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Abstract—MicroRNAs are involved in many biological processes. Studying microRNA function requires genetic strategies
generating loss-of-function phenotypes, especially in vivo. However, few microRNA loss-of-function models have been
reported in mice. Here, we generated several transgenic mouse lines to stably and specifically knockdown miR-483-5p by
overexpressing microRNA sponges from CAG promoters. The different levels of expression of microRNA sponges resulted
in different levels of mature miR-483-5p, which upregulated serum ALT/AST in these transgenic lines. These results indi-
cate microRNA sponges are effective in mice in vivo, and they can be used in microRNA loss-of-function research.
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MicroRNAs (miRNAs) are a class of small RNA mol-
ecules approximately 22 nucleotides long that regulate
gene expression by posttranscriptional binding to partially
or completely complementary sequences in the 3'-untrans-
lated region (UTR) of target mRNAs [1]. Thousands of
miRNAs exist in organisms from plants to humans, yet the
biological function of relatively few miRNA—target inter-
actions has been thoroughly characterized in vivo.

The traditional approach for studying gene function
in vivo is to produce transgenic or knockout animals such
as mice. MiRNA transgenic mice were constructed by
overexpressing pre-miRNA [2], and knockout mice were
constructed in 2003 [3]. However, creating genetic knock-
outs to determine the function of miRNAs is difficult for
the following reasons: (i) individual miRNAs are expressed
from multiple genomic loci such as miR-103-1 and miR-
103-2, which are located on chromosomes 5 and 20,
respectively; (ii) complete miRNA deletion does not con-
form to pathology, and (iii) severe fetal deaths that have

Abbreviations: ALT, alanine aminotransferase; AST, aspartate
aminotransferase; HE, hematoxylin-eosin (staining); LOF
loss-of-function (research); miRNAs, microRNAs; UTR,
untranslated region.
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resulted from deletion. It is exigent to develop new strate-
gies to knock down miRNA in loss-of-function (LOF)
research. The strategy of miRNA sponges, in which a
decoy miRNA target competes with the natural target sites
and “absorbs” the mature miRNAs, was developed in 2007
[4]. Until now, this strategy has been used successfully in
flies [5] and plants [6, 7], but whether “miRNA sponges”
can work well in mice remains almost unknown.

The miRNA miR-483-5p was detected in the livers
of mice in 2007; this miRNA, known as an “intronic
miRNA”, is embedded in intron 2 of the insulin-like
growth factor 2 (Igf2) gene. Several studies have revealed
that intronic miRNAs can be coexpressed with their host
gene, and indeed, miR-483-5p is coexpressed with the
1gf2 gene. Although IGF2 has been identified as a multi-
functional factor in many pathways, such as hepatocellu-
lar carcinoma, fat metabolism, and development, the
function of miR-483-5p remains to be revealed. For fur-
ther functional studies in vivo, it will be essential to con-
struct a genetically modified mouse model.

Here, we report a strategy that resulted in stable and
specific knockdown of miR-483-5p by overexpressing
miRNA sponges in vivo. We first designed a miR-483-5p
sponge that consisted of six copies of an imperfectly com-
plementary fragment to the mature mouse miR-483-5p
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sequence. The sponges were expressed and knocked down
miR-483-5p, but the control miRNA miR-30c and miR-
483-3p levels did not change in vitro. Furthermore, liver
tumor suppressor of cytokine signaling 3 (Socs3) [8] was
upregulated by miR-483-5p sponges at the mRNA and
protein levels. To investigate the role of miRNA sponges
in vivo, we generated four transgenic mouse lines that
overexpressed the sponges. The results suggested that the
cytomegalovirus immediate early enhancer-chicken (-
actin hybrid (CAG) promoter can drive expression of
miRNA sponges and that the sponges can knockdown
miR-483-5p in vivo. Pearson correlation analysis indicat-
ed that there is a negative correlation between the amount
of miR-483-5p and the expression of the transgene. This
study provides more evidence that miRNA sponges can
function in mice in vivo, and we propose that this knock-
down model can be used in miRNA LOF research.

MATERIALS AND METHODS

Animal care. Transgenic and WT mice were housed in
a regulated environment (22 = 2°C, 55 £ 10% humidity,
and 12-h light—dark cycle with lights on at 6 a.m.). All ani-
mal procedures were approved by the Institutional Animal
Care and Use Committee at Harbin Medical University.

Construction of pCAGGs-S-miR-483-5p recombinant
plasmids. The miRNA-interfering constructs expressing
miR-483-5p sponges (S-483) were designed in our labora-

«bulged»

aaga
miR-483-5p 3'9agggaagag gggcagaa s’
FCEEEEETT [T

sponges unit 5’ cucccuucuc gtgr:c:cgucuu 3'

g A

a

CAG
- F < =R
A A } 4 } A A
Sall EcoR| \ J EcoR! Dral
Linker «cttc»
b C - 1.2 #MiR-483-5p
Control $-483 g . et
RT(=) RT(+) RT(=) RT(+) : 06
- E i :
]
@ 0.2
& 00
$-483

55

tory, and S-483 was synthesized by Sangon Biological
Engineering Technology & Service Company (China).
Briefly, S-483 was ligated into two EcoR I sites of a
pCAGGs vector, which contains a CAG promoter that
can drive expression in most tissues, to produce the
pCAGGs-S-miR-483-5p recombinant plasmids (Fig. 1a).
S-483 contained six copies of imperfect complementary
antisense sequence to mature miR-483-5p with a linker
between the two antisense sequences. We used this method
to knock down miR-483-5p in vitro and in vivo.

