzo et al. [15] described cell cycle phase-
specific piRNA regulation in regenerating liver, linked to 
regulation of growth-related genes, suggesting a role of 
these sncRNAs in growth control while Hashim et al. [16] 
showed evidence of an active piRNA pathway in breast 
cancer.

The last class of sncRNA, denominated snoRNAs, 
are involved in processing and modification of other 
RNAs, such as ribosomal and small nuclear spliceosomal 
RNAs. snoRNAs can be divided into two major structural 
classes, antisense box C/D and box H/ACA snoRNAs, 
based on the presence of short consensus sequence 
motifs. Most members of the two snoRNA classes guide 
the 2′-O-ribose methylations and pseudouridylations, 
respectively, of rRNA. snoRNAs have long been believed 
to modify and stabilize rRNAs for ribosome production. 
Several recent studies demonstrate that deregulation 
of snoRNAs is a common molecular event in lung 
carcinogenesis [17–19].

Endometrial cancer is the most frequent malignant 
tumor of the female reproductive tract and the fourth (by 
frequency) malignancy affecting the female population in 
developed countries [20, 21]. Type I endometrial cancer, 
which is the most frequent uterine malignancy (80% of 
all cases), consists of tumors of endometrioid histology. 
Shermann [22] proposed a mechanism by which indolent 
tumors develop from hyperplastic precursors in an 
estrogen-rich milieu. Hysteroscopy has an estimated 
sensitivity of 86.4% in the diagnosis of endometrial 
hyperplasia or adenocarcinomas [23]. However, 
hysteroscopic endometrial biopsy had limitations in as 
diagnostic approach for type I endometrial carcinoma: 
Peterson et al. [24] report that only 60% of grade I 
endometrial adenocarcinomas diagnoses based on this 
method was confirmed on final histopathology. Similarly, 
the intraoperative evaluation performed on frozen sections 
showed large discrepancies with the post-operative 
assessment made on the resected organ, especially in 
regard to lymphovascular invasion [25]. Altered miRNA 
expression has been found in endometrial adenocarcinoma 
[26], including up-regulation of the miR-200 family [27], 
of miR-205 and miR-210 [28] and miR-135a and miR-
135b [29] and downregulaton of miR-133a and miR-133b 
[30]. Recently, miR-194 received much attention due to its 
potential prognostic role [31].

Expression of HIWI proteins has been reported in 
endometrial cancer [32] but the role of piRNAs has not 
been fully investigated during carcinogenesis [33, 34]. 
In addition, few data are available on the involvement 
of the other forms of sncRNA, such as snoRNAs, in this 
pathological process [35].

Next generation sequencing (NGS) provides a high-
throughput method for exploring the diverse sncRNAs 
populations. This approach allows unbiased and accurate 
identification and quantitation of known and novel 
miRNAs and other sncRNAs, even when expressed at 
very low levels, or those exhibiting small differences in 
expression among samples, which cannot be detected by 
hybridization-based methods.

In the present study, coordinate analyses of 
sncRNAs and mRNAs expression were performed on 
samples of type I endometrial cancer biopsy coupled 
with samples of normal and hyperplastic endometrium 
obtained from the same patient, followed by functional 
analysis of the results. This represents an ideal model for 
the study of sncRNA role in the carcinogenesis process 
because it is characterized by the availability of healthy, 
hyperplastic and tumor tissue all taken from a single 
patient, allowing the comparative genetic analysis of 
normal and pathological tissues in the same genetic and 
hormonal background. In this condition it is possible to 
trace the changes in sncRNA expression occurring during 
the neoplastic transformation independently from other 
confounding factors to be taken into account when tissues 
are collected from different individuals.
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The changes in sncRNA pattern in a patient is 
then generalized by means of comparison with changes 
observed in other patients, making the observations of 
general validity even if they are carried out in a relatively 
limited number of cases.

RESULTS AND DISCUSSION

Characterization of small non-coding RNAs 
deregulation in tumoral, hyperplastic and 
normal-adjacent endometrial tissues

Genome-wide identification of sncRNAs expressed 
in a given tissue type in both normal and pathologic 
conditions allows the study of the complex small RNA-
mediated regulatory networks and of the modifications 
imposed by the carcinogenic process. The involvement 
miRNAs in carcinogenesis has been under investigation 
since the discovery of distinct expression patterns 
among different tissues and that their expression changes 
significantly in cancer tissues compared to normal ones 
[36]. Although miRNAs are the most studied sncRNAs, 
the importance of other sncRNAs, in particular snoRNAs 
and piRNAs is increasingly being recognized but little 
is known about their deregulation and involvement in 
the carcinogenesis process. Indeed, although several 
studies focusing on alterations of miRNA expression 
in endometrial cancer are available [37, 38], genome-
wide expression profiling data relative to other sncRNAs 
in endometrial adenocarcinoma are still missing. 
Identification of differentially expressed sncRNAs between 
normal, hyperplastic and tumor tissue is a crucial point for 
a comprehensive characterization of the carcinogenesis 
process. We analyzed sncRNAs by next-generation 
sequencing in type I endometrial cancer samples to 
evaluate their possible deregulation during carcinogenesis. 
To this aim, ten patients (indicated as 1, 3, 4, 5, 6, 7, 14, 
15, 16 & 17) and 3 healthy controls (indicated as 2, 8 & 9) 
were selected, following initial characterization according 
to defined clinico-pathological parameters (Table 1 and 
Supplementary Figure S1B). For each individual, three 
endometrial biopsies were obtained, when possible, from 
tumor, hyperplastic and adjacent normal tissue, by means 
of hysteroscopy. In total we collected ten normal (1N, 2N, 
3N, 4N, 5N, 7N, 8N, 9N, 14N, 15N), six hyperplastic (1H, 
3H, 4H, 5H, 6H, 7H) and ten tumor tissue samples (1T, 3T, 
4T, 5T, 6T, 7T, 14T, 15T, 16T, 17T). Normal samples were 
collected the farthest possible from the area presenting a 
hyperplastic or cancerous lesion, to reduce the possibility 
of cross-contaminations.

More than 300 million sequences were obtained by 
smallRNA-Seq analysis of the 26 samples sequenced, after 
filtering out low quality reads and trimming the adaptor, 
with an average of 10 million reads/sample. In all cases we 
observed a bimodal distribution of read length, with a major 
size class peaking at 22nt, corresponding to the length of 
miRNAs, and a smaller one at 28–34 nt, a length compatible 

with other sncRNAs such as piRNAs. The sequences 
corresponding to known miRNAs (present in miRBase 
Release 19) had a similar abundance independently from 
the tissue, ranging from 67% for the hyperplastic to 72% for 
the tumor samples (Figure 1A). About 2% of reads aligned 
to known piRNA sequences reported in piRNABank, in 
agreement with previous reports in other somatic tissues 
[15, 39], and 2% of sequences aligned to Rfam database 
entries. Overall, we identified 1,268 sncRNAs (1,019 
miRNAs, 145 piRNAs and 104 snoRNAs), among which 
448 (359 miRNAs, 62 piRNAs and 27 snoRNAs) were 
found to be expressed at significant level (showing > 10 
RPM in at least three samples). Furthermore, 60%, 66%, 
53% of the total miRNAs, piRNAs and snoRNAs repertoire, 
respectively, was identified by detection of 10 RPM in at 
least one sample. Interestingly, several piRNAs, such as 
hsa_piR_020829_DQ598677, hsa_piR_019914_DQ597347 
and hsa_piR_016735_DQ593039, displayed a very high 
level of expression (Mean RPM ≥ 4,500). The full list of 
identified sncRNAs is available in Supplementary Table S1.

To investigate whether miRNA, piRNA and 
snoRNA expression patterns changes during endometrial 
carcinogenesis, differential expression analysis was 
performed and a pool of sncRNAs specifically deregulated 
in hyperplastic and tumor tissue was identified in each 
patient. The results were then combined to define common 
patterns of sncRNAs deregulation. We identified 276 
sncRNAs (239 miRNAs, 25 piRNAs and 12 snoRNAs: 
Figure 1B, and 1D respectively) differentially expressed 
in at least 50% of the patients, considering |FC| ≥1.5, 
p-value 0.05 and base mean read count ≥30. The full 
list of differentially expressed sncRNAs is available in 
Supplementary Table S2.

This dataset represent, to our knowledge, the 
first comprehensive sncRNA profile in endometrial 
carcinogenesis, including less characterized classes of 
sncRNAS that are emerging as new players in cancer and 
could play important roles in carcinogenesis and tumor 
progression [13, 19, 40].

It is worth noting that the miRNA data reported here 
share many similarities with those previously characterized 
with different analytical approaches [38, 41–44].

Interestingly, in hyperplastic and neoplastic tissues we 
observed the over-expression of members of the miR-200 
family (has-miR-141, has-miR-200a, has-miR-200b, has-
miR-200c, has-miR-141, has-miR-429), which is known to be 
involved in epithelial-to-mesenchymal transition (EMT) [41].

Identification of candidate novel miRNAs

Since smallRNA-Seq allows to discover novel 
sncRNAs still not annotated in public databases, including 
those occurring at low frequencies [45], sequences not 
mapping to known mature miRNAs were analyzed 
with iMir tool (see Materials and Methods) to predict 
potentially novel miRNAs that could be deregulated in 
the carcinogenesis process. The reads that aligned against 
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tRNAs or mRNAs (from UCSC Genome Browser), 
rRNAs or piRNAs (from Nucleotide NCBI database) 
and other known sncRNAs (from RFam datasets) were 
excluded prior to the analysis in order to reduce false-
positive rate in predicting novel miRNAs. The remaining 
reads were analyzed by using miRDeep2 algorithm 
[45], which is able to identify novel miRNAs with high 
accuracy [45, 46]. Potential precursor sequences were 
then searched in silico and tested for their ability to 
form a characteristic hairpin; the resulting sequences 
were further analyzed to determine features such as 
thermodynamics stability, presence of star sequences 
and phylogenetic conservation [46]. Using these criteria, 
seven novel miRNAs were identified (Figure 2A, 2B left 
panel and Supplementary Table S3), all expressed with 
more than 30 reads in at least three samples, and, for two 
of them (candidate miRNA_1 and candidate miRNA_4,  
Figure 2A), with evidence of expression also of 
the corresponding star sequences. The predicted 
precursor structure and the sequence of miRNA star 

corresponding to the novel miRNAs are showed in 
Figure 2A. It is worth noting that the seed regions of 6 
novel miRNAs matched with miRNAs of other species 
(one mismatch) and are broadly conserved among 
vertebrates, particularly mammals. Moreover, the 
seed sequences of candidate miRNA_2 and candidate 
miRNA_3 match those of human miR-886–3p family 
and miR-1296 family, respectively. All these evidences 
strongly support the possibility that these small RNAs 
are authentic endometrial miRNAs. Interestingly, 
differential expression analysis of these novel miRNA 
candidates shows a significantly different expression in 
hyperplasia and/or tumor tissues in at least three patients 
(|FC| ≥ 1.5 and p-value ≤ 0.05, Figure 2B right panel and 
Supplementary Table S3).

Identification of sncRNA expression signatures 
in endometrial carcinogenesis

In order to recognize differential sncRNA expression 
profile among the three different tissue types, we applied 

Table 1: Characteristics of patients and healthy controls of normal, hyperplastic and neoplastic 
tissues analyzed
Characteristics N° Patients

Age

>55 7 2,3,6,7,14,15,16

≤55 6 1,4,5,8,9,17

Tissue Categories

Healthy Control 3 2N,8N,9N

Normal 7 1N,3N,4N,5N,7N,14N,15N

Atypical Hyperplasia 6 1H,3H,4H,5H,6H,7H

Endometrioid 10 1T,3T,4T,5T,6T,7T,14T,15T,16T,17T

Stage (FIGO)

I–II 9 1T,3T,4T,5T,7T,14T,15T,16T,17T

III–IV 1 6T

Histological grade

G1 5 1T,4T,14T,15T,16T

G2 3 3T,7T,17T

G3 2 5T,6T

Lymph node metastasis

Positive 1 6T

Negative 4 3T,4T,5T,15T

Nx 5 1T,7T,14T,16T,17T

Stage (TNM)

T1 and T2 9 1T,3T,4T,5T,7T,14T,15T,16T,17T

T3 and T4 1 6T



Oncotarget4681www.impactjournals.com/oncotarget

Figure 1: Changes in sncRNAs expression during endometrial carcinogenesis. (A) Pie-charts showing the percentage of 
small non-coding RNA species identified in each tissue type by smallRNA-Seq. Heatmaps showing expression levels (RPM, left) with 
respect to the fold-change (FC) (right) for miRNAs (B), piRNAs (C) and snoRNAs (D) differentially expressed during carcinogenesis. 
Only sncRNAs with base mean read count ≥30 in at least 3 samples and with significant fold-change in at least 50% of patients (|FC| ≥1.5, 
p-value 0.05) were showed. Expression levels are displayed from white (low expression) to dark blue (high expression) while differentially 
expressed sncRNAs are displayed from green (under-expressed) to red (over-expressed). RNAs not differentially expressed in a given 
sample are in black; grey indicates missing data.
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the Kruskal–Wallis (one-way analysis of variance) test 
on the identified sncRNA expression profiles, including 
also the 7 novel miRNAs. This led to the definition of a 
sncRNA signature comprising 129 miRNAs, 2 of which 
not previously described, 10 piRNAs and 3 snoRNAs, 
whose expression level (RPM, Supplementary Table S1) 
discriminates tumour from normal endometrial tissues. 
Indeed, hierarchical clustering analysis (Figure 3A) shows 
a clear separation of cancers and normal tissues, with the 
exception of samples T1, while hyperplasia result equally 
distributed between the normal and tumor clusters. The fact 
that some hyperplastic samples appear more closely related 
to cancer while other to normal endometrium could relate 

to heterogeneity of these lesions, due to the existence of 
different degrees of atypical hyperplasia, undistinguishable 
with the standard pathological tests available.

The box plots in Figure 3 show the behaviour 
of each piRNA (hsa_piR_001152_DQ571500, hsa_
piR_001170_DQ571526, hsa_piR_016658_DQ59293, hsa_
piR_017791_DQ594556, hsa_piR_019168_DQ596311, 
hsa_piR_019354_DQ596587, hsa_piR_019825_DQ597218, 
hsa_piR_020009_DQ597484, hsa_piR_020496_DQ598175, 
hsa_piR_020815_DQ598651, Figure 3B), snoRNA (RF0
0334;SNORA3;DAAB012419117.1/548–625, RF00108
;SNORD116;AF017338.1/106–15, RF01299;SNORD2;
AC010746.8/137147–137213, Figure 3C) and new miRNA 

Figure 2: Novel miRNA candidates discovered by next generation sequencing. (A) Number of reads found for each tissue type 
and secondary structures of the novel miRNAs. Histograms show the total number of reads sequenced for each histotype (normal: orange; 
hyperplastic: grey; tumor: red) and for each portion of the miRNA identified (mature: blue, loop: red and star: green). All novel miRNAs 
were computationally predicted to form stem-loop hairpin structures but each novel miRNA varied in the location, number and size of 
bulges. Putative secondary structures for the seven novel miRNAs discovered in this study are shown below the corresponding histograms. 
Red, yellow, blue and purple indicate respectively the mature sequence, the loop structure, the predicted star sequence and the star sequence 
when identified in our sequencing data. (B) Heatmaps showing the expression level (RPM) of 7 novel miRNAs (left) and the relative fold-
difference for each patient (right). Expression intensities are displayed from white (low expression) to dark blue (high expression) while 
over-expressed miRNAs are indicated in red and under-expressend miRNAs are indicated in green; grey indicates missing data.
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Figure 3: Identification of sncRNAs signature discriminating between normal and tumor samples. (A) Unsupervised 
hierarchical clustering of samples based on the expression level (RPM) of 142 sncRNAs (127 known miRNAs, 2 new miRNAs, 10 piRNAs 
and 3 snoRNAs) discriminating among normal (yellow), hyperplastic (grey) and tumor (red) samples (Kruskal-Wallis Test, p-Value <0.05). 
Each row corresponds to one sncRNA. BoxPlots showing the expression level (RPM) of 10 piRNAs (B), 3 snoRNAs (C) and 2 new 
miRNAs (D) identified in the signature. (E) Heatmaps showing fold difference values (ratio of mean RPM for each tissue: 1 = hyperplastic 
vs normal, 2 = tumor vs normal and 3 = tumor vs hyperplastic) of the sncRNAs identified in the signature. The sncRNAs are grouped as 
follows: (a) 83 showing a similar pattern of expression (b) 26 differentially expressed in both the hyperplastic and tumor compared to 
adjacent normal tissue, but not changing between hyperplastic and tumor tissues (c) 28 showing different trends.
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(candidate miRNA_2 and _4, Figure 3D) in the different 
sample types. The corresponding p-values are reported in 
Supplementary Table S4.

Furthermore, differential expression analysis 
performed on paired sample groups identifies 142 
differentially expressed sncRNAs (|FC| ≥ 1.5) (Figure 3E 
and Supplementary Table S4). In particular, 19 miRNAs, 
2 piRNAs and 1 snoRNA result under-expressed and 
110 miRNAs (2 new and 108 known), 8 piRNAs and 2 
snoRNAs over-expressed in cancerous respect to normal 
tissues. We also observed some specific trends, shown in 
Figure 3E and summarized as follows: a) 75 sncRNAs 
over- or under- expressed in both hyperplasia and tumors 
(Figure 3E-a), but more so in the latter respect to the 
former; b) 28 sncRNAs showing similar differences in the 
two pathological tissues respect to normal endometrium 
(Figure 3E-b); c) 41 sncRNAs changing significantly only 
in cancer (Figure 3E-c).

Functional analyses of the cellular pathways 
affected by sncRNA dysregulation in 
endometrial carcinogenesis

As miRNAs modulate posttranscriptionally the 
targeted mRNAs by binding directly to their 3’-UTR and 
promoting mRNA degradation or translation inhibition, 
an increase in the intracellular concentration of a given 
miRNA may result in reduced levels of the proteins 
encoded by its target mRNAs. In the case of piRNA, while 
their main function in the germline is to silence transposons 
both transcriptionally and post-transcriptionally [47, 48], 
their roles in somatic cells is still unknown. Recently it has 
been shown that these small RNAs can also bind to mRNAs 
and thereby control their stability and translation efficiency 
[49, 50], similarly to miRNAs. Based on this evidence, we 
postulate that the changes in piRNA expression occurring 
in endometrial carcinogenesis may affect resident mRNA 
activity and influence downstream endometrial cell 
functions. To search for mRNA targets of both known 
and novel sncRNAS comprising the endometrial cancer 
‘signature’ identified here, a gene expression profiling 
was generated by cDNA microarrays, focusing on the 
biopsies from the 5 patients for whom the three histotypes 
were available. An equimolar RNA pool was generated 
in each case, named Normal (N), Hyperplastic (H) or 
Tumoral (T) and used for cRNA synthesis and microarray 
hybridization. Overall, considering |FC|≥ 2.0 and  
p-value 0.001 we identified 618 transcripts (Supplementary 
Figure S2) which were differentially expressed in at least 
one paired comparison (hyperplastic vs normal, cancer 
vs normal and/or 3: cancer vs hyperplastic), out of about 
18,500 RNAs detected (detection p-value ≤ 0.05). Among 
them, 302 showed changes in the hyperplastic tissue (203 
over- and 99 under- expressed) and 452 the tumor tissue 
(164 over- and 288 under- expressed) with respect to 
normal endometrium of the same patients. Interestingly, 

down-regulated mRNAs where the majority in tumor 
(63%) compared to hyperplastic (33%) tissues, consistent 
with the greater percentage of over-expressed miRNAs in 
the former. Also in this case, it was possible to observe 
different trends (Supplementary Figure S2) summarized 
as follows: a) 205 mRNAs show a similar change, but at 
different levels, in all the three cases considered (over- or 
under- expressed in all three comparisons, Supplementary 
Figure S2A); b) 177 mRNAs are differentially expressed 
both in the hyperplastic and in tumor tissue, but without 
significant differences in the two pathological tissues 
(over- or under- expressed only in comparisons 1 and 2, 
Supplementary Figure S2B); c) 17 mRNAs show opposite 
behavior, respect to normal endometrium, in hyperplasia 
compared to tumor (Supplementary Figure S2C); d) 219 
mRNAs showing different expression patterns, including 
65 mRNAs differentially expressed only in the tumors and 
35 only in hyperplasia (Supplementary Figure S2D). The 
full list of these transcripts, with relevant information, is 
available in Supplementary Table S5.

A functional analysis of transcripts whose level was 
altered in endometrial cancer reveals that in many cases 
the proteins they encode are involved in cellular processes 
characteristic of transformed cells, including in particular 
cell proliferation, survival and differentiation and cell 
motility, migration and adhesion. This result is in line with 
previous observations with similar analyses in endometrial 
cancer [51–53].

Interestingly, transcripts for PEG3 (paternally 
expressed 3, PW1) and SOCS2 (suppressor of cytokine 
signaling 2, STATI2) were down-regulated, while HOXB7 
and HOXB6 mRNAs resulted up-regulated in both the 
hyperplastic and neoplastic stages. PEG3 is known to be 
underexpressed in gliomas, as well as in ovarian, breast 
and other gynecologic cancers [54–57]. The precise 
function of the encoded protein is not clear, but several 
evidences suggest that it may play a role in the p53/c-
myc-mediated apoptosis pathway and in Wnt signaling 
pathway by binding to beta-catenin and promoting its 
degradation via a p53/Siah1-dependent and GSK3beta-
independent proteasomal pathway. This suggests that 
PEG3 could function as tumor suppressor [58, 59]. Also 
SOCS2 is a tumor suppressor involved in the JAK/Stat 
signaling pathway, whose deregulation is associated 
with malignant progression [60, 61]. It has been shown 
that experimental over-expression of SOCS proteins in 
cancer cells reduces STAT activity, inhibits proliferation 
and induces apoptosis [61–64]. The HOX genes comprise 
a family of homeodomain-containing transcription 
factors that determine cell identity during development. 
Aberrant HOX genes expression has been reported to 
mediate oncogenesis in several human cancers, including 
hepatocellular [65] and ovarian cancer [66], as well as in 
acute myeloid leukemia (AML) [67]. These genes play a 
key role in the inhibition of apoptosis, DNA repair and 
enhanced cell motility [68].
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To explore the biological and functional role exerted 
by the aberrantly expressed sncRNA of the ‘signature’ 
discriminating cancerous from normal endometrial tissues, 
their downstream mRNA targets were searched in silico 
using different computational approaches. To evaluate 
their involvement in biological networks, the results 
were then combined with the gene expression profiling 
data using Ingenuity Pathway Analysis (IPA) tools, as 
described in Materials and Methods. Putative targets of 
the two newly identified miRNAs were searched for with 
TargetScanHuman [Release5.2, 69]. This analysis led 
to the identification of 526 endometrial mRNA targets, 
including 65 differentially expressed (|FC| ≥ 1.5 and  
p-value 0.001) in hyperplastic and/or tumor tissues. 
Several cellular processes and canonical pathways were 
found to be potentially affected by these miRNAs, such as 
cellular development, growth and proliferation, cell cycle 
(G1/S checkpoint), cellular movement and cell death and 
survival, TGF-β, ERK/MAPKand Wnt/β-catenin signaling 
pathways (Supplementary Table S6).

The search for the putative targets of the piRNA 
identified in our study was pursued applying a method 
based on sequence complementarity that allows 
the prediction of biologically relevant RNA-RNA 
interactions [15, 49] (Figure 3). By applying stringent 
thermodynamic parameters for RNA-RNA binding, 
each piRNA analyzed was found to be complementary 
to a number of mRNAs ranging from 28 to 308. In total, 
1,526 putative mRNA targets were found among those 
significantly expressed in our samples, among which 170 
resulted to be differentially expressed (|FC| ≥ 1.5 and  
p-value 0.001) in hyperplastic and/or tumor tissues. As 
for miRNA-targeted mRNAS, the proteins encoded by 
the mRNAs putatively targeted by piRNA are involved 
in key cellular events highly related to the carcinogenetic 
process, such as cell death and survival, growth and 
proliferation, cell to cell signaling, cell cycle and DNA 
replication (Supplementary Table S7), while 38 of them 
have been already previously associated to endometrial 
cancer (IPA knowledge database 2014).

Finally, the known miRNA targets were searched 
with the microRNA Target Filter database of Ingenuity 
suite using experimentally validated interactions from 
TarBase and miRecords, as well as highly predicted 
miRNA-mRNA interactions from TargetScan. The 127 
miRNAs of interest were grouped in 79 miRNA families 
(sharing the same seed region) that, combined, can 
potentially target 8,418 endometrial mRNAs, including 
909 differentially expressed (|FC| ≥ 1.5 and p-value 
0.001) in hyperplastic and/or tumor tissues, 60% of which 
showed FC values inversely correlated with those of the 
related miRNA (Supplementary Table S8). Among several 
over-represented pathways, this analysis confirmed the 
potential effect of these sncRNAs on cell cycle regulation 
and ERK/MAPK, JAK/Stat and Wnt/β-catenin signaling 
pathways (Supplementary Table S9). Concerning the last 

pathway, it is interesting that 6 over-expressed sncRNAs 
(piR_020496_DQ598175, Candidate miR-4, miR-103–3p, 
miR-155–5p, miR-16–5p and miR-17–5p can all target 
the down-regulated TLE4 (transducin-like enhancer 
of split 4), a transcriptional corepressor that binds to a 
number of transcription factors in this cascade.

Interestingly, 9 over-expressed miRNA families 
(miR-186–5p, miR-205–5p, miR-181a-5p, miR-9–5p, 
miR-141–3p, miR-155–5p and miR-135a-5p) target the 
down-regulated PEG3, which results strongly repressed 
in both hyperplastic and tumor tissues (see above). This 
finding suggests a possible role for down-regulation of this 
oncosuppressor in endometrioid cancers.

Concerning the aforementioned down-regulated 
SOCS1 and SOCS2, we found that the first is targeted 
by miR-22–3p and hsa-miR-155–5p [miRNAs w/seed 
UAAUGCU, experimentally observed target, 70], while 
the second is a target of miR-30e-5p, all over-expressed in 
our tumoral samples.

As a further example of the information provided 
by the present data, we found that the up regulated miR-
181a-5p, miR-27a-3p and hsa-miR-107, miR-103–3p, 
hsa-miR-200a-3p, miR-141–3p, miR-203–3p, miR-27a-
3p, miR-425–5p, miR-96–5p all target the down-regulated 
SEMA3B and SEMA6A mRNAs. Interestingly, these are 
encoded by two genes belonging to the axon-guidance 
family, that plays a critical role in the guidance of growth 
cones during neuronal development, and both have been 
shown to be inactivated in human cancers, where they 
have been proposed to act as tumor suppressor genes by 
inducing apoptosis [71].

These data reveal that miRNAs (known and novel) and 
piRNAs can exert a synergic modulation of several signaling 
pathways, such as ERK/MAPK, TGF-β and Wnt/β-catenin, 
whose activation is already occurring in the hyperplastic 
lesion but becomes more pronounced in the neoplastic tissue 
(Figure 4 and Supplementary Figure S3 A-E).

In conclusion, our sequencing analysis has 
identified a novel sncRNA signature encompassing 
different sub-classes of deregulated small RNAs, 
differentiating normal form hyperplastic and tumoral 
endometrium. This large dataset can provide key 
information on the molecular mechanisms of 
carcinogenesis. Furthermore, it can be exploited to 
identify biomarkers that may assist in the early and non-
invasive diagnosis of human endometrial cancers.

MATERIALS AND METHODS

Patients and tissue collection

Patients were subjected to transvaginal ultrasound 
and office hysteroscopy in the Departments of Obstetrics 
and Gynecology of the University of Salerno (Salerno, 
Italy) and University of Naples Federico II (Naples, 
Italy). Endometrial biopsies from tumor (T), adjacent 
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normal (N) and hyperplastic (H) tissue specimens (when 
available) from 10 patients and Normal endometrial 
tissue from 3 healthy donors were selected for this study 
(Supplementary Figure S1A). As healthy donors, patients 
who underwent hysteroscopy for abnormal uterine 
bleeding (AUB) non related to cancer pathology were 
recruited.

Median age was 58 year old (range 32–84). 9 
patients had stage I–II disease and 1 had stage III disease. 
8 cases were G1-G2 and 2 were G3-G4. See Table 1 and 
Supplementary Figure S1B for more detailed clinical 
characteristics of patients.

The tissues were kept on dry ice at all times 
during tissue sampling and handling. The histology of 

Figure 4: Ingenuity pathways analysis of Wnt/β-catenin Signaling. IPA of “sncRNA signature” and downstream targets involved 
in Wnt/β-catenin Signaling in tumor versus normal tissues. sncRNAs and mRNAs with significant increases in expression are shown in red, 
sncRNAs and mRNAs with significant decreases are shown in green, and which that were identified but did not change significantly are 
shaded in gray. Color intensity reflects the level of expression. Types of molecules are annotated in the legend in the box.
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each tumor was classified according to World Health 
Organization criteria, whereas surgical staging followed 
International Federation of Gynecology and Obstetrics 
(FIGO) standards (FIGO 2009). The ethics committee of 
Azienda Ospedaliera Ospedali Riuniti S. Giovanni e Ruggi 
d’Aragona di Salerno approved this study and informed 
consent was obtained from all patients.

RNA isolation and quality controls

Tissue specimens samples were distrupted and 
homogenaized using TissueLyser LT (Qiagen). Total RNA 
was extracted with miRVana RNA isolatin Kit (Ambion) 
according manufacturers protocol. Before use, RNA 
concentration in each sample was assayed with a ND-1000 
spectrophotometer (NanoDrop) and its quality assessed 
with the Agilent 2100 Bioanalyzer with Agilent RNA 6000 
nano kit (Agilent Technologies).

Small RNA sequencing and data analysis

1 μg of total RNA was used in a library preparation 
according to the Illumina TruSeq small RNA sample 
preparation protocol (Illumina, USA). Sized smallRNA 
libraries were gel purified and sequenced on HiSeq 1500 
(Illumina, USA) at a concentration of 10pM for 50 plus 7 
additional cycles for indexes sequencing. Each library was 
sequenced in three technical replicate.

The data obtained from the sequencer were analyzed 
using iMir, a modular pipeline for comprehensive analysis 
of small RNA-Seq data, comprising specific tools for 
adapter trimming, quality filtering, identification of 
known sncRNAs, novel miRNA prediction, differential 
expression analysis and target prediction [72, 73].

Reads from technical replicates were summed and 
normalized using reads per million method (RPM). To 
minimize spurious detection due to sequencing errors 
sncRNAs have been considered as expressed when 
they were detected by at least ≥ 10 RPM reads (75th 
percentile of RPM values) per sncRNA, corresponding 
approximately to 100 reads for an average library.

Heatmaps showing the expression level (RPM) 
were generated with R software after performing one-way 
hierarchical clustering of sncRNAs with the Kendall rank 
correlation.

Identification of differentially expressed sncRNAs 
was performed with the Bioconductor DESeq package 
available in iMir tool [72, 73]. A negative binomial 
distribution model was used to test differential expression 
in deep sequencing datasets. Data were filtered according 
to read count value (threshold: 10 reads) and those 
showing fold-change ≤−1.5 or ≥1.5 (|FC| ≥1.5), with a  
p-value ≤ 0.05 were considered as differentially expressed. 
The reads of the 3 patients from whom we do not have 
the normal tissue but only the tumoral one (6T, 16T & 
17T) were pooled and compared with the read pool of the 
3 healthy controls (2N, 8N & 9N) and indicated in the 

figures as “Others”. Heatmaps showing the fold-change of 
differentially expressed sncRNAs were generated with the 
Multiexperiment Viewer 4.9 software (TM4).

The RPM data were statistically analyzed using the 
Kruskal–Wallis test (p-value ≤0.01). Two-way cluster 
analysis was carried out using R software for Kendall rank 
correlation.

Detection of other sncRNAs and novel miRNAs 
prediction was performed with Module 3 of the iMir tool 
(miRanalyzer and miRDeep2) [72].

Putative piRNA target RNAs were identified 
by sequence complementarity between each piRNA 
(piRNABank, Institute of Bioinformatics and Applied 
Biotechnology, Bangalore, India) and the 5’-UTRs, CDSs 
or 3’-UTRs of all known human RNAs (RefSeq gene 
annotations), using miRanda v3.3a [74], an algorithm 
for detection of potential small RNA binding sites in 
RNAs, applying stringent alignment score (sc; ≥170) and 
energy threshold (en; ≤−20.0 kcal/mol). The functional 
analyses were generated through the use of IPA (Ingenuity 
Systems, http://www.ingenuity.com) to identify the 
biological processes that are significantly associated 
(p-value ≤0.05) with mRNAs targeted by piRNAs, as 
previously described [15].

Raw small non-coding RNA sequencing data 
have been deposited, in a format complying with 
the Minimum Information about a high-throughput 
SeQuencing Experiment (MINSEQE) guidelines in 
the EBI ArrayExpress database (http://www.ebi.ac.uk/
arrayexpress) with Accession Number E-MTAB-2795.

Microarray and data analysis

3 RNA pool were generated for each tissue type: 
Normal (samples: 1N, 3N, 4N, 5N, 7N), Hyperplastic 
(samples: 1H, 3H, 4H, 5H, 7H) and Tumoral (samples: 
1T, 3T, 4T, 5T, 7T). Gene expression profiling was 
performed using 500 ng of each RNA Pool as described 
before [73]. For each Pool, 750 ng of cRNA were 
hybridized for 18 hrs at 55°C on Illumina HumanHT-12 
v4.0 BeadChips (Illumina Inc.), according to the 
manufacturer’s instructions and subsequently scanned 
with the Illumina iSCAN. Data analyses were performed 
with GenomeStudio software version 2011.1 (Illumina 
Inc.). Data was normalized with the quantile algorithm 
and genes were considered as detected if the detection 
p-value was lower than 0.01. Statistical significance was 
calculated with the Illumina DiffScore, a proprietary 
algorithm that uses the bead standard deviation to build an 
error model. Only genes with a DiffScore ≤−30 and ≥ 30, 
corresponding to a p-value of 0.001, were considered as 
statistically significant.

Heat Maps were generated with the Multiexperiment 
Viewer 4.9 software (TM4) after performing one way 
hierarchical clustering of transcripts with the average 
linkage method and Euclidian distance.
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Raw microarray data have been deposited, in a 
format complying with the Minimum Information About 
a Microarray Gene Experiment (MIAME) guidelines of 
the Microarray Gene Expression Data Society (MGED), 
in the EBI ArrayExpress database (http://www.ebi.ac.uk/
arrayexpress) with Accession Number E-MTAB-2796.

Enriched pathways and bibliographic networks 
discovery

miRNA target prediction was performed using 
Ingenuity Pathway Analysis (IPA, Ingenuity Systems). 
The dataset was mined for significant pathways with the 
IPA library of canonical pathways, and networks were 
generated by using IPA as graphical representation of the 
molecular relationships between genes and gene products. 
The significance of the association between the list of 
differentially expressed genes, miRNAs and the Canonical 
Pathway was measured using a Fisher’s exact test to 
calculate a p-value (p ≤ 0.05). Fisher’s exact test results 
were also corrected for multiple testing using FDR.

ACKNOWLEDGMENTS

Work supported by: Italian Ministry of Health (Grant 
Young Researcher GR-2011–02350476 to M.R.), Italian 
Ministry for Education, University and Research (Grants 
PRIN 2010LC747T to A.W. and FIRB RBFR12W5V5_003 
to R.T.), Italian Association for Cancer Research (Grants 
IG-13176 to A.W.), National Research Council Flagship 
Project Interomics, University of Salerno (FARB 2012). 
M.R. is supported by a ‘Vladimir Ashkenazy’ fellowship 
of the Italian Association for Cancer Research, G.N. is 
supported by a ‘Mario e Valeria Rindi’ fellowship of the 
Italian Foundation for Cancer Research, G.B. is a PhD 
student of the Research Doctorate ‘System Biology’, 
University of Salerno, C.S. is a PhD student of the 
Research Doctorate in ‘Molecular Oncology, Experimental 
Immunology and Innovative Therapy Development’, 
University of Catanzaro ‘Magna Graecia’, A.R. is a 
PhD student of the Research Doctorate ‘Molecular and 
Translational Oncology and Innovative Medical-Surgical 
Technologies’, University of Catanzaro ‘Magna Graecia’.

We thank Cristiana Stellato from Department of 
Medicine and Surgery, University of Salerno, for her 
helpful comments on the manuscript.

Competing interests

The authors declare no conflict of interests.

REFERENCES

1. Mattick JS, Makunin IV. Non-coding, RNA. Hum Mol 
Genet. 15 Spec No 1. 2006; R17–29.

2. Babiarz JE, Blelloch R. Small RNAs - their biogenesis, reg-
ulation and function in embryonic stem cells. StemBook. 
2009; (Cambridge (MA).

3. Kim VN, Han J, Siomi MC. Biogenesis of small RNAs in 
animals. Nat Rev Mol Cell Biol. 2009; 10:126–139.

4. Thomson T, Lin H. The biogenesis and function of PIWI 
proteins and piRNAs: progress and prospect. Annu Rev Cell 
Dev Biol. 2009; 25:355–376.

5. Bachellerie JP, Cavaille J, Huttenhofer A. The expanding 
snoRNA world. Biochimie. 2002; 84:775–790.

6. Esteller M. Non-coding RNAs in human disease. Nat Rev 
Genet. 2011; 12:861–874.

7. Trang P, Weidhaas JB, Slack FJ. MicroRNAs as potential 
cancer therapeutics. Oncogene. 2008; 27 suppl 2:S52–57.

8. Lau NC, Seto AG, Kim J, Kuramochi-Miyagawa S, 
Nakano T, Bartel DP, Kingston RE. Characterization of the 
piRNA complex from rat testes. Science. 2006; 313:363–367.

9. Qiao D, Zeeman AM, Deng W, Looijenga LH, Lin H. 
Molecular characterization of hiwi, a human member of 
the piwi gene family whose overexpression is correlated to 
seminomas. Oncogene. 2002; 21:3988–3999.

10. Lee JH, Schutte D, Wulf G, Fuzesi L, Radzun HJ, 
Schweyer S, Engel W, Nayernia K. Stem-cell protein 
Piwil2 is widely expressed in tumors and inhibits apopto-
sis through activation of Stat3/Bcl-XL pathway. Hum Mol 
Genet. 2006; 15:201–211.

11. Liu X, Sun Y, Guo J, Ma H, Li J, Dong B, Jin G, Zhang J, 
Wu J, Meng L, Shou C. Expression of hiwi gene in human 
gastric cancer was associated with proliferation of cancer 
cells. Int J Cancer. 2006; 118:1922–1929.

12. Chen L, Shen R, Ye Y, Pu XA, Liu X, Duan W, Wen J, 
Zimmerer J, Wang Y, Liu Y, Lasky LC, Heerema NA, 
Perrotti D, Ozato K, Kuramochi-Miyagawa S, Nakano T, et al. 
Precancerous stem cells have the potential for both benign and 
malignant differentiation. PLoS One. 2007; 2:e293.

13. Cheng J, Guo JM, Xiao BX, Miao Y, Jiang Z, Zhou H, 
Li QN. piRNA, the new non-coding RNA, is aberrantly 
expressed in human cancer cells. Clin Chim Acta. 2011; 
412:1621–1625.

14. Cheng J, Deng H, Xiao B, Zhou H, Zhou F, Shen Z, Guo J. 
piR-823, a novel non-coding small RNA, demonstrates in 
vitro and in vivo tumor suppressive activity in human gas-
tric cancer cells. Cancer Lett. 2012; 315:12–17.

15. Rizzo F, Hashim A, Marchese G, Ravo M, Tarallo R, 
Nassa G, Giurato G, Rinaldi A, Cordella A, Persico M, 
Sulas P, Perra A, Ledda-Columbano GM, Columbano A, 
Weisz A. Timed regulation of P-element-induced wimpy 
testis-interacting RNA expression during rat liver regenera-
tion. Hepatology. 2014; 60:798–806.

16. Hashim A, Rizzo F, Marchese G, Ravo M, Tarallo R, 
Nassa G, Giurato G, Santamaria G, Cordella A, 
Cantarella C, Weisz A. RNA sequencing identifies specific 
PIWI-interacting small non-coding RNA expression pat-
terns in breast cancer. Oncotarget. 2014; 5:9901–9910.



Oncotarget4689www.impactjournals.com/oncotarget

17. Liao J, Yu L, Mei Y, Guarnera M, Shen J, Li R, Liu Z, 
Jiang F. Small nucleolar RNA signatures as biomarkers for 
non-small-cell lung cancer. Mol Cancer. 2010; 9:198.

18. Mei YP, Liao JP, Shen J, Yu L, Liu BL, Liu L, Li RY, Ji L, 
Dorsey SG, Jiang ZR, Katz RL, Wang JY, Jiang F. Small 
nucleolar RNA 42 acts as an oncogene in lung tumorigen-
esis. Oncogene. 2012; 31:2794–2804.

19. Mannoor K, Shen J, Liao J, Liu Z, Jiang F. Small nucleolar 
RNA signatures of lung tumor-initiating cells. Mol Cancer. 
2014; 13:104.

20. Ferlay J, Parkin DM, Steliarova-Foucher E. Estimates of 
cancer incidence and mortality in Europe in 2008. Eur J 
Cancer. 2010; 46:765–781.

21. Siegel R, Ward E, Brawley O, Jemal A. Cancer statistics, 
2011: the impact of eliminating socioeconomic and racial 
disparities on premature cancer deaths. CA Cancer J Clin. 
2011; 61:212–236.

22. Sherman ME. Theories of endometrial carcinogenesis: a 
multidisciplinary approach. Mod Pathol. 2000; 13:295–308.

23. Clark TJ, Voit D, Gupta JK, Hyde C, Song F, Khan KS. 
Accuracy of hysteroscopy in the diagnosis of endometrial 
cancer and hyperplasia: a systematic quantitative review. 
JAMA. 2002; 288:1610–1621.

24. Petersen RW, Quinlivan JA, Casper GR, Nicklin JL. 
Endometrial adenocarcinoma–presenting pathology is 
a poor guide to surgical management. Aust N Z J Obstet 
Gynaecol. 2000; 40:191–194.

25. Egle D, Grissemann B, Zeimet AG, Muller-Holzner E, 
Marth C. Validation of intraoperative risk assessment on 
frozen section for surgical management of endometrial car-
cinoma. Gynecol Oncol. 2008; 110:286–292.

26. Yanokura M, Banno K, Kobayashi Y, Kisu I, Ueki A, 
Ono A, Masuda K, Nomura H, Hirasawa A, Susumu N, 
Aoki D. MicroRNA and endometrial cancer: Roles of small 
RNAs in human tumors and clinical applications (Review). 
Oncol Lett. 2010; 1:935–940.

27. Lee JW, Park YA, Choi JJ, Lee YY, Kim CJ, Choi C, 
Kim TJ, Lee NW, Kim BG, Bae DS. The expression of 
the miRNA-200 family in endometrial endometrioid carci-
noma. Gynecol Oncol. 2011; 120:56–62.

28. Boren T, Xiong Y, Hakam A, Wenham R, Apte S, 
Wei Z, Kamath S, Chen DT, Dressman H, Lancaster JM. 
MicroRNAs and their target messenger RNAs associated 
with endometrial carcinogenesis. Gynecol Oncol. 2008; 
110:206–215.

29. Hiroki E, Suzuki F, Akahira J, Nagase S, Ito K, Sugawara J,  
Miki Y, Suzuki T, Sasano H, Yaegashi N. MicroRNA-
34b functions as a potential tumor suppressor in endo-
metrial serous adenocarcinoma. Int J Cancer. 2012; 131: 
E395–404.

30. Devor EJ, Hovey AM, Goodheart MJ, Ramachandran S, 
Leslie KK. microRNA expression profiling of endome-
trial endometrioid adenocarcinomas and serous adenocar-
cinomas reveals profiles containing shared, unique and 

differentiating groups of microRNAs. Oncol Rep. 2011; 
26:995–1002.

31. Zhai H, Karaayvaz M, Dong P, Sakuragi N, Ju J. Prognostic 
significance of miR-194 in endometrial cancer. Biomark 
Res. 2013; 1:12.

32. Liu WK, Jiang XY, Zhang ZX. Expression of PSCA, 
PIWIL1, and TBX2 in endometrial adenocarcinoma. 
Onkologie. 2010; 33:241–245.

33. Ishizu H, Siomi H, Siomi MC. Biology of PIWI-interacting 
RNAs: new insights into biogenesis and function inside and 
outside of germlines. Genes Dev. 2012; 26:2361–2373.

34. Ross RJ, Weiner MM, Lin H. PIWI proteins and 
PIWI-interacting RNAs in the soma. Nature. 2014; 
505:353–359.

35. Williams GT, Farzaneh F. Are snoRNAs and snoRNA 
host genes new players in cancer?. Nat Rev Cancer. 2012; 
12:84–88.

36. Calin GA, Croce CM. MicroRNA signatures in human 
cancers. Nat Rev Cancer. 2006; 6:857–866.

37. Banno K, Yanokura M, Kisu I, Yamagami W, Susumu N, 
Aoki D. MicroRNAs in endometrial cancer. Int J Clin 
Oncol. 2013; 18:186–192.

38. Kandoth C, Schultz N, Cherniack AD, Akbani R, Liu Y, 
Shen H, Robertson AG, Pashtan I, Shen R, Benz CC, Yau C, 
Laird PW, Ding L, Zhang W, Mills GB, Kucherlapati R, 
et al. Integrated genomic characterization of endometrial 
carcinoma. Nature. 2013; 497:67–73.

39. Yan Z, Hu HY, Jiang X, Maierhofer V, Neb E, He L, Hu Y, 
Hu H, Li N, Chen W, Khaitovich P. Widespread expression 
of piRNA-like molecules in somatic tissues. Nucleic Acids 
Res. 2011; 39:6596–6607.

40. Nana-Sinkam SP, Croce CM. Non-coding RNAs in cancer 
initiation and progression and as novel biomarkers. Mol 
Oncol. 2011; 5:483–491.

41. Snowdon J, Zhang X, Childs T, Tron VA, Feilotter H. The 
microRNA-200 family is upregulated in endometrial carci-
noma. PLoS One. 2011; 6:e22828.

42. Tsukamoto O, Miura K, Mishima H, Abe S, Kaneuchi 
M, Higashijima A, Miura S, Kinoshita A, Yoshiura K, 
Masuzaki H. Identification of endometrioid endometrial 
carcinoma-associated microRNAs in tissue and plasma. 
Gynecol Oncol. 2014; 132:715–721.

43. Wang L, Chen YJ, Xu K, Xu H, Shen XZ, Tu RQ. 
Circulating microRNAs as a Fingerprint for Endometrial 
Endometrioid Adenocarcinoma. PLoS One. 2014; 
9:e110767.

44. Lee TS, Jeon HW, Kim YB, Kim YA, Kim MA, Kang SB. 
Aberrant microRNA expression in endometrial carcinoma 
using formalin-fixed paraffin-embedded (FFPE) tissues. 
PLoS One. 2013; 8:e81421.

45. Friedlander MR, Chen W, Adamidi C, Maaskola J, 
Einspanier R, Knespel S, Rajewsky N. Discovering microR-
NAs from deep sequencing data using miRDeep. Nat 
Biotechnol. 2008; 26:407–415.



Oncotarget4690www.impactjournals.com/oncotarget

46. Friedlander MR, Mackowiak SD, Li N, Chen W, 
Rajewsky N. miRDeep2 accurately identifies known and 
hundreds of novel microRNA genes in seven animal clades. 
Nucleic Acids Res. 2012; 40:37–52.

47. Malone CD, Brennecke J, Dus M, Stark A, McCombie WR, 
Sachidanandam R, Hannon GJ. Specialized piRNA path-
ways act in germline and somatic tissues of the Drosophila 
ovary. Cell. 2009; 137:522–535.

48. Brennecke J, Aravin AA, Stark A, Dus M, Kellis M, 
Sachidanandam R, Hannon GJ. Discrete small RNA-
generating loci as master regulators of transposon activity 
in Drosophila. Cell. 2007; 128:1089–1103.

49. Gou LT, Dai P, Yang JH, Xue Y, Hu YP, Zhou Y, Kang JY, 
Wang X, Li H, Hua MM, Zhao S, Hu SD, Wu LG, Shi 
HJ, Li Y, Fu XD, et al. Pachytene piRNAs instruct massive 
mRNA elimination during late spermiogenesis. Cell Res. 
2014; 24:680–700.

50. Rouget C, Papin C, Boureux A, Meunier AC, Franco B, 
Robine N, Lai EC, Pelisson A, Simonelig M. Maternal 
mRNA deadenylation and decay by the piRNA pathway in 
the early Drosophila embryo. Nature. 2010; 467:1128–1132.

51. Abal M, Planaguma J, Gil-Moreno A, Monge M, 
Gonzalez M, Baro T, Garcia A, Castellvi J, Ramon YCS, 
Xercavins J, Alameda F, Reventos J. Molecular pathology 
of endometrial carcinoma: transcriptional signature in endo-
metrioid tumors. Histol Histopathol. 2006; 21:197–204.

52. Risinger JI, Allard J, Chandran U, Day R, 
Chandramouli GV, Miller C, Zahn C, Oliver J, Litzi T, 
Marcus C, Dubil E, Byrd K, Cassablanca Y, Becich M, 
Berchuck A, Darcy KM, et al. Gene expression analysis of 
early stage endometrial cancers reveals unique transcripts 
associated with grade and histology but not depth of inva-
sion. Front Oncol. 2013; 3:139.

53. Saghir FS, Rose IM, Dali AZ, Shamsuddin Z, Jamal AR, 
Mokhtar NM. Gene expression profiling and cancer-related 
pathways in type I endometrial carcinoma. Int J Gynecol 
Cancer. 2010; 20:724–731.

54. Kohda T, Asai A, Kuroiwa Y, Kobayashi S, Aisaka K, 
Nagashima G, Yoshida MC, Kondo Y, Kagiyama N, 
Kirino T, Kaneko-Ishino T, Ishino F. Tumour suppressor 
activity of human imprinted gene PEG3 in a glioma cell 
line. Genes Cells. 2001; 6:237–247.

55. Risinger JI, Maxwell GL, Chandramouli GV, Jazaeri A, 
Aprelikova O, Patterson T, Berchuck A, Barrett JC. 
Microarray analysis reveals distinct gene expression pro-
files among different histologic types of endometrial cancer. 
Cancer Res. 2003; 63:6–11.

56. Feng W, Marquez RT, Lu Z, Liu J, Lu KH, Issa JP, 
Fishman DM, Yu Y, Bast RC Jr. Imprinted tumor sup-
pressor genes ARHI and PEG3 are the most frequently 
down-regulated in human ovarian cancers by loss of het-
erozygosity and promoter methylation. Cancer. 2008; 
112:1489–1502.

57. Dowdy SC, Gostout BS, Shridhar V, Wu X, Smith DI, 
Podratz KC, Jiang SW. Biallelic methylation and silenc-
ing of paternally expressed gene 3 (PEG3) in gynecologic 
cancer cell lines. Gynecol Oncol. 2005; 99:126–134.

58. Jiang X, Yu Y, Yang HW, Agar NY, Frado L, Johnson MD. 
The imprinted gene PEG3 inhibits Wnt signaling and regu-
lates glioma growth. J Biol Chem. 2010; 285:8472–8480.

59. Relaix F, Wei X, Li W, Pan J, Lin Y, Bowtell DD, 
Sassoon DA, Wu X. Pw1/Peg3 is a potential cell death 
mediator and cooperates with Siah1a in p53-mediated apop-
tosis. Proc Natl Acad Sci U S A. 2000; 97:2105–2110.

60. Qiu X, Zheng J, Guo X, Gao X, Liu H, Tu Y, Zhang Y. 
Reduced expression of SOCS2 and SOCS6 in hepatocellu-
lar carcinoma correlates with aggressive tumor progression 
and poor prognosis. Mol Cell Biochem. 2013; 378:99–106.

61. Croker BA, Kiu H, Nicholson SE. SOCS regulation of the 
JAK/STAT signalling pathway. Semin Cell Dev Biol. 2008; 
19:414–422.

62. Hoefer J, Kern J, Ofer P, Eder IE, Schafer G, Dietrich D, 
Kristiansen G, Geley S, Rainer J, Gunsilius E, Klocker H, 
Culig Z, Puhr M. SOCS2 correlates with malignancy and 
exerts growth-promoting effects in prostate cancer. Endocr 
Relat Cancer. 2014; 21:175–187.

63. Greenhalgh CJ, Rico-Bautista E, Lorentzon M, Thaus AL, 
Morgan PO, Willson TA, Zervoudakis P, Metcalf D, Street, 
Nicola NA, Nash AD, Fabri LJ, Norstedt G, Ohlsson C, 
Flores-Morales A, Alexander WS, et al. SOCS2 negatively 
regulates growth hormone action in vitro and in vivo. J Clin 
Invest. 2005; 115:397–406.

64. He B, You L, Uematsu K, Zang K, Xu Z, Lee AY, 
Costello JF, McCormick F, Jablons DM. SOCS-3 is fre-
quently silenced by hypermethylation and suppresses cell 
growth in human lung cancer. Proc Natl Acad Sci U S A. 
2003; 100:14133–14138.

65. Cillo C, Schiavo G, Cantile M, Bihl MP, Sorrentino P, 
Carafa V, M DA, Roncalli M, Sansano S, Vecchione R, 
Tornillo L, Mori L, De Libero G, Zucman-Rossi J, 
Terracciano L. The HOX gene network in hepatocellular 
carcinoma. Int J Cancer. 2011; 129:2577–2587.

66. Kelly ZL, Michael A, Butler-Manuel S, Pandha HS, 
Morgan RG. HOX genes in ovarian cancer. J Ovarian Res. 
2011; 4:16.

67. Rice KL, Licht JD. HOX deregulation in acute myeloid leu-
kemia. J Clin Invest. 2007; 117:865–868.

68. Wu X, Chen H, Parker B, Rubin E, Zhu T, Lee JS, 
Argani P, Sukumar S. HOXB7, a homeodomain protein, 
is overexpressed in breast cancer and confers epithelial-
mesenchymal transition. Cancer Res. 2006; 66:9527–9534.

69. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, 
often flanked by adenosines, indicates that thousands of 
human genes are microRNA targets. Cell. 2005; 120:15–20.

70. Jiang S, Zhang HW, Lu MH, He XH, Li Y, Gu H, Liu MF, 
Wang ED. MicroRNA-155 functions as an OncomiR in 



Oncotarget4691www.impactjournals.com/oncotarget

breast cancer by targeting the suppressor of cytokine sig-
naling 1 gene. Cancer Res. 2010; 70:3119–3127.

71. Chedotal A, Kerjan G, Moreau-Fauvarque C. The brain 
within the tumor: new roles for axon guidance molecules in 
cancers. Cell Death Differ. 2005; 12:1044–1056.

72. Giurato G, De Filippo MR, Rinaldi A, Hashim A, Nassa G, 
Ravo M, Rizzo F, Tarallo R, Weisz A. iMir: an inte-
grated pipeline for high-throughput analysis of small 
non-coding RNA data obtained by smallRNA-Seq. BMC 
Bioinformatics. 2013; 14:362.

73. Nassa G, Tarallo R, Giurato G, De Filippo MR, Ravo M, 
Rizzo F, Stellato C, Ambrosino C, Baumann M, Lietzen N, 
Nyman TA, Weisz A. Post-transcriptional regulation of 
human breast cancer cell proteome by unliganded estrogen 
receptor beta via microRNAs. Mol Cell Proteomics. 2014; 
13:1076–1090.

74. John B, Enright AJ, Aravin A, Tuschl T, Sander C, Marks DS. 
Human MicroRNA targets. PLoS Biol. 2004; 2:e363.


