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Introduction

MicroRNAs (miRNAs) are small, evolutionarily conserved, 
noncoding RNAs of approximately 22 nucleotides in length, 
which are prominently involved in gene regulation in nearly 
every biological process. Thirty thousands of mature miRNA 
sequences have been identified in multiple organisms and 
deposited into the miRBase database.1 MiRNA bind to partly 
complementary sequences preferentially located in the 
3′-untranslated region (3′ UTR) of mRNAs of target genes. 
For most miRNAs, the targeting of cognate mRNAs is strongly 
influenced by the complementarity between the short “seed” 
sequence at nucleotides 2–8 at the 5′ end of the miRNA and 
the seed matching sequences contained in the mRNA. The 
pairing of a miRNA onto target mRNAs most often decreases 
the mRNA translation and stability, subsequently leading to 
decreased production of the target protein.2 MiRNAs sharing 
the same seed sequence are grouped into families and are 
theorized to target overlapping sets of genes.

Perturbations in miRNA biogenesis or expression contrib-
ute to diseases, including cancer, immune pathologies or 
infection. The widespread alterations in the miRNA profiles 
are ubiquitous features of cancer and affect all steps of the 
malignant phenotype from cellular transformation to tumor 
progression. In the same way as protein-coding genes, some 

miRNA behave as cancer “drivers” (the so-called oncomirs) 
or tumor suppressors depending on the cellular context in 
which they are expressed.3

The involvement of deregulated miRNA expression in the 
malignant phenotype prompts the exploitation of miRNAs as 
anticancer therapeutic targets. Numerous studies have dem-
onstrated the utility of inhibiting miRNAs using complemen-
tary anti-miRNA oligonucleotides. Antisense anti-miRNAs 
sequester the miRNA in competition with target mRNAs, 
leading to functional inhibition of the miRNA and dere-
pression of the direct targets. Antisense-mediated miRNA 
inhibition requires optimization of the oligonucleotides for 
increased binding affinity, improved nuclease resistance and 
efficient in vivo delivery. This can be achieved using a vari-
ety of chemical modifications, which show particular promise 
in vivo. In most studies, fully complementary 22-mer antimiRs 
have been used to target the mature miRNA. Introduction of 
locked nucleic acids (LNA), in which the furanose ring in the 
sugar-phosphate backbone is chemically locked in a RNA 
mimicking N-type (C3′-endo) conformation by a 2′-O,4′-C 
methylene bridge, into an antisense sequence dramatically 
enhances its affinity for the target.4 Thus, an efficient antago-
nism of several miRNAs has been reported using either high-
affinity 15-16-mer LNA/DNA antimiRs targeting the 5′ region 
of the mature miRNA, or even 12-14-mer seed-directed 
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MicroRNAs regulate eukaryotic gene expression upon pairing onto target mRNAs. This targeting is influenced by the 
complementarity between the microRNA “seed” sequence at its 5′ end and the seed-matching sequences in the mRNA. Here, 
we assess the efficiency and specificity of 8-mer locked nucleic acid (LNA)-modified oligonucleotides raised against the 
seeds of miR-372 and miR-373, two embryonic stem cell-specific microRNAs prominently expressed in the human gastric 
adenocarcinoma AGS cell line. Provided that the pairing is perfect over all the eight nucleotides of the seed and starts at 
nucleotide 2 or 1 at the microRNA 5′ end, these short LNAs inhibit miR-372/373 functions and derepress their common target, 
the cell cycle regulator LATS2. They decrease cell proliferation in vitro upon either transfection at nanomolar concentrations 
or unassisted delivery at micromolar concentrations. Subcutaneously delivered LNAs reduce tumor growth of AGS xenografts 
in mice, upon formation of a stable, specific heteroduplex with the targeted miR-372 and -373 and LATS2 upregulation. Their 
therapeutic potential is confirmed in fast-growing, miR-372-positive, primary human gastric adenocarcinoma xenografts in 
mice. Thus, microRNA silencing by 8-mer seed-targeting LNAs appears a valuable approach for both loss-of-function studies 
aimed at elucidating microRNA functions and for microRNA-based therapeutic strategies.
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LNA oligonucleotides with a phosphodiester backbone.5 
Furthermore, the outstanding binding affinity of LNAs has 
been exploited in an approach using only 8-mer LNA-phos-
phorothioate oligonucleotides complementary to the miRNA 
seed sequence.6 These 8-mer oligos, designated as tiny 
LNAs (TL), enable specific inhibition of miRNA function with 
concomitant derepression of direct targets in cultured cells. 
In an orthotopic mouse model of breast tumor xenografts, 
unconjugated anti-miR-21 TL21 efficiently reached the miR-
21 oncomir within the tumors upon systemic injection and 
derepressed one of its target, the neoplasic transformation 
inhibitor programmed cell death 4 (PDCD4).6 This strategy 
has been thereafter successfully applied to other miRNA-
associated diseases. TL21 are able to reduce autoimmune 
splenomegaly in lupus mice.7 TL155 targeting the miR-155 
oncomir inhibit the tumor growth in a mouse xenograft model 
of a B-cell lymphoproliferative disease.8 TL17 and TL19 
targeting the miRNA seed family expressed by the onco-
genic miR-17~92 and miR-106b~25 clusters inhibit medul-
loblastoma growth in vivo and prolong mice survival.9 TL33 
targeting the miR-33 family, which regulates lipid/choles-
terol homeostasis, increase circulating high-density lipopro-
tein cholesterol at long-term in obese and insulin-resistant 

nonhuman primates.10 Altogether, these data stress the 
potential of these tiny oligonucleotides in the therapeutic tar-
geting of aberrantly expressed miRNAs.

We previously reported that the human gastric adenocar-
cinoma-derived AGS cell line express high levels of miR-
372, which confer an active proliferation rate to these cells.11 
MiR-372 belongs to the miRNA-371-372-373 (miR-371–373) 
cluster, originally found to be specifically expressed in human 
embryonic stem cells and involved in both stem cell pluripo-
tency and cell cycle regulation.12–14 In this cluster, miR-372 and 
miR-373 are homologous and likely target the same protein-
coding genes. The miR-371–373 cluster is frequently deregu-
lated in some human tumors , leading to high expression of 
mir-372 and -373 in testicular germ cell tumors, esophageal 
carcinoma, thyroid adenoma, hepatoblastoma, colorectal 
carcinoma, and gastric carcinoma.15–21 The oncogenic role 
of this miRNA cluster has been defined through the identi-
fication of some of the miR-372 and -373 targets, which are 
silenced in tumor cells expressing high levels of these miR-
NAs: the LArge Tumor Suppressor 2 (LATS2), a protein kinase 
regulating cell cycle progression,11,15,17 the hyaluronic acid 
receptor CD44 regulating tumor invasion and metastasis,22  
the transforming growth factor β receptor 2 (TGFβR2), which 

Figure 1   Specificity of miRNA targeting by 22-mer full-length antisense or 8-mer seed-directed oligonucleotides in cultured AGS 
cells. AGS cells were transfected with either the 22-mer full-length anti-miR-372 LNA/DNA antisense (AS372) or its scrambled sequence 
(SC372), or with the 8-mer LNA oligonucleotide targeting the nu 2–9 of miR-372 including the seed (TL372), or its negative control sequence 
(TLCo), at a final concentration of 10 nmol/l in the presence of Lipofectamine 2000. Cells were grown for 5 days. (a) RT-qPCR analysis of 
miR-372 levels; the bars represent the miR-372 levels normalized with snor25 and U6 and compared to mock treated cells (mean ± SD, n = 4). 
(b) Northern blot analysis of miR-372 (medium panel) and U6 (upper panel) in nondenaturing conditions; the lower panel schematizes miR-372 
paired or not with the specific antimiR for each lane. (c) Nondenaturing northern blot analyses of miR-372, miR-373, miR-17-5p, and miR-93 
in AGS cells transfected with either TL372, TL373, TL17, TL21, or TLCo at 10 nmol/l.
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upon TGFβ binding controls cell growth and promotes epi-
thelial to mesenchymal transition,23 or else the tumor necro-
sis factor α-induced protein 1 (TNFAIP1) involved in the 
regulation of the Nuclear Factor κB (NFκB) signaling path-
way.21 miR-372 and miR-373 belong to the miR-17 family 
along with miR-17-5p, miR-20a, miR-106b, and miR-93.24  
All these miRNAs harbor similar seed sequence (Table 1).

Based on both the efficient silencing of miRNA families by 
seed-targeting tiny LNAs and our previous results on the high 
miR-372 and -373 expression in the human gastric adeno-
carcinoma AGS cells,6,11 the present work aims at adapting 
this anti-miRNA approach to inhibit gastric adenocarcinoma 
cell growth both in vitro and in vivo. We report here that 8-mer 
LNAs targeting miR-372 and -373 seeds are as efficient as 
full-length anti-miR-372/373 oligonucleotides upon transfec-
tion to antagonize the function of these oncomirs in cultured 
AGS cells, derepress LATS2 and subsequently inhibit their 
growth rate. They also enter without any transfection agent 
into cultured cells at micromolar concentrations to achieve 
cell growth inhibition. Moreover, they are able to specifically 
sequester their target miRNAs within tumor cells in AGS 
xenografts in mice and impair tumor growth. Their antitu-
mor effect is particularly noticeable in fast-growing primary 
human gastric adenocarcinoma xenografts in mice.

Results

Specificity of 8-mer LNAs targeting miR-372 and miR-
373 seeds
We previously reported the efficiency of full-length antisense 
oligonucleotides to miR-372 and miR-373 (AS372, AS373) 
to inhibit the functions of these miRNAs in AGS cells.11 To 
assess whether miR-372 seed-targeting LNAs (TL372) are 
as efficient as AS372 in antagonizing miR-372, 8-mer TL372, 
22-mer AS372 or their respective controls TLCo and SC372 
were transfected into growing AGS cells at final concentra-
tion of 10 nmol/l and miR-372 expression was evaluated by 
RT-qPCR and nondenaturating northern blot analyses. Upon 
AS372 transfection, the miR-372 level is drastically reduced 
as determined by RT-qPCR, and becomes undetectable by 
northern blot analyses, compared to untransfected cells or 
SC372-transfected ones (Figure 1a,b, respectively), in agree-
ment with our previous data.11 Similar results were obtained 
by determining miR-373 content upon AS373 transfection 
(data not shown). However, the RT-qPCR data suggest that 
TL372 does not reduce the miR-372 content as efficiently 
as AS372 (Figure  1a). Northern blot analysis of miR-372 
reveals a slower-migrating band in TL372-transfected cells, 

as compared to TLCo-, SC-transfected or untransfected cells 
(Figure  1b), likely being the miR-372/TL372 heteroduplex: 
indeed, anti-miRNA LNAs may sequester their targeted 
miRNA without degrading it.6 There is still room left in the 
miR-372/TL372 heteroduplex for the anti-miR-372 probe or 
the RT-qPCR primers to pair onto the miR-372 sequence and 
to make it detectable both by northern blot or RT-qPCR anal-
yses (lower part of Figure 1b). On the contrary, in AS372-
transfected cells, miR-372 remains sequestered on its full 
length by the specific 22-mer antisense oligonucleotide, and 
hence unable to bind either the probe or the primers: this 
makes it undetectable either on the northern blot or by RT-
qPCR. Thus, using anti-miRNA 8-mer LNAs, quantification of 
residual miRNA levels by RT-qPCR may be misleading.

The TL372 ability to sequester miR-372 is likely related to 
the high stability of LNAs in a duplex.4 Indeed, duplex for-
mation between the miR-372/TL372 (RNA/full LNA) or the 
miR-372/TDNA372 (RNA/full DNA) was followed by ther-
mal denaturation monitored by UV-spectroscopy. A shift is 
observed in the melting curves (Supplementary Figure S1), 
allowing the determination of melting temperature (Tm) of 
79.7 ± 5 °C and 38.9 ± 0.7 °C for miR-372/TL372 and miR-
372/TDNA372 respectively (n = 5; P value = 1.2 × 10−7). This 
important and significant increase in the thermal stability of 
the 8-mer LNA oligonucleotide as compared to the 8-mer 
DNA in duplex with the targeted miRNA, corresponding to 
a gain of 5 °C per LNA modification, confers to TL372 out-
standing antisense properties despite its tiny size.

MiR-372 and miR-373 share similar seed sequences, which 
resemble those of miR-17-5p, miR-20a miR-106b, and miR-
93 (Table 1). We synthesized 8-mer TL372, TL373, and TL17 
LNAs perfectly matching the two to nine nucleotides of miR-
372, miR-373, or miR-17-5, respectively (Supplementary  
Table S1). In order to assess their respective ability to target 
the different miRNAs of this miRNA family, we transfected 
them in AGS cells at 10 nmol/l and, 4 days later, we ana-
lyzed their ability to form a stable TL/miRNA heteroduplex 
in the cells. TLCo and the miR-21-targeting TL21 were used 
as negative controls. Figure  1c shows the northern blot 
analyses of miR-372 (Figure 1c-A), miR-373 (Figure 1c-B), 
miR-17-5p (Figure 1c-C) and miR-93 (Figure 1c-D) in non-
denaturating conditions, and Table 2 summarizes the results, 
along with the likely pairing of the 8-mer LNAs to the miRNA 
sequences. As expected, TL372 is able to sequester miR-
372, which appears as a shifted band as compared to mock, 
TLCo, and TL21-treated cells. TL372 also partly retains miR-
93, with which it pairs beyond the seed from nucleotides 3 to 
10. TL373 does not form a heteroduplex with any miRNA but 

Table 1  Sequences of the miRNAs of the miR-17 family

miRNA cluster miRNA name MiRNA sequence, showing the seed (nu 2–8) underlined

Cluster miR-371-372-373 hsa-miR-372-3p MIMAT0000724 5′ AAAGUGCUGCGACAUUUGAGCGU 3′

hsa-miR-373-3p MIMAT0000726 5′ GAAGUGCUUCGAUUUUGGGGUGU 3′
Cluster miR-17≈92 hsa-miR-17-5p MIMAT0000070 5′ CAAAGUGCUUACAGUGCAGGUAG 3′

hsa-miR-20a-5p MIMAT0000075 5′ UAAAGUGCUUAUAGUGCAGGUAG 3′
Cluster miR-106b-93-25 hsa-miR-93-5p MIMAT0000093 5′ CAAAGUGCUGUUCGUGCAGGUAG 3′

hsa-miR-106b-5p MIMAT0000680 5′ UAAAGUGCUGACAGUGCAGAU 3′

In bold are the usual miRNA names (followed by the Gene Bank accession number in normal caracters): the bold caracters for the miRNAs have been used to 
distinguish the name from the accession number.
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miR-373, and the 10 nmol/l concentration seems insufficient 
to sequester the whole amount of miR-373 of the AGS cells. 
TL17 forms stable heteroduplexes with miR-17-5p and miR-
93, as expected, as well as with miR-372, to which it pairs 
from nucleotides 1 to 8. It forms a smeary duplex with miR-
373, to which it pairs from nucleotides 2 to 8. TL21 does not 
form a heteroduplex with any of those miRNAs but miR-21, 
as shown in Supplementary Figure S2. All combined, these 
data suggest that the ability of a 8-mer LNAs to efficiently 
target miRNAs of a same family resides in the perfect pairing 
over all the eight nucleotides and starting at nucleotide 2 or 1 
at the 5′ end of the miRNA. Moving forward at nucleotide 3 of 
the miRNA and/or mispairing at nucleotide 9 lead to substan-
tial or complete loss of their efficacy to sequester this miRNA. 
Therefore, although they harbor similar seeds, but differ on 
nucleotide 9, miR-372 and miR-373 cannot be targeted effi-
ciently by a unique 8-mer seed-targeting sequence.

The 8-mer LNAs against miR-372 and miR-373 derepress 
LATS2 and inhibit AGS cell growth in vitro
LATS2 is one of the major targets of both miR-372 and miR-
373, and contains two miR-372 and -373 pairing sites in 
its 3′UTR11. It has been validated in other cancer cells.15,17 
To compare the efficiency of the 8-mer LNA and full-length 
AS against miR-372 and miR-373 to derepress LATS2, the 
luciferase reporter plasmid containing the 3′UTR of LATS2, 
named pGL3-3’UTR-LATS2wt, was transiently transfected 
into AGS cells along with 8-mer LNAs or 22-mer AS. The 
resulting luciferase activity was compared to that of either 
the control pGL3 vector or the pGL3-3’UTR-LATS2mut vec-
tor harboring mutated miR-372 and -373 pairing sites. In the 
absence of oligonucleotides, the luciferase activity gener-
ated by pGL3-3′UTR-LATS2wt, which senses the endog-
enous miR-372 and miR-373 levels, represented 30% of that 
of the control pGL3 reporter and 37% of that of the pGL3-
3′UTR-LATS2mut vector (Figure 2a). In the presence of an 
equimolar mix of TL372+TL373, but not TLCo or SC372, the 
luciferase activity of the pGL3-3’UTR-LATS2wt increased in 
the same extend that in the presence of an equimolar mix 
of AS372+AS373 (Figure 2a). The TL372+373-derepressed 
luciferase activity reached the level of that generated by the 
pGL3-3′UTR-LATS2mut. This indicates that the 8-mer LNAs 
are as efficient as the AS372+373 to inhibit miR-372 and -373 

functions and derepress LATS2. In consequence, LATS2 pro-
tein accumulates in cells treated by either 8-mer or full-length 
antisenses against miR-372 and miR-373, but not in cells 
treated by the respective control oligonucleotides, in which 
LATS2 expression pattern remained as faint as in untreated 
cells (Figure 2b,d). The derepressed LATS2 mainly accumu-
lates in the cell nucleus upon treatment with either 22-mer 
AS or 8-mer LNAs (Figure 2d). TL372+373-transfected AGS 
cells exhibit a noticeably reduced proliferation rate, which is 
slowed down by 50 or 40% compared to those of untrans-
fected or TLCo-transfected cells, respectively (Figure  2c). 
TLCo-transfected cells grow slightly slower as compared to 
untransfected cells: this effect could be attributed either to the 
transfection procedure using Lipofactamin or to some nox-
ious properties of the LNA/phosphorothiate chemistry of oli-
gonucleotides, which may have reached unspecific targets as 
well through their strong binding capacities, leading to slight 
off-target harmfulness. Of note, TL21, which totally seques-
ters miR-21, another oncogenic miRNA that is also highly 
expressed in AGS cells (Supplementary Figure S2),11 has 
no more effect on AGS proliferation rate that TLCo, suggest-
ing that this cell line may not be particularly dependent on 
miR-21 for its growth. All together, these results show that 
8-mer LNAs, inhibiting miR-372 and -373 functions and dere-
pressing LATS2, inhibit AGS cell growth. Their effects are 
similar as those of the 22-mer AS, as reported in our previ-
ous data.11

The experiments shown in Figures  1 and 2 have been 
performed by transfecting the 8-mer LNAs with lipofectamin,  
which allows using concentrations in nanomolar range. As 
tiny LNA have been proven to enter cells unassisted,6 we 
verified this property by treating AGS cell cultures with them 
without any transfection agent. We established a stable AGS 
cell line containing the pGL4-PM372 luciferase reporter sys-
tem, which contains a single site perfectly matching miR-372 
downstream of the luc coding sequence. This AGS-luc-
PM372 line was compared to the AGS-luc-Mut372, a stable 
cell line constitutively expressing the pGL4-mut372 reporter 
system, in which the sequence pairing the miR-372 seed 
contains three mismatches and is thereby unable to sense 
miR-372. AGS-luc-PM372 cells express a low luciferase 
activity as compared to AGS-luc-Mut372 cells (5,611 ± 1,018 
RLU/μg protein versus 1332,000 ± 178,000 RLU/μg protein), 

Table 2  Theoretical 8-mer LNA pairing with the miRNAs of the miR-17 family

Tiny LNA Targeted miRNA Pairing with the miRNA and duplex formation

TL372 3′ TTCACGAC 5′; miR-372 5′ aAAGUGCUGcgacauuugagcgu 3′ nu 2 to 9: duplex

3′ TTCACGAC 5′; miR-93 5′ caAAGUGCUGuucgugcagguaG 3′ nu 3 to 10: loose duplex

3′ TTCACGAC 5′; miR-17 5′ caAAGUGCUuacagugcagguag 3′ nu 3 to 9: no duplex

3′ TTCACGAC 5′; miR-373 5′ gAAGUGCUucgauuuuggggugu 3′ nu 2 to 8: no duplex

TL373 3′ TTCACGAA 5′; miR-373 5′ gAAGUGCUUcgauuuuggggugu 3′ nu 2 to 9: duplex

3′ TTCACGAA 5′; miR-372 5′ aAAGUGCUgcgacauuugagcgu 3′ nu 2 to 8: no duplex

3′ TTCACGAA 5′; miR-17 5′ caAAGUGCUUacagugcagguag 3′ nu 3 to 10: no duplex

3′ TTCACGAA 5′; miR-93 5′ caAAGUGCUguucgugcagguag 3′ nu 3 to 9: no duplex

TL17 3′ TTTCACGA 5′; miR-17 5′ cAAAGUGCUuacagugcagguag 3′ nu 2 to 9: duplex

3′ TTTCACGA 5′; miR-93 5′ cAAAGUGCUguucgugcagguaG 3′ nu 2 to 9: duplex

3′ TTTCACGA 5′; miR-372 5′ AAAGUGCUgcgacauuugagcgu 3′ nu 2 to 8: duplex

3′ TTTCACGA 5′; miR-373 5′ gAAGUGCUucgauuuuggggugu 3′ nu 2 to 8: loose duplex

In each miRNA, the seed is underlined and the nucleotides paired with the 8-mer LNA are in capitals.
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due to the miR-372-mediated post-transcriptional luc repres-
sion. AGS-luc-PM372 cells specifically respond to the 
TL372 at 2.5 μmol/l by a significant increase of the lucifer-
ase activity (Supplementary Figure S3a), whereas AGS-
pGL4-Mut372 cells do not (Supplementary Figure S3b). 
These data suggest that 8-mer LNAs at micromolar range 
concentrations have entered freely into the cells to specifi-
cally inhibit the target miRNAs. Subsequently, an equimolar 
mix of TL372+TL373 induces a significant dose-dependent 
decrease in AGS growth rate (Supplementary Figure S3c) 
as compared to TLCo-treated cells, which grow at the same 
rate than untreated cells.

Seed-targeting 8-mer LNAs silence miR-372 and mir-373 
in AGS cells grown in mice and inhibit tumor growth
We then determined whether the 8-mer LNAs could be 
used to target miR-372 and -373 in solid tumors in vivo and 
subsequently reduce their growth rate. Therefore, we sub-
cutaneously engrafted the stable reporter cell lines AGS-
luc-PM372 or AGS-luc-Mut372 into female NSG mice (n = 5, 
one tumor per mouse). The xenografts grew at a similar rate 

independently on the reporter they harbor (AGS-luc-PM372 
and AGS-luc-mut372 tumor size: 119.6 mm3  ±  46.2 and 
108.6 mm3 ± 61.2, respectively, after 2 weeks, P value = 0.22; 
157.6 mm3  ±  42.3 and 150.5 ± 54.7 respectively after  
4 weeks, P value = 0.43). Ten days after AGS cell grafting, 
increasing concentrations of an equimolar TL372+373 mix 
or TLCo were subcutaneously injected at the tumor periph-
ery for 3 consecutive days. Both the size of the tumor and 
in vivo bioluminescence images were periodically recorded, 
starting at the day of the first injection (Figure 3). A notice-
able delay was observed in the growth kinetics of the tumors 
treated with TL372+373 at 5 or 50 nmoles/mouse as com-
pared to untreated or TLCo-treated ones, leading to a signifi-
cant reduction of tumor size after 2 weeks following the first 
injection (Figure 3a). Bioluminescence images recorded at 
day 9 following the first injection show the luciferase activ-
ity appearing in the AGS-PM372 tumors upon treatment with 
TL372+373 but not with TLCo (Figure 3b and Figure 3c, E 
versus D), whereas in mock conditions luciferase activity 
of AGS-PM372 tumors remains undetectable as compared 
to that of AGS-mut372 tumors (Figure  3b and Figure  3c,  

Figure 2  8-mer LNAs against miR-372 and miR-373 de-repress LATS2 and inhibit the growth of cultured AGS cells. (a) Relative 
luciferase activity (mean ± SD, n = 3) of the LATS2 reporter system pGL3-LATS2wt containing the wt LATS2 3’UTR, or of the mutated LATS2 
reporter system pGL3-LATS2mut, compared to that of the control vector pGL3. The vectors have been cotransfected with pRL-SV40 and 
10 nmol/l of the indicated oligonucleotides using lipofectamin, and their expression was analyzed 48 hours later. (b) Western blot analysis of 
LATS2 (upper panel) and α-tubulin (lower panel) protein expression in untreated MKN74 cells (positive control) or in AGS cells treated with an 
equimolar mix of either 22-mer anti-miR-372+miR-373 antisenses (AS) or their scrambled sequence (SC), or with 8-mer LNA against miR-
372 and miR-373 (TL) or their negative control (TLCo). (c) Relative growth rate (mean ± SD, n = 6) of tiny LNA-transfected cultured AGS cells 
between day 2 and day 5 post-treatment, compared to TLCo-treated cells. (d) LATS2 immunofluorescent staining in AGS cells in the same 
conditions than in (b); scale bars, 10 μm.
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C versus A). These data indicate that the injected TL372+373 
may have reached the tumor cell cytoplasm to inhibit the 
function of the endogenous miR-372 and miR-373 levels. The 
TL372+373-mediated upregulation of the luciferase activity 
in the AGS-PM372 tumors likely results from the combined 
effects on de-repression of the luciferase reporter sensing 
miR-372, on the one side, and reduction of the tumor size, 
on the other side. These combined effects could explain why 
the luciferase activity recorded in TL372+373-treated mice 
bearing the AGS-Mut372 xenografts is lower than that of the 
untreated ones (Figure 3b and Figure 3c, B versus A).

Two weeks post-treatment, the mice were euthanized. The 
residual tumors were removed and processed for further 
RNA analyses and histology. The northern blot analysis of 
miR-372 clearly shows a slower-migrating miR-372/TL372 
heteroduplex in TL372+373-treated AGS xenografts, com-
pared to TLCo or untreated tumors (Figure 4a, A). A simi-
lar band shift is observed on the northern blot analyzed for 
miR-373 expression in TL372+373-treated tumors and corre-
sponds to the miR-373/TL373 heteroduplex (Supplementary  
Figure S4). The heteroduplex is formed in a TL372+373 
dose-dependent manner at doses over 5 nanomoles/mouse 

(Figure 4a, B). On the contrary, the northern blot analysis 
of miR-21 does not show any band shift in the TL372+373-
treated cells (Figure  4a, C and D), further stressing the 
specificity of miRNA targeting by 8-mer LNAs. Along with 
TL372+373-mediated miR-372 and miR-373 sequestrations 
and tumor growth inhibition, LATS2 is upregulated upon 
TL372+373 treatment, as compared to TLCo treatment, and 
accumulates in the carcinoma cell nucleus and cytoplasm 
(Figure 4b).

8-mer LNAs targeting miR-372 and mir-373 inhibit the 
growth of primary human gastric carcinoma xenografts
To assess whether the human gastric AGS cell line is rel-
evant of other human gastric carcinoma, we selected two 
tumors in our collection of resected tumors from gastric can-
cer patients, to be xenografted in mice and treated with an 
equimolar TL372+373 mix. GC10 is a highly aggressive, fast 
growing gastric carcinoma of intestinal type; it expressed 
both miR-200b, which attests for its epithelial origin, and miR-
372 in every epithelial cell, as shown by in situ hybridization 
(Supplementary Figure S5 left panels). GC06 is a gastric 
carcinoma of diffuse type that grows slower than GC10; it 

Figure 3  8-mer LNAs inhibit miR-372 in AGS cells grown in mice and delay tumor growth. (a) Growth kinetics of AGS tumors either 
untreated (mock) or treated with TLCo (5 nmol/mouse) or an equimolar TL372+TL373 mix (TL) at 0.5, 5, or 50 nmol/mouse. Tumors were 
measured the 3rd (T3), the 9th (T9), and the 14th (T14) day following the first injection and their size was expressed in mm3 (mean ± SD, n = 5). 
(b) Quantification of in vivo luciferase activity at T9 on AGS-PM372 or AGS-mut372 xenografts, either untreated (mock) or treated with TL or 
TLCo at 5 nanomoles/mouse: bars represent the mean ± SD (n = 5) of radiance (photons/s/cm2/steridian) of the region of interest relative to 
the background radiance (out of the region of interest). (c) Representative in vivo bioluminescence images of AGS-mut372 xenografts in mice 
either untreated (A) or TL-treated (B), and AGS-PM372 xenografts either untreated (C), TLCo- (D) or TL-treated (E) as in (B).
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homogenously expressed miR-200b in every cell, but miR-
372 only in some cell clusters (Supplementary Figure S5, 
right panels). Figure 5a shows that untreated GC10 tumors 
gain 200% volume in 2 weeks in average, whereas GC06 
tumors gain only 60% volume during the same time, sug-
gesting a causal relationship between the high miR-372 

expression and rapid tumor growth. Indeed, TL372+373 
treatment markedly inhibits GC10 growth at doses as low as 
5 nanomoles per mouse. It is inefficient on GC06 (Figure 5a). 
TL372+373-treated GC10 xenografts exhibit an upregu-
lated LATS2 expression as compared to TLCo-treated ones 
(Figure 5b).

Importantly, the subcutaneous injection of TL solution at 
the periphery of AGS, GC10 or GC6 tumors gave rise to no 
sign of inflammation/ulceration. The treated mice exhibited a 
good general state with no sign of distress, weight loss or 
reduced motility.

Discussion

MiRNA silencing by chemically modified oligonucleotides has 
become an important and widely used approach in studies 
aimed at unveiling miRNA functions, as well as in miRNA-
based therapeutic strategies, when those miRNAs are aber-
rantly over-expressed in pathologies. Whereas satisfying 
oligonucleotide uptake can be accomplished in in vitro cul-
tured cells using commercial transfection agents, efficient 
delivery of anti-miRNAs remains a critical factor for their suc-
cessful use in vivo. We here applied an anti-miRNA strategy 
based on the use of seed-targeting 8-mer LNA oligonucle-
otides, originally developed by Obad et  al.6, to antagonize 
the function of miR-372 and miR-373 in gastric carcinoma 
cells. Whereas these two miRNAs are specific of embryonic 
stem cells and not expressed in adult tissues, they may be 
expressed at high levels in some tumors of various tissue 
origins, in which they behave as oncomirs, silencing tumor 

Figure 4  8-mer LNAs stably sequester miR-372 in AGS 
xenografts and derepress LATS2. (a) Nondenaturing northern 
blot analysis of miR-372 (A,B) and miR-21 (C,D) in AGS-PM372 
tumors treated with TLCo or an equimolar TL372+TL373 mix at 
5 nanomoles/mouse (A,C) or with increasing doses (B,D). (b) 
Representative images of LATS2 immunostaining in AGS -PM372 
tumors treated with either TLCo or TL372+373 at 5 nanomoles/
mouse. Scale bars, 25 μm.
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suppressor genes such as the cell cycle regulator LATS2, 
and triggering cell growth.15–22 Using the AGS cell line as a 
model of gastric adenocarcinoma, in which miR-372 is the 
most expressed of its miRnome,11 we found that 8-mer LNAs 
complementary to the miR-372 and miR-373 seeds spe-
cifically antagonize the growth-promoting functions of these 
miRNAs and reduce the growth rate of both in vitro cultured 
cells and in vivo mouse xenografts. Moreover, they are also 
highly efficient on mouse xenografts of primary human gas-
tric adenocarcinoma that express miR-372.

LNA oligonucleotides, in which the bicyclic furanose unit is 
locked in an RNA-mimicking sugar conformation, resemble 
natural nucleic acids with respect to Watson−Crick base-
pairing and display outstanding hybridization affinity toward 
complementary single-stranded RNA or DNA.4 Accordingly, 
using TL372 targeting miR-372 as an example, we found that 
the melting temperature of the 8-mer LNA/miRNA duplex 
was raised by 5°C/base as compared to that of the 8-mer 
DNA/miRNA duplex. One could fear that the remarkable ther-
modynamic stability of the 8-mer LNAs for their sequence-
specific targets may reach unspecific targets as well and 
affect their activity: this could explain why TLCo-transfected 
cells exhibit a slightly reduced growth rate, as observed in 
Figure 2c. However, the similar growth abilities of untreated 
cells and TLCo-treated cells without any transfection agent 
(Supplementary Figure S3c) exclude possible off-target 
effects of LNA oligonucleotides in these conditions, and the 
growth reduction in TLCo-transfected cells is likely due to 
the transfection procedure with lipofectamine rather than the 
LNA chemistry. The absence of off-target effects by LNA oli-
gonucleotides has been previously reported and deeply ana-
lyzed for TLs in particular.4,6

The seed region comprises the nucleotides 2 to 8 of the 
miRNA, with nucleotides 2 to 7 being most critical for binding 
specificity.25 The efficiency of targeting the miRNA seed has 
been interpreted by the high accessibility of this particular 
region, exposed and preorganized in the Argonaute (Ago) 
complex to favor efficient pairing to the seed-match site in 
a target mRNA.26,27 Ago proteins form the functional core of 
the RNA-induced silencing complexes (RISC) that mediate 
RNA silencing in eukaryotes.4 8-mer LNAs have been shown 
to pair to mature miRNAs bound to Ago2.6 Thus TL372 and 
TL373 sequestering miR-372 and miR-373 within the Ago 
complex competes out the miR372 and -373 binding sites 
on the targeted mRNAs, among which the tumor suppressor 
LATS2, and alleviates their miRNA-dependent repression.

The length of 8-mer LNAs complementary to the miRNA nu 
2–9 including the seed sequence has been found to be opti-
mal to sequester the miRNA in competition with the targeted 
mRNA, 6-7-mer or 9-10-mer LNAs both being less or no effi-
cient.6 Although miR-372 and miR-373 harbor the same nu 
2–8 seed sequence and both target LATS2 through interac-
tions at two sites in the LATS2 3′ UTR,11,15 their 5′ end differs 
at the nineth nucleotide, which pairs with the first nucleotide 
at the 5′ end of the tiny LNA. According to our analysis of 
the miRNA/8-mer LNA duplex formation, the 8-mer LNA tar-
geting miR-372 is not able to sequester miR-373, and vice 
versa. In comparison, Obad et al.6 reported that a mismatch 
between the first nucleotide of TL21 and the 9th nu of miR-
21 decreased by 60% its efficiency to derepress the miR-21 

reporter. Thus, our data confirm that the optimal anti-miRNA 
activity of the 8-mer LNAs indeed requires the perfect pairing 
of all the eight nucleotides with the target miRNA. A 8-mer 
LNA targeting the seed of miR-17 would have been a more 
“universal” anti-miRNA sequestering also miR-372, -373, 
-93, and likely also miR-106b and miR-20a (Table 1), in addi-
tion to miR-17-5p. We choose to target miR-372 and -373 
because, contrarily to miR-17-5p, they are not expressed in 
healthy adult tissues, and therefore their targeting should not 
lead to undesirable side effects on normal tissue, a potential 
risk targeting miR-17. Nevertheless, deleterious effects on 
healthy tissues of 8-mer LNAs targeting broadly expressed 
miRNA have not been found.6,10

An additional quality of 8-mer LNAs is the possibility to be 
delivered as simple unconjugated oligonuclotides without the 
use of any transfection agents. This property could be dem-
onstrated in tissue culture, but requires micromolar ranges 
of TL concentrations instead of nanomolar concentrations 
in complex with a transfection agent such as lipofectamin. 
Nevertheless, micromolar concentrations are still acceptable 
and comparable to those used for pharmacological inhibitors 
of signaling pathways. The simple oligonucleotide delivery 
is highly valuable in vivo, and the antitumor properties of 
TL372+373 are emphasized in a human gastric carcinoma 
xenograft model in mice. They are associated with long-last-
ing tumor growth inhibition, likely related to LATS2 derepres-
sion for a couple of weeks after three daily topical injections. 
Although other miR-372/miR-373 targets may be similarly 
affected, LATS2 has been previously found to be necessary 
and sufficient to achieve the anti-miR-372/373-mediated  
growth inhibition of AGS cells.11 Of note, the efficient 
TL372+373 dose used in this study (namely 5 nanomoles 
per mouse (0.5 mg/kg)) is 50 times lower than used by Obad 
et al.6 in intravenous injections. Interestingly at a therapeuti-
cal point of view, the lack of general toxicity of TL372+373 is 
consistent with other data that have pointed out the safety of 
LNAs in mice as well as in nonhuman primates.7–10

Gastric cancers, which constitute the third cause of cancer-
related mortality worldwide, are more often adenocarcinomas 
that derive from the malignant transformation of the gastric 
mucosa in the context of a chronic infection by Helicobacter 
pylori.28 Gastric adenocarcinomas exist in either diffuse or 
intestinal histological subtypes. Specific alterations in the 
miRNA expression pattern have been identified in human 
gastric adenocarcinoma since the earliest steps of tumori-
genesis, and involve the oncomir miR-21 and miRNAs of the 
oncogenic miR-17~92 and miR-106~25 clusters.29,30 Despite 
the fact that, in our experience, the strong miR-372 or miR-
373 expression is not a feature as common as that of those 
mentioned oncomirs (C. Staedel and C. Varon, unpublished 
results), it nevertheless confers a remarkably active growth 
potential to the tumor cells, as observed here for GC10 ver-
sus GC06 and by others in gastric cancer or in other local-
izations.15–21 As embryonic stem cell markers, miR-372 and 
miR-373 in tumors could be a signature of cancer stem cells 
(CSC), a tumor cell reservoir to be preferentially targeted 
in anticancer therapies, because they supply tumor growth 
and metastasis by their self-renewal capacities combined to 
their general resistance to chemo- and radiotherapy.12 Inter-
estingly, CD44 is both a miR-373 target and a gastric CSC 
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marker.22,31 LATS2 constitute the core of the Hippo pathway, 
which regulates organ size during development.32 The par-
ticular CD44/miR-372&373/LATS2 relationship would there-
fore deserve further exploration in the context of gastric 
adenocarcinoma.

In conclusion, our study support the importance of 8-mer 
seed-targeting LNAs as important tools to antagonize highly 
expressed oncomirs and derepress tumor suppressor genes 
to recover growth control. Targeting of miR-372 and -373 may 
be applicable to other cancer subsets depending on these 
oncomirs for their growth.

Materials and methods

Synthesis of LNA oligonucleotides. The tiny LNA were syn-
thesized as fully phosphorothiolated oligonucleotides with 
eight consecutive LNAs on an automated Expedite 8909 
DNA synthesizer (Dudelange, Luxembourg). For optimal 
synthesis yield, an additional 9th nucleobase at the 3′ end 
was a DNA instead a LNA (Supplementary Table S1). The 
LNA phosphoramidite solutions were prepared with commer-
cially available LNA-amidites (ABz, GDMF, mCBz, T) from Exiqon 
(Vedbaek, Denmark) and diluted in anhydrous acetonitrile 
(Glen Research, Sterling, VA)  and 25% of tetrahydrofuran 
(Sigma-Aldrich, Lyon, France) for LNA-mCBz. DNA SynBase 
CPG (1,000Å, loading 60–100 µmol/g, Link Technologies 
Bellshill, UK) was used as solid support. The phosphorothio-
ate backbone of the oligonucleotides was synthesized using 
Sulfurizing Reagent II (Glen Research). After the synthesis, 
the oligonucleotides were cleaved from the supports and the 
nucleobases were deprotected with ammonium hydroxide at 
55 °C for 4 hours. The oligonucleotides were then desalted 
and concentrated by 85% ethanol precipitation. Concen-
trations were determined by absorbance at 260 nm and 
the respective molar extinction coefficient. Their purity was 
assessed by high-pressure liquid chromatography (Supple-
mentary Figure S6).

Determination of duplex melting temperature. The miR-372- 
3p strand (5′ AAAGUGCUGCGACAUUUGAGCGU3′) was 
synthesized in RNA/phosphodiester chemistry on the auto-
mated Expedite 8909 DNA synthesizer and purified on an 
8% denaturing polyacrylamide gel using conventional proce-
dures. MiR-372-3p, TL372, or TDNA372 in solution in RNAse-
fre water were heated for 2 minutes at 90 °C and cooled for 
5 minutes in ice, before being individually diluted in Tm-buffer 
(200 mmol/l NaCl, 0.2 mmol/l Ethylenediaminetetraacetic 
acid (EDTA), 20 mmol/l sodium cacodylate, pH 7.3) at a con-
centration of 4 μmol/l. The 4 μmol/l miR-372-3p solution was 
mixed with an equal volume of either 4 μmol/l TL372 or 4 
μmol/l TDNA372 at room temperature. The duplex melting 
temperatures were determined using a Cary UV-Vis spec-
trophotometer equipped with a Peltier temperature controller 
(both from Agilent Technologies, Les Ulis, France). Measure-
ments were performed in 0.2 ml quartz cuvettes containing 
250 μl of the duplex solutions with a mineral oil overlay (200 
μl). After an initial 15-minute equilibration, the temperature 
was ramped up from 20 to 90 °C and then down to 20 °C, 
at a rate of 0.3 °C/minute, recording absorption at 260 and 

310 nm. Data were collected using the THERMAL software. 
The (A260 nm-A310 nm) curve of each duplex was corrected 
with that of the Tm-buffer alone, and the first derivative of the 
resulting curve was used to assess the Tm of the duplex.

Cell culture. All the tissue culture reagents were from Invitro-
gen (Illkirch, France). AGS gastric epithelial cell line (ATCC 
CRL 1739) was routinely grown in Dulbecco’s modified Eagle 
medium/F-12 medium, supplemented with 10% heat-inacti-
vated fetal bovine serum and 2 mmol/l L-glutamine at 37 °C 
in a humidified 5% CO2 atmosphere.

RNA extraction. Total RNA was extracted using Trizol reagent 
(Invitrogen, Illkirch, France), according to the manufacturer’s 
protocol. Trizol was directly added onto the drained cell lay-
ers in cell culture wells, or onto the resected tumor pieces 
in a 2-ml Eppendorf tube containing a 5 mm steel bead. The 
tumor was completely disrupted after 90 seconds at 30 Hz in 
a Tissue-Lyser (Qiagen, Courtaboeuf, France). RNA concen-
trations were determined using a NanoDrop spectrophotom-
eter (NanoDrop Technologies, Wilmington, DE). RNA quality 
was analyzed on a 2100 Bioanalyzer (Agilent Technologies, 
Les Ulis, France).

Quantitative RT-PCR. Total RNA (500 ng) was retro- 
transcribed in 10 μl using the miScipt Reverse Transcrip-
tion kit (Qiagen), according to the manufacturer’s instruc-
tions. Mature miRNA expressions were quantified on 1/200 
RT reaction volume by real-time PCR using the 2× Quanti-
tect SYBR Green PCR Master mix (Qiagen) with universal 
and miRNA-specific primers (both from Qiagen). Real-time 
PCRs were run on ROTORGENE (Qiagen). MiRNAs levels 
were normalized to the small noncoding RNA snor25 and U6, 
using the comparative C

t method.

Northern blots. Total RNA (10 µg) was resolved on a 20% 
nondenaturing polyacrylamide gel in 1× TBE and blotted onto 
nylon membranes (Hybond-N, GE Healthcare Little Chalfont, 
UK) according to standard procedures. Membranes were 
incubated with 5’-32P-radiolabeled LNA/DNA anti-miRNA 
probes (Supplementary Table S1) in 50% formamide, 5× 
SSPE (sodium chloride, sodium phosphate, EDTA), 5× Den-
hardt solution, 0.5% SDS (sodium dodecyl sulfate), 20 μg/
ml salmon sperm DNA, at 42 °C overnight in a hybridization 
oven. After two washes for 5 minutes each in 2× SSC, 0.1% 
SDS at 42 °C (sodium chloride, sodium citrate), blots were 
analyzed by phospho-imaging (Molecular imager PharosFX-
plus, Biorad, Marnes-la-Coquette, France).

Luciferase reporter systems. The pGL3 and pRL-SV40 
vectors harboring the firefly luciferase and the Renilla lucif-
erase coding sequences, respectively, under the control of 
the SV40 promoter were from Promega. The pGL3-3’UTR-
LATS2wt and pGL3-3’UTR-LATS2mut constructs were kindly 
provided by R. Agami (Amsterdam, The Nederlands). 15 The 
pGL4-PM372 and pGL4-Mut372 vectors were obtained upon 
the following cloning steps on the basis of the pGL4.15 vector 
(Promega, Charbonnieres, France) backbone harboring the 
firefly luciferase and hygromycin B phosphotransferase cod-
ing sequences: (i) insertion of the SV40 promoter retrieved 
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by PCR from the pRL-SV40 vector between Bgl II and Hind 
III sites into the multi-cloning site upstream of the luciferase 
coding sequence; (ii) site-directed mutagenesis of the Xba I 
site at 3′ of the luciferase coding sequence into a Pca I site; 
(iii) insertion of a synthetic DNA fragment corresponding to 
Pac I site/single perfect-match target site for miR-372 (or sin-
gle mutated target site)/SV40 late poly(A)region/BamH I site 
(synthesized by Millegen Biotechnologies, Labege, France) 
between the Pac I and BamH 1 sites downstream of the lucif-
erase coding sequence. Molecular cloning was performed 
according to standard protocols and the final constructs were 
verified by sequencing.

Transient transfections. Cells were plated at 5 × 104 cells/well 
in a 24-well plate. Transfections were performed using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s 
protocol. Cells were cotransfected with 10 nmol/l of either 
22-mer full-length anti-miRNA antisense (AS372, AS373), 
22-mer scrambled oligonucleotides (sc372-373), 8-mer anti-
miRNA LNA (TL372, TL373), or the 8-mer negative control 
(TLsc), mixed with 10 ng pRL-SV40 control vector (Promega) 
and 100 ng of either pGL3, pGL3-wt3’UTR-LATS2, pGL3-
mut3’UTR-LATS2. Firefly and Renilla luciferase activites 
were measured 48 hours post-transfection using the Dual 
Luciferase Assay (Promega). Firefly luciferase activities were 
normalized for transfection efficiency by Renilla luciferase 
activity.

Western blot. Cells were washed twice with ice cold PBS 
and harvested in ice cold ProteoJET Mammalian Cell lysis 
reagent (Fermentas, Illkirch, France) supplemented with 5 
mmol/l EDTA and 1× ProteoBlock Protease inhibitor cocktail 
(Fermentas). Proteins (40 μg) were separated by SDS-PAGE 
and western blot performed using Immobilon-P trans-
fer membrane (Millipore, Molsheim, France), according to 
standard procedures. Anti-LATS2 (clone ST-3D10, Abnova, 
Fontenay-sous-Bois, France) and anti-α-tubulin (clone B-5-
1-2, Sigma-Aldrich) antibodies were used at a 1:500 and 
1:30,000 dilutions, respectively. Protein detection was car-
ried out using HRP-conjugate anti-mouse IgG and enhanced 
chemoluminescence according to the manufacturer (Immobi-
lon Western Chemiluminescent HRP substrate, Millipore). 
The luminescence on the blots was detected using a DS 
ImageQuant LAS (GE Healthcare) analyzer.

Cell growth. Cells were grown in a 96-well microplate, starting 
at 1,500 cells per well. Cell viability was assessed using the 
CellTiter96 AQueous One Solution Reagent (Promega), as 
recommended by the manufacturer. Absorbance at 492 nm 
was read on a Bio-Tek spectrophotometric microplate reader 
(Colmar, France).

Immunofluorescence. Cells were grown on glass coverslips, 
fixed with 3% buffered paraformaldehyde and permeabilized 
in Triton 0.2%. After blocking with 3% bovine serum albumin 
in phosphate-buffered saline (PBS) (PBS-BSA), they were 
stepwise incubated overnight at 8 °C with a rabbit anti-LATS2 
antibody (Bethyl, Souffelweyersheim, France, 1/200 dilution), 
washed four times in PBS-BSA and then 30 min at room tem-
perature with a secondary anti-rabbit IgG antibody coupled 

to Alexafluor488 (Invitrogen; 1/2,000 dilution). After extensive 
washes in PBS, the coverslips were mounted on glass slides 
using Slowfade reagent (Invitrogen) prior to imaging in epi-
fluorescence on a Zeiss microscope (Marly le Roi, France).

Establishment of stable reporter AGS cell lines. Cells (105 per 
well) were plated in a 24-well plate and transfected the follow-
ing day with 500 ng of either pGL4-PM372 or pGL4-Mut372 
vectors using Fugene HP transfection reagent (3 μl/μg 
DNA; Promega) as recommended. Twenty-four hours post-
transfection, the cells were detached and plated in a 10 cm 
diameter tissue culture plate in nonselective growth medium. 
After 24-hour growth, hygromycin B (Invitrogen) was added 
at a final concentration of 0.7 mg/ml to select the AGS cells 
having intregrated the luciferase reporter DNA. Stable pGL4-
Mut372 reporter clones were chosen on the basis of the 
intensity of their firefly luciferase specific activity, and stable 
pGL4-PM372 reporter clones were chosen on the basis of 
the intensity of the luciferase activity upon specific derepres-
sion by anti-miR-372 antisense oligonucleotides.

In vivo experiments
Ethics statement. Approval was obtained from the French 
Committee of Genetic Engineering (approval number 4608) 
and the local Central Animal Facility Committee of the Uni-
versity of Bordeaux before initiation of the study. All animal 
experiments were performed in level 2 animal facilities of the 
University of Bordeaux, in accordance with national institu-
tional guidelines and with the agreement of the local Ethic 
Committee on Animal Experiments CEEA50 of Bordeaux 
(agreement number 50120151-A).

Studies on fresh tumors from primary gastric adenocar-
cinoma cases were performed in agreement with the Direc-
tion for Clinical Research and the Tumor and Cell Bank of 
the Institut Bergonié of Bordeaux. Fresh tumors samples 
were collected from gastric surgical wastes from consenting 
patients (written consent), who underwent gastrectomy for 
gastric cancer. Activities of conservation and preparation of 
elements of human origin are declared at the French Ministry 
of Research (reference number DC-2008–412).

Mouse xenografts of AGS cells and in vivo imaging. Immu-
nodeficient nonobese diabetous/shi-severe combined immu-
nodeficiency/interleukin-2Rgammanull (NSG) mice under 
2.5% isoflurane anesthesia (Belamont, Piramal Healthcare, 
Northumberland, UK) were injected subcutaneously into the 
right flank with 105 AGS reporter cells, GC10 or GC06 gastric 
tumor cells resuspended in 100 μl of 7 mg/ml Matrigel (BD Bio-
sciences, Le Pont de  Claix, France) in ice cold PBS. Tumor 
growth was periodically monitored by measuring the length 
(L) and width (W) of the tumor with a caliper, and tumor vol-
ume was calculated according to the formula ½(L × W2), as 
previously described.31 When the engrafted tumor was visible 
through the skin of the animal and reached ~100 mm3, 100 μl 
of 8-mer LNA solutions at the indicated concentrations were 
injected subcutaneously at the tumor periphery on 3 consecu-
tive days. For AGS reporter cells, in vivo luciferase imaging was 
performed at the indicated periods of time upon LNA injection 
on isoflurane-anesthetized and shaved animals, previously 
injected intraperitoneally with 3 mg D-luciferin (Promega) per 
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mouse in 100 μl PBS. In vivo luciferase activity was recorded 
within the region of interest in the flank of the animal, for 30 
minutes following luciferin injection using a real time Photon 
IMAGER (Biospace, Nesles la Vallee, France). At the end of 
the experiments (4 weeks postengraftment), mice were sacri-
ficed by cervical dislocation and tumors immediately harvested 
and processed for further analyses.

Primary human gastric adenocarcinoma-derived cells.  
GC10 and GC06 gastric adenocarcinoma xenografts were 
established in NSG mice from tumor samples collected from 
primary human gastric adenocarcinoma. Primary tumor 
samples were xenografted subcutaneously in isofluran-anes-
thesized NSG mice. Secondary tumors were amplified in 
mice by serial transplantation. Briefly, tumors were collected 
for cell isolation when reaching ~500 mm3: after mechani-
cal mincing, samples were dissociated by collagenase IV 
and hyaluronidase (all from Sigma-Aldrich) as previously 
described.33 Viability was evaluated by trypan blue exclu-
sion, before counting for analysis or resupension in matrigel 
for xenograft experiments. Histopathological characteristics 
were confirmed to be similar to those of the primary tumor 
after histological analysis of the tumor xenografts processed 
following standard procedures (hematoxylin and eosin, alcian 
blue and periodic acid Schiff stainings).34 Expression of 
human epithelial markers was verified by immunostaining of 
ESA (StemCell Technologies, Grenoble, France) and CD24 
(BD Biosciences) and flow cytometry analysis as previously 
described.33 According to Lauren’s classification, GC10 and 
GC06 are intestinal (moderately differentiated) and diffuse 
types, respectively, both infiltrating the sub-serosa.

Tumor immunohistochemistry (IHC) and in situ hybridization 
of miRNA. For histology processing, the tumor samples were 
fixed for 24 hours in 3.7% neutral-buffered formalin (Sigma), 
followed by standard histological processing and paraffin 
embedding. Sections of 3 µm thickness of paraffin-embed-
ded tissues were used for standard IHC protocols with anti-
LATS2 antibodies (Bethyl; 1/400 dilution) for 1 hour at room 
temperature, and then with labeled Polymer-Horse Radish 
Peroxidase anti-rabbit EnVision System (DAKO, les Ulis, 
France) for 30 minutes at room temperature. Immunolabeling 
was revealed by 10 minutes incubation in liquid substrate-
diaminobenzidine-chromogen (DAKO) at room temperature. 
Slides were counterstained with hematoxylin, dehydrated, 
and mounted with Eukit-mounting medium (Labonord,  
Fontenay-sous-Bois, France).

For in situ hybridization of miR-372, deparaffinized and 
rehydrated tissue sections of 5 μm thickness were digested 
by Proteinase K (Invitrogen, 10 μg/ml in Tris 50 mmol/l pH 
7.6) for 15 minutes at room temperature, and postfixed in 4% 
paraformaldehyde in PBS for 10 minutes. After three washes 
in PBS and one in SSC buffer 4×, the tissues were prehybrid-
ized for 2 hours at 52 °C in formamide 50%, SSC 4×, dextran 
sulfate 200 mg/ml, tRNA 500 μg/ml, and hybridized overnight 
at 52 °C in the same buffer containing 25 nmol/l anti-miR-372 
DNA/LNA antisense (Supplementary Table S1) labeled 
at both 3′ and 5′ ends with digoxigenin. After two stringent 
washes in SSC 0.2× at 52 °C, the hybridized antisense was 

revealed with an anti-digoxigenin antibody coupled to alka-
line phosphatase (Roche, Meylan, France, 1/400 dilution, 
overnight incubation at 8 °C), followed after four washes by a 
2-hour incubation at room temperature in a 1-StepNBT/BCIP 
plus Suppressor solution (Pierce, Illkirch, France). Slides 
were dehydrated and mounted with Eukit-mounting medium.

Statistical analysis. Statistical significance (***P  <  0.001, 
**P  <  0.01, *P  <  0.05) was calculated using the unpaired, 
one-tailed Student test.
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the miR-372-3p in duplex with TL372 or TDNA372.
Figure  S2.  Non denaturing northern blot analysis of miR-21 
in AGS cells.
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miR-373 functions.
Figure  S4.  Non denaturing northern blot analysis of miR-
373 in AGS-PM372 tumors treated with TL372+373 or TLCo 
at 5 nanomoles/mouse.
Figure  S5.  MiR-372 and miR-200b in situ hybridization.
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