Cell line. Murine cell line Hepal-6 was cultured with
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented 10% heat-inactivated fetal bovine serum (Sigma,
China) and 2 mM L-glutamine (Invitrogen, China). The
cells were grown at 37°C in a 5% CO, atmosphere.

Transfections with pCAGGs-S-miR-483-5p recombi-
nant plasmids. Knockdown expressions of miR-483-5p
were performed by transfection with pCAGGs and
pCAGGs-S-miR-483-5p recombinant plasmids. A total
of 5-10* cells were plated in 35-mm culture dishes for 24 h
and then transfected with 600 ng of the plasmids with
Lipofectamine 2000 (Invitrogen). After 24 h, the cells
were subjected to RNA extraction.

RNA extractions. Total RNA, including miRNA
fraction, was isolated from cell lines and mouse livers
using an miRNeasy Mini Kit (Qiagen, China) according
to the manufacturer’s protocol. After extraction, the
quality of each sample was checked using NanoDrop
spectrophotometry.
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Fig. 1. Design of miR-483-5p sponges and pCAGGs-S-483-5p knockdown of mature miR-483-5p in vitro. a) MiR-483-5p sponges were con-
structed by subcloning the miR-483-5p binding-site regions into a vector containing the CAG promoter via two EcoR I sites. Imperfect pair-
ing between the miRNA and sponge forms a bulge and “cttc” linker between the two binding-site regions. The sponges can soak up mature
miR-483-5p and stably interact with the available miR-483-5p. A microinjection fragment was obtained by digestion of pCAGGs-S-miR-
483-5p with Sal I and Dra I. The black arrow (F/R) shows screening primers. b) Reverse transcription PCR analyses of miRNA sponge expres-

sion in Hepal-6 cells treated with pCAGGs or pCAGGs-S-miR-483

-5p plasmid. The plasmids were expressed in vitro. ¢c) Real-time PCR

analyses of amount of mature miR-483-5p/3p and miR-30c in cells transfected with the plasmids were used as the standard (1.00) (n = 3;

* p < 0.05). d) Overexpression of miR-483-5p sponges upregulated

Socs3 expression at both mRNA (left) and protein (right) levels in

Hepal-6. The mRNA level of Socs3 was quantified using semiquantitative RT-PCR, and the protein level of SOCS3 was determined by

Western blotting (n = 3; * p < 0.01).
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Real-time reverse transcription (RT)-PCR assays for
mature miRNAs. To quantify expression of mature
miRNAs, reverse transcription was performed using
1.5 pg of poly(A)-tailed small RNA from cells and tissues
with 200 U of Super-Script III (Invitrogen) according to
the method described above. Levels of miR-483-5p were
assessed by quantitative real-time PCR using a SYBR-
green PCR Master Mix in a 7500 Fast Real-Time PCR
System with special primers (Table S1, see Supplement to
this paper on the site of the journal http://protein.bio.
msu.ru/biokhimiya and and Springer site Link.springer.
com). To normalize expression level of the miRNAs, U6
was used as endogenous control. In reverse transcription-
PCR experiments performed to assess expression of the
S-483 transgene in vitro and in vivo, [3-actin was used as
endogenous control.

Analyses of transgenic mice. The vector-free, Sal I-
and Dra I-digested CAG-S-483 inserts were microinject-
ed into C57B1/6 oocytes. Genomic insertion of the trans-
gene was analyzed by PCR amplification of tail-extracted
DNA using a set of oligonucleotides (Fig. la and
Supplement (Table S1 and Scheme)) located within the
CAG promoter sequence and S-483. Four transgenic
mice per line and wild-type (WT) C57B1/6 mice (8 weeks
old) were sacrificed, and liver samples were quickly
removed for RNA extraction and analysis of trans-
gene and miR-483-5p expression. All mice are heterozy-
gous.

Western blot. Total protein from Hepal-6 cells was
extracted and analyzed by Western blotting. Total protein
extracts were separated by 12% SDS-PAGE and trans-
ferred to PVDF membranes. Level of SOCS3 expression
was evaluated using a rabbit polyclonal anti-SOCS3 anti-
body (Santa, China), which is immunogen affinity puri-
fied. Bands were quantified with Image-Pro Plus soft-
ware. GAPDH served as loading control.

Liver hematoxylin-eosin stain and serum ALT/AST
analysis. All mice were sacrificed at three months old and
their livers removed and separated into individual lobes.
The large lobes were fixed in 4% paraformaldehyde
overnight and paraffin embedded. Sections (5 um) were
hematoxylin-eosin (HE) stained and examined under
microscope by two independent pathologists.

Blood was collected from angular artery and cen-
trifugated at 3000 rpm for 5 min. Serum ALT/AST was
analyzed using a blood biochemistry analyzer.

Statistical analysis. The data are expressed as
mean = SEM from at least three independent experi-
ments in vitro and four independent experiments in vivo.
The difference between the two groups in the real-time
PCR analysis was evaluated by two-tailed Student’s 7-test.
The difference was considered significant for p values <
0.05. The correlation of miR-483-5p with S-483 trans-
gene expression in livers of WT and transgenic mice was
examined by Pearson correlation. Differences were con-
sidered significant for p values <0.01.

RESULTS AND DISCUSSION

MiRNA sponge knockdowns miR-483-5p in vitro. To
knockdown miR-483-5p in vivo, we designed a miRNA
sponge comprised of partially complementary sequences
to mature mouse miR-483-5p. To assess its efficacy, the
pCAGGs construct carrying the miR-483-5p sponges
and pCAGGs plasmids was transfected into Hepal-6
cells, a cell line that overexpresses miR-483-5p.
Cotransfected eGFP plasmid was used as transfection
control. The pCAGGs-S-miR-483-5p recombinant plas-
mids were expressed in Hepal-6 cells. Efficