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Introduction

Mature microRNAs (miRNAs) are small RNA mol-

ecules (21-25 nucleotides in length) that act as negative 

regulators of gene expression, either inhibiting mRNA by 

blocking its translation into protein or destroying it through 

RNA interference [1]. miRNAs are essential for stem cell 

division, cell fate determination and patterning in early and 

later stages of development, where they regulate cell dif-

ferentiation and maintenance of the pluripotent cell state [2, 

3]. The sequences of many miRNAs are conserved between 

distantly related organisms, suggesting that these molecules 

participate in essential processes, including normal embry-
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has linked miRNA expression in embryonic and tumor tissues. We assessed the expression of mature miRNAs in human 
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onic development and carcinogenesis [4, 5]. 

In addition, dysregulation of specific miRNAs has been 
associated with certain types of cancer, where they may 

act as either oncogenes or tumor suppressors, depending 

on their target genes [6, 7]. For example, miR-15a and 

miR-16.1 have been associated with chronic lymphocytic 

leukemia [7]. miR-21 and mir-17-5p are upregulated, while 

miR-143 and miR-145 are downregulated in colorectal 

cancer [8-11]. miR-21 has been shown to have an anti-

apoptotic effect in glioma and breast cancer [12, 13], and 

the let-7 family of miRNAs is a prognostic factor in lung 

cancer [6]. 

It is generally accepted that identical genetic informa-

tion can be found in embryonic, adult and tumor cells from 

the same individual. Cancerous cells are often described 

as being de-differentiated and expressing embryonal an-

tigens. The genetic changes leading to disease modify the 

properties of the cancer cell, making it more closely related 

in both morphology and function to a stem cell [14, 15]. 

However, to date, no evidence has linked miRNA expres-
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sion in embryonic and tumor tissues. In order to shed light 

on the possibility of such a link, we assessed the expression 

of 156 mature miRNAs in colon tissue from eleven 7- to 12-

week human embryos and in 44 human colorectal samples 

(22 tumor samples and 22 paired normal tissue samples). 

We postulate that miRNA expression may modulate the 

expression of gene products of signaling pathways involved 

in both intestinal development and cancer.

Results

miRNA expression during human colon development 

Morphological analysis of 7-week-old embryonic tissue 

revealed an absence of intestinal lumen in the center of the 

colon and the presence of undifferentiated cells surrounded 

by embryonic mesenchyma (Figure 1A-1C). At 9 weeks, 

the intestinal lumen can be observed, and cells have the 

Figure 1 Morphology and hierarchical clustering of miRNA expression during the embryonic development of the human colon. (A-C) 

show the morphology of the human colon at 7 weeks: (A) by scanning electron microscope (SEM); (B) by semi-thin sections; and (C) by 

transmission electron microscope (TEM). At 7 weeks, the primitive epithelium (Pr. Ep) and the mesenchyme (Mes) are not structured. 

Figures (E-G) show the morphology of the human colon at 9 weeks: (E) by SEM; (F) by semi-thin sections; (G) by TEM. At 9 weeks, 

the intestinal lumen (L) begins to appear and the embryonic epithelium (Ep) can be seen. (H-J) show the morphology of the human 

colon at 12 weeks: (H) by SEM; (I) by semi-thin sections; (J) by TEM. At 12 weeks, the cells are completely differentiated into conjunc-

tive tissue (C), muscular tissue (Mus) and epithelium (Ep), with the presence of Globet cells (Glo). (D and K) show the hierarchical 

clustering of miRNA expression at 7-8 and 9-12 weeks of development, respectively: (D) At 7-8 weeks, the majority of the miRNAs are 

overexpressed. (K) At 9-12 weeks, the expression levels of these miRNAs decrease (See Table 2 and Supplementary Table 2). The 

scale bars in the SEM images (A, E and H) represent 50 µm; the scale bars in the semi-thin sections (B, F and I) represent 100 µm; 

and the scale bars in the TEM images represent (C) 10 µm and (G and J) 5µm.
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Table 1 Differential expression of miRNAs by SAM in embryonic  human colon

                                               Embryos 7-8                     Embryos 9-12                  Putative targets associated with embryonic development

                                               weeks mean                   weeks mean                            of the digestive tract (Sanger)
 miR-10a 1.49 0.05 HOXC5, HOXA1
 miR-15a 0.21 –0.9 
 miR-15b 0.66 –0.46 
    HOXC8, HOXA10, HOXC11, HOXB7, WNT7A, WNT16,  
 miR-16 –0.23 –1.19 WNT5B, WNT3A, FGF2, TGF-b1, CXCL3
 miR-17-3p 0.7 –0.46 
 miR-17-5p 1.34 –0.33 
 miR-20 0.96 –0.54 HOXD3  FGF3 TGF-β1
 miR-25 0.92 –0.23 HOXD1 Nkx2.3
 miR-26a 0.87 –0.04 
 miR-27a 0.3 –0.68 
 miR-27b 0.47 –0.4 
 miR-28 0.7 –0.2 HOXB3, HOXC9, HOXB4 WNT2 FGF3
 miR-301 1.99 0.78 HOXB3,HOXD1
 miR-30a-3p 1.24 –0.04 
 miR-30b 1.3 0.25 
 miR-30c 1.47 0.35 
 miR-34a –0.28 –1.3 
 miR-34c 0.79 –0.47 
 miR-92 1.16 –0.15 WNT4. TGF-β1. Nkx2.3
 miR-95 0.46 -0.5 
 miR-103 1.41 0.09 HOXB7, WNT7A, WNT16, FGF18, TGF-β1
 miR-105 1.37 0.12 HOXC12, TGF-β1
 miR-106a 1.74 0.1 
 miR-107 1.9 0.56 HOXB7, WNT7A, FGF18
 miR-125a 1.46 0.35 
 miR-126 0.78 –0.37 HOXD12, WNT9A,PDGFA
 miR-128a 1.1 0.03 
 miR-130a 1.95 0.71 
 miR-130b 2.09 0.69 
 miR-135a 2.59 1.42 
 miR-140 1.38 0.28 HOXB7.FGF17, FGF20, BMP3
 miR-142-3p –0.51 –1.5 
 miR-142-5p –0.5 –1.89 
 miR-146 –0.54 –1.44 HOXC9, BMP7
 miR-148a 0.39 –0.78 
 miR-149 1.93 0.9 HOXB8, HOXB6, HOXC9, WNT4, FGF17, FGF22
 miR-151 1.22 0.08 HOXD1, HOXA2, HOXB4, FGF18
 miR-181a 1.38 0.4 HOXA11
 miR-181b 1.45 0.35 HOXA11
 miR-184   HOXC11, WNT10B, FGF13, PDGFA
 miR-186 0.54 –0.58 
 miR-187 1.92 0.55 HOXB7, WNT10A, WNT4, FGF10
 miR-190 1.52 0.48 
 miR-191 0.22 –0.78 HOXC8, HOXD8, HOXA2, HOXB13, HOXB2, WNT7A, PDGFB 
 miR-193 –0.04 –1.08 HOXB4, FGF17, FGF8
 miR-195 –0.79 –1.81 HOXA10, HOXC11, HOXB7, WNT7A,WNT8A, WNT3A, FGF2
 miR-197 0.51 –0.47 HOXD11, HOXD8, WNT7B
 miR-19a 0.81 –0.49 
 miR-214 1.44 0.44 HOXC5, HOXC6, HOXD4, WNT7A, WNT9B, FGF17, BMP4
 miR-218 1.82 0.68 
 miR-221 1.17 0.11 PDGFA, FOXL1
 miR-222 0.73 –0.26 HOXD1, HOXC13, HOXC9, FGF4, FGF3,FGF8
 miR-223 –0.68 –1.83 HOXC6, WNT10A, WNT3
 miR-296 1.15 –0.05 HOXB6, HOXD3, HOXD4, FGF5, FGF11, BMP1
 miR-320 0.6 –0.44 HOXD1, HOXA3
 miR-323 1.73 0.74 HOXB5, HOXA1, HOXD1, WNT1
 miR-324-5p 1.09 0.08 
 miR-325   HOXD1, HOXB2, FGF17, PDGFA
 miR-326 1.18 0.05 WNT6, FGF17, FGF17, Nkx2.3
 miR-328 0.88 –0.17 HOXB8, HOXC6, HOXB4, WNT5B, FGF17, FGF3, FGF17
 miR-330 1.09 –0.1 HOXD8, HOXD9, HOXB2, WNT2 , WNT16,  WNT11, BMP4
 miR-331 1.37 0.17 HOXA3, FGF17, Nkx2.3
 miR-335 1.59 0.28 HOXD8, HOXD13, HOXA2, WNT10A, BMP7
 miR-339 0.83 –0.31 HOXC11, HOXA11, WNT5B, FGF17, FGF22
 miR-340 1.96 0.7 HOXD4, FGF22 
 miR-342 0.73 –0.37 HOXB8, WNT10B, FGF3, PDGFA
 miR-374 0.63 –0.51 HOXD11, HOXB7, HOXC6,HOXD4

MicroRNAs differentially expressed in colon of 7-8-week vs 9-12-week embryos and their putative targets associated with embryonic development 

of the digestive tract.
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Figure 2 Hierarchical clustering of miRNAs in embryonic human colon and in adult colorectal cancer and paired normal colon tissue. The 

expression profiles observed in cluster 1, which includes all the stage I tumors and some stage II tumors, are similar to those observed 
in cluster 2, which includes all the normal tissue. The expression profile of cluster 3, which includes all the embryonic tissue, is similar 
to that of cluster 4, which includes only stage II tumors.

characteristics of columnar epithelium (Figure 1E-1G). 

At 12 weeks, the intestinal lumen is completely formed 

and intestinal epithelium is already differentiated, with 

the detectable presence of globet cells, mature fibroblasts 
and muscle tissue (Figure 1H-1J), as observed in previous 

studies [16]. 

In embryonic tissue, the analysis of 156 miRNAs by 

K-means revealed two well-differentiated groups: the em-

bryos of 7-8 weeks and those of 9-12 weeks. At 7-8 weeks 

overall miRNA expression levels were high in comparison 

to normal adult colon tissue (shown in red in Figure 1D), 

while at 9-12 weeks expression levels were lower (shown in 

green in Figure 1K). SAM analysis identified 67 miRNAs 
differentially expressed between embryos at 7-8 weeks and 

those at 9-12 weeks (Supplementary information, Table 

S1). Forty of these miRNAs (59%) are linked to putative 

targets (http://microrna.sanger.ac.uk) associated with the 

embryonic development of the digestive tract. miRNA 

expression decreased during epithelial differentiation 

(Table 1).

Overlapping miRNA expression between embryonic and 

tumor colon tissues

 When the expression of 156 miRNAs was compared 

among embryonic, tumor and normal tissues, overall low 

expression levels were observed in normal adult colon 

mucosa, while high levels were seen in embryonic tissue 

(Figure 2). Moreover, hierarchical cluster analysis identi-

fied four clear groups: colorectal cancer stage I (cluster 1), 
normal mucosa (cluster 2), embryonic tissue (cluster 3) and 

colorectal cancer stage II (cluster 4) (Figure 2). Lower miR-

NA expression was observed in cluster 1, which included 

all stage I (T2N0M0) and some stage II (T3N0M0) tumors, 

in comparison with cluster 4, where all tumors were stage 

II (p = 0.014). No other clinical characteristics correlated 

with cluster 1 or cluster 4 (Figure 2 and Supplementary 

information, Table S2). The miRNA expression profile of 
stage I tumors was similar to that of normal tissue, while 
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Table 2 Differentially regulated miRNA by SAM in stage I and stage II colorectal cancer tissue vs paired normal tissue.   

                                     Stage I tumor vs Normal tissue                       Stage II tumor vs Normal tissue  
                      Normal tissue            Stage I tumor                                                      Normal tissue          Stage II tumor
                                           mean                             mean                                                               mean                          mean
 miR-103 –37 0.08 miR-103 –0.37 –0.05
 miR-106a –0.47 0.48 miR-105 –0.64 –0.06
 miR-107 –0.21 0.48 miR-106a –0.47 0.35
 miR-125b 0.43 –0.32 miR-10a 0.07 0.37
 miR-135b -64 1.75 miR-122a –0.12 0.49
 miR-139 0.48 –0.48 miR-128a –0.4 0
 miR-145 0.34 –0.7 miR-130b –0.3 0.26
 miR-148a –0.62 0.1 miR-134 0.07 0.51
 miR-149 0.06 –0.39 miR-135a –0.34 0.57
 miR-17-5p –0.84 –0.03 miR-141 –1.29 0.27
 miR-182 –1.43 –0.44 miR-142-3p -0.91 –0.41
 miR-182* –1.01 0.44 miR-142-5p –0.66 –0.21
 miR-183 –1.19 0.26 miR-146 –0.46 0.36
 miR-195 –0.42 –1.08 miR-147 –1.01 –0.33
 miR-19a –0.93 –0.06 miR-148a –0.62 0.34
 miR-20 –0.86 0 miR-151 –0.14 0.27
 miR-200c –1.76 –0.24 miR-154* –0.49 –0.01
 miR-203 –1.66 0.08 miR-15a –0.83 –0.29
 miR-21 –0.42 0.37 miR-15b –0.89 –0.57
 miR-224 –0.22 0.89 miR-17-3p –0.73 –0.05
 miR-30a-3p 0.28 –0.35 miR-17-5p –0.84 –0.08
 miR-31 –0.2 0.86 miR-181a –0.51 0.03
 miR-339 –0.74 –0.23 miR-181b –0.65 0.03
 miR-34a –0.24 0.33 miR-181c –0.58 –0.14
 miR-92 –0.51 0.11 miR-182 –1.43 –0.5
 miR-95 –0.45 0.49 miR-182* –1.01 0.29
 miR-96 –1.14 0.18 miR-183 –1.19 0.16
 miR-99a 0.3 –0.67 miR-186 –0.67 –0.25
    miR-191 –0.77 –0.19
    miR-194 –1.55 –0.13
    miR-197 –0.69 –0.34
    Leg-7g –0.81 –0.46
    miR-19a –0.93 –0.13
    miR-20 –0.86 –0.2
    miR-200a –1.87 –0.16
    miR-200b –1.78 –0.05
    miR-200c –1.76 –0.12
    miR-21 –0.42 0.46
    miR-210 –0.88 0.24
    miR-213 –0.38 0.28
    miR-215 –1.06 0.19
    miR-216 0.11 1.02
    miR-219 –0.38 0.25
    miR-221 –0.37 0.35
    miR-222 –0.44 0.25
    miR-224 –0.22 0.58
    miR-25 –0.54 –0.1
    miR-27a 0.04 0.49
    miR-29a –0.36 0.25
    miR-301 –0.57 –0.16
    miR-31 –0.2 1.39
    miR-320 –0.65 –0.2
    miR-324-5p –0.51 –0.07
    miR-330 –0.41 0.04
    miR-338 –0.79 –0.39
    miR-339 –0.74 –0.13
    miR-34a –0.24 0.33
    miR-370 –0.58 –0.04
    miR-373 –1.32 –0.44
    miR-374 –0.71 –0.37
    miR-92 –0.51 0.08
    miR-95 –0.45 0.39
    miR-96 –1.14 0.13
    miR-98 –0.33 0.07

Twenty-eight miRNAs differentially expressed in stage I tumors vs normal tissue and 64 miRNAs expressed in stage II tumors vs normal tissue. The 

shaded miRNAs are also characteristic of early embryonic development.
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Figure 3 miR-17-5p modulates E2F1 protein expression in colon. (A) Venn diagram showing overlapping miRNAs between tumor 

and embryonic tissues. (B) Quantification of E2F1 protein (E2F1/α-tubulin) and the miR-17-92 cluster (mean Relative Quantification 
[RQ] of miR-17-5p, miR-106a and miR-20a) shows an opposing pattern of expression. (C) Western blot analysis confirmed that E2F1 
is downregulated in the early process of colon organogenesis and carcinogenesis, while it is upregulated in normal colon tissue. (D) 

miR-17-5p inhibition in DLD1 colorectal cancer cells promotes E2F1 upregulation. 

the expression profile of stage II tumors was closer to that 
of embryonic tissue. 

Of the 156 miRNAs assessed, 13 were silenced in embry-

onic, tumor and normal colon tissues. Twenty-eight miR-

NAs were differentially expressed in stage I tumor tissue in 

comparison with paired normal tissue, and 13 of these 28 

miRNAs (46%) were also differentially expressed in tissue 

from 7-8-week embryos in comparison with 9-12-week 

embryos. Sixty-four miRNAs were differentially expressed 

in stage II tumor tissue in comparison with normal tissue, 

and 29 of these 64 miRNAs (45%) were also differentially 

expressed in tissue from 7-8-week embryos in comparison 

with 9-12-week embryos (Table 2). These findings are 
similar to previous reports of miRNA dysregulation in 

colorectal cancer [17]. The miRNAs miR-17-5p, miR-191, 

miR-21, miR-107, miR-30c, miR-221 and miR-106a have 

been found to be upregulated in colorectal cancer tissue 

[8, 9], while expression of miR-145 is downregulated in 

colorectal cancer [18]. 

Cluster miR-17-92 modulates E2F1 expression and cell pro-
liferation in human embryonic colon and colorectal cancer

SAM analysis identified three miRNAs (miR-17-5p, 

miR-20 and miR-106a) that were differentially expressed 

among tumor stage I, tumor stage II and embryonic tissues 

versus normal colonic mucosa (Figure 3A). These miRNAs 

are members of the miR-17-92 cluster, supporting the idea 

that this cluster may play a role in human colon develop-

ment and colorectal cancer growth. Moreover, it has been 

shown that E2F1 expression is negatively regulated by 

the miR-17-92 cluster [19-21]. In the present study, E2F1 

protein analysis revealed a pattern of expression opposite 

to that of the miR-17-92 cluster (Figure 3B). E2F1 protein 

expression was lower in the early stages of colon organo-

genesis and in carcinogenesis compared to normal mucosa 

(Figure 3C). 

To test whether the miR-17-92 cluster regulates E2F1 

expression in colon tissues, we used anti-miR-17-5p, anti-

miR-20 and anti-miR106a to inhibit miRNA function [12, 

22]. Transfection with miR-17-5p, miR-20a and miR-106a 

antisense oligonucleotides (individual or pooled) showed 

that miR-17-5p is the critical member of the cluster in-

volved in E2F1 expression regulation in colon cancer cells 

(Figure 3D). Interestingly, we found that anti-miR-17-5p 

reduced cell growth in a dose-dependent manner. At 25 

nM, growth inhibition by anti-miR-17-5p reached about 

B

C D

A

Cluster 17-92

      mir-106a
      mir-20
      mir-17-5p

Embryonic colon

7-8 weeks

Early
embryonic

colon
tissue

Early
embryonic

colon tissue

Late
embryonic

colon
tissue

Late
embryonic

colon tissue

Normal
adult
colon

Normal
adult
colon

Colorectal
cancer

Colorectal
cancer

mir-17-92

m
ir
-1

7
-9

2
R

Q

1.5

1

0.5

0

–0.5

–1

E2F1

0.18

0.14

0.1

0.06

0.02

0

E
2F

1/
α

T
u
b
u
lin

E2F1

αTubulin

D
L
D

1

S
c
ra

m
b
le

d

A
n
ti
-m

ir
-1

7
-

5
p
-2

0
-1

0
6
a
-M

ix

A
n
ti
-m

iR
-1

0
6
a

A
n
ti
-m

iR
-1

7
-5

p

A
n
ti
-m

iR
-2

0
a

E2F1

αTubulin

Tumor stage I Tumor stage II



www.cell-research.com | Cell Research

Mariano Monzo et al.

829

npg

25%, while reduction was more than 50% at 50 nM (Figure 4A). 

Moreover, miR-17-5p-inhibited cells formed substantially 

fewer colonies than controls did when plated at low density 

(Figure 4B and 4C). 

Chromogenic in situ hybridization of miR-17-5p in embryonic, 
tumor and normal colon tissue

Finally, to verify that miR-17-5p upregulation is as-

sociated with epithelial proliferative progenitor cells, a 

chromogenic in situ hybridization assay for miR-17-5p 

was performed in the embryonic tissue sections, as well as 

in paraffin-embedded paired normal and tumor samples. A 
clear miR-17-5p positive hybridization signal was present 

throughout the proliferative compartment in the base of 

the crypt, while its expression decreased along a gradient 

toward the top of the crypts (Figure 5A and 5B). In embry-

onic tissue, miR-17-5p was specifically expressed in early 
epithelium (endodermic tissue), whereas staining was not 

detected in the stromal compartment (mesodermic tissue) 

(Figure 5C). In tumor samples, miR-17-5p was expressed 

in tumor epithelium and in specific areas of the stromal 
compartment (Figure 5D). 

Discussion

Recently, the role of several miRNAs in carcinogenesis 

Figure 4 miR-17-5p regulates cell proliferation in colorectal cancer. (A) MTS proliferation assay results: percentage proliferation as 

compared to scrambled transfected cells 6 days after transfection with antisense oligonucleotides targeting miR-17-5p, miR-20a, miR-

106a, and anti-miR-Mix (pool of anti miR-17-5p, anti miR-20a and anti miR-106a). The data shown are the mean values ± SD of three 

independent experiments. After 25 nM transfection: miR-17-5p (72.05 ± 1.25%); miR-20a (64.85 ± 9.27%); miR-106a (66.41 ±  3.65%); 
miR-Mix (69.53 ± 2.04%). After 50 nM transfection: miR-17-5p (47.35  ± 4.23%); miR-20a (63.99 ± 5.41%); miR-106a (71.67 ± 1.78%); 

miR-Mix (72.57 ± 3.17%). *p < 0.01, **p < 0.01. (B) Two independent replicates (1 and 2) of DLD1 cells transfected with scrambled 

or miR-17-5p antisense were plated at low density (colony formation efficiency [CFE]); after 7 days they were fixed and stained with 
crystal violet. (C) Then, the dye was solubilized with methanol and OD was measured at 570 nm. Lower CFE was seen in the cells 

transfected with anti-miR-17-5p. Data shown are the mean values ± SD of five different OD: Replicate 1 (66.6 ± 7.3%); Replicate 2 
(61.8 ± 2.1%).
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and their impact on cancer prognosis have been described, 

but the relationship between the role of miRNAs in human 

embryogenesis and cancer remains to be clarified. The in-

creased rate of proliferation and the lack of differentiation 

in cancer cells resemble what occurs in the physiological 

process of embryogenesis. In this study, we found that 

miRNAs that are expressed during the early development 

of the human colon are also active in the initial stages of 

colorectal cancer. Our findings support the hypothesis that 
miRNAs are highly expressed in undifferentiated cells and 

silenced during differentiation [3]. We observed that during 

the undifferentiated stage of human colon organogenesis 

(7-8 weeks) miRNA expression was high, but at the time 

differentiation of the epithelium occurred (9-12 weeks) 

miRNA expression decreased. In addition, the miRNA 

expression profile of stage I tumors was similar to that 
of normal tissue, while the expression profile of stage II 

tumors more closely resembled that of embryonic tissue. 

These results may reflect the fact that stage I tumors show 
an earlier phase of carcinogenesis with fewer genetic altera-

tions and a more differentiated morphology, while stage 

II tumors may harbor a more aggressive phenotype with a 

greater capacity for proliferation, similar to that observed 

in embryonic tissues. 

Overlapping miRNA expression was detected between 

embryogenesis and carcinogenesis. Of the shared miRNAs, 

the miRNA 17-92 cluster plays an important role in carcino-

genesis and embryogenesis by regulating the proliferation 

process. The main effector of the cluster components was 

the miRNA miR-17-5p, through its target E2F1 [19]. Over-

expression of the miR-17-92 cluster has been observed in 

B-cell lymphomas and lung cancer [23, 24] and inhibition 

of miR-17-5p selectively induces apoptosis in lung cancer 

cells [25]. Moreover, it has been shown that the miR-17-92 

Figure 5 miRNA chromogenic in situ hybridization of miR-17-5p with LNA-ribo probe. (A) Normal colon tissue, showing detection 

of miR-17-5p in the base of the crypts. (B) Normal colon tissue, magnification of the crypt base showing high detection of the 
miR-17-5p at the proliferative compartment in the base of the crypt. (C) 10-week human embryonic colon, miR-17-5p is detected 

in mesodermic epithelium. (D) Tumor sample, miR-17-5p is detected in colorectal cancer cells and in some mesenchymal cells 

(arrows). The scale bar represents (A) 60 µm, (B) 12 µm, (C) 11.6 µm, (D) 23.2 µm.
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cluster downregulates E2F1 in adult tissue [19], although 

it remains unclear whether the same target is modulated 

during development [26]. In the present study, E2F1 pro-

tein analysis in human embryonic colon and paired tumor 

and normal colon samples revealed a pattern of expression 

opposite to that of the miR-17-92 cluster. The downregula-

tion of E2F1 expression by the miR-17-92 cluster during 

colon development may promote cell proliferation as part 

of the normal embryogenic process. In tumorigenesis, the 

downregulation of E2F1 expression by overexpression of 

the miR-17-92 cluster leads to an increased proliferation 

rate, probably due to the protection of tumor cells from 

apoptosis. In contrast, in normal adult colon tissue, low 

levels of miR-17-92 permit E2F1 expression. In the present 

study, we found that miR-17-5p was the crucial member of 

the miR-17-92 cluster. When cells were transfected with 

anti-miR-17-5p, E2F1 expression significantly increased, 
thus reducing cell proliferation. Even when anti-miR-17-5p 

was included in a pool with anti-miR-20 and anti-miR-

106a, which showed little or no effect on E2F1 expression, 

the impact of miR-17-5p was still significant, although 
somewhat diminished.

Colonic crypts offer an attractive model in which to 

study stem and progenitor cells, because these cells occupy 

discrete positions within crypts. Specifically, colonic crypt 
stem cells reside at the crypt base and give rise to a transient 

population of undifferentiated cells that vigorously prolifer-

ate as they migrate toward the lumen of the intestine [27]. 

miRNA in situ hybridization showed a miR-17-5p-positive 

signal throughout the proliferative compartment that gradu-

ally decreased toward the top of the crypts, suggesting a 

role in the homeostatic self-renewal of colon tissue. This 

result provides support for a potential role of miR-17-5p 

in controlling cell differentiation and proliferation in the 

large intestine. 

Our findings demonstrate that miRNAs play an impor-
tant role in colon organogenesis, where cell proliferation 

rates seem to be controlled by these miRNAs. In the normal 

adult colon these miRNAs are overexpressed only in the 

proliferation compartment, but in the tumor their expression 

increases throughout the proliferative zone.

In summary, the presence of a common miRNA expres-

sion pattern during human colon development and tumor 

growth supports the hypothesis of a relationship between 

carcinogenesis and embryogenesis [28]. Upregulation 

of the miR-17-92 cluster in the adult cell, when it had 

been silenced after organ development, could disrupt cell 

proliferation control. These findings provide a greater un-

derstanding of the mechanism of action of these miRNAs 

and, if validated in further experiments, will be a useful 

tool for the control of tumor growth, with a positive effect 

on future therapeutic applications [29].

Materials and Methods

Human embryonic samples 
Eleven spontaneously aborted embryos and fetuses were donated 

with written informed consent to the Body Donation Service of the 

Human Anatomy and Embryology Department of the Hospital Clinic 

School of Medicine for morphological and molecular studies. The 

samples included large intestine from the seventh to the twelfth 

week of development. The large intestine samples (Supplementary 

information, Figure S1) were obtained using an Olympus stereo 

microscope SZ61. Samples for RNA extraction were preserved in 

liquid nitrogen.

Patients
Forty-four colorectal samples from 22 adult colorectal cancer 

patients were obtained through surgical resection between August 

2002 and August 2004 at the Municipal Hospital of Badalona, 

Spain. Fifteen patients were male and seven female; six were stage 

I (T2N0M0) and 16 were stage II (T3N0M0) (Supplementary infor-

mation, Table S2). All patients gave their signed informed consent. 

Tumor and paired normal fresh tissue samples were obtained from 

each patient and preserved in liquid nitrogen. RNA was obtained 

from the samples after histopathological confirmation of neoplastic 
and normal tissues. 

Scanning electron microscopy
For scanning microscope analysis, the embryonic samples were 

fixed in a solution consisting of 2.5% glutaraldehyde in 0.1 M phos-

phate buffer (pH 7.2), post-fixed in osmium tetroxide (1%) in the 
same phosphate buffer, dehydrated in graded alcohol and processed 

for critical point drying (Polaron). The samples were observed with 

a Zeiss DSM 940A operated at 10 kV.

Transmission electron microscopy 
For transmission microscope analysis, the embryonic samples 

were fixed in a solution consisting of 2% paraformaldehyde and 
2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2), post-fixed 
in osmium tetroxide (1%) in the same phosphate buffer, dehydrated 

in a graded acetone series and embedded in Spurr’s resin. Thin sections 

(0.5-1 µm) were used to select zones to explore through electron 

microscopy. Ultrathin sections (60-80 nm) were cut with an ul-

tramicrotome (Leica UCT) using a diamond knife (Diatome). The 

ultrathin sections were mounted on Cu grids and post-stained, first 
with 2% uranyl acetate for 10 min and then with lead citrate for 20 

min. Ultrastructural analysis was performed using a Jeol EM1010, 

operated at 80 kV with a Bioscan 812 (Gatan) digital camera.

RNA extraction, reverse transcription and real-time PCR 
quantification

Total RNA was extracted from embryonic, tumor and normal 

tissues using Tripure total RNA isolation reagent (Roche Applied 

Science, Indianapolis, USA) as per the manufacturer’s protocol. The 

concentration was quantified using GeneQuant Spectrophotometer 
(Pharmacia, Uppsala, Sweden). cDNA was synthesized from total 

RNA using gene-specific primers according to the TaqMan Mi-
croRNA Assay protocol (PE Applied Biosystems, Foster City, CA). 

Reverse transcriptase reactions contained 10 ng of RNA samples, 50 

nM stem-loop RT primer, 1 × RT buffer, 0.25 mM each of dNTPs, 

3.33 U/µl MultiScribe reverse transcriptase and 0.25 U/µl RNase 
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Inhibitor (all purchased from cDNA Archive kit of Applied Biosys-

tems). The 7.5 µl reactions were incubated in an Applied Biosystems 

9500 ThermaCycler in a 96-well plate for 30 min at 16 ºC, 30 min 

at 42 ºC, 5 min at 85 ºC and then held at 4 ºC. Real-time PCR was 

performed using an Applied Biosystems 7 500 Sequence Detection 

system. The 10 µl PCR included 0.67 µl RT product, 1 × TaqMan 

Universal PCR master mix and 1 µl of primers and probe mix. The 

reactions were incubated in a 96-well optical plate at 95 ºC for 10 

min, followed by 40 cycles of 95 ºC for 15 s and 60 ºC for 1 min. The 

threshold cycle (Ct) data were determined using default threshold 

settings. The Ct is defined as the fractional cycle number at which 
the fluorescence passes the fixed threshold. 

Normalization and data analysis 
miRNA expression data were normalized to let7-a miRNA, in 

accordance with our findings in previous studies, where we had 
observed that different approaches, including global median and 18S 

RNA normalization, showed similar results [8]. Relative quantifica-

tion of miRNA expression was calculated with the 2-△△Ct method 

(Applied Biosystems User Bulletin N°2 [P/N 4303859]). The data 

were presented as log10 of relative quantity (RQ) of target miRNA, 
normalized in regard to miR-let-7a and relative to a calibrator 

sample. Normal human colorectal tissues were used as calibrators 

for all samples. 

Data were analyzed using TIGR Multiexperiment viewer version 

3.1 (Dana-Faber Cancer Institute, Boston USA). Data are presented as 

log10 of RQ of target miRNA relative to a control sample. To identify 
miRNAs with significantly differential expression levels between 
embryo, tumor and normal tissue samples, two multivariate permuta-

tion tests provided in TIGR Multiexperiment viewer were performed: 

Significance Analysis of Microarrays (SAM) and Student’s t-test. In 

both cases, we selected paired t-test options to compare tumor versus 

normal tissue with an false discovery rate (FDR) of less than 10%. 

Hierarchical clustering was performed with the normalized data using 

average linkage and Euclidean distance as measures of similarity.

Associations between tumor clusters and clinical variables were 

measured by Fisher’s exact test on a 2 × 2 contingency table using 

SPSS 12.0.1 statistical software (1999, SPSS, Chicago, IL).

Antisense inhibition of miR-17-92 cluster 
For the analysis of E2F1, 25 and 50 pmol each targeting mir-17-5p, 

mir-20a and mir-106 or 100 pmol of the scrambled oligonucleotide 

were transfected into DLD1 colorectal cancer cell lines growing 

in six-well dishes (plated at 200 000 cells per well 24 h before 

transfection) using Lipofectamine 2 000. We confirmed transfection 
efficiency (>95%) using Silencer FAM-labeled Negative Control 
(Ambion). Cell lysates were collected 24, 48 and 72 h after transfec-

tion; miRNA expression was analyzed by real-time PCR and E2F1 

expression was assessed through immunoblotting.

Cell proliferation assays
For cell proliferation, 24 h after anti-miRNA transfection, cells were 

trypsinized, and 3 000 viable cells were plated into 96-well plates 

or 5 000 viable cells were plated in 6-well plates. Cell growth was 

measured with CellTiter 96 non-radioactive cell proliferation assay 

kit (Promega), counting was performed with the NucleoCounter 

Automated Cell Counting System (Chemometec), and cells were 

visualized following fixation and staining with crystal violet.

Western immunoblotting 
Total protein from embryonic, tumoral and normal colon samples 

was isolated using Qiagen Qproteome Mammalian Protein Prep Kit 
according to the manufacturer’s protocol, with minor modifications. 
Equal amounts of proteins (50 µg) were separated by SDS-poly-

acrylamide electrophoresis in Precast Ready gels from Biorad (10% 

Tris-HCl polyacrylamide), and transferred to pure nitrocellulose 

membranes (Trans-Blot Transfer Medium, Biorad). Membranes were 

incubated with mouse monoclonal antibodies against E2F1 (1:200, 

Santa Cruz Biotechnology, Santa Cruz, California) and α-tubulin (1:5 
000, Sigma, Saint Louis, Missouri). Antibody binding was revealed 

by incubation with anti-mouse IgG peroxidase conjugate secondary 

antibodies (Sigma, Saint Louis, Missouri). Chemiluminescence was 

detected using SuperSignal West Pico Chemiluminescent Substrate 

(Pierce Biotechnology, Rockford, IL) and read in Chemidoc System 

(Biorad). The protein density of the bands was quantified using the 
Quantity one software v 4.2.6 and the relative quantification was 
calculated with reference to α-tubulin signal.

miRNA in situ hybridization
Fluorescein (FITC) 5′  labeled locked-nuclei-acid-incorporated 

(LNA) miRNA ribo probes for miR-17-5p (miRCURYTM LNA detec-

tion, Exiqon) were used in formalin-fixed, paraffin-embedded tissue 
sections on silane-coated slides (Vision BioSystem). Chromogenic 

in situ hybridization was performed in a Bond Max (Vision Biosys-

tems) automated platform. Pre-treatment of the slides was performed 

with Protease 1 for 10 min at 37 ºC. A total amount of 300 µl of 25 

nM probe was hybridized in 1× sodium chloride-sodium citrate 

hybridization buffer (SSC) (Innogenetics) at up to 50 ºC for 5 h. We 

used a pre-diluted mouse anti-FITC antibody (Vision BioSystems) 

for 20-60 min, followed by a goat anti-mouse linked to thousands 

of horseradish peroxidase (HRP) sites (Refine Detection System, 
Vision BioSystems). DAB was used as a chromogen (reacted for 10 

min) and hematoxylin was used as a counterstain.
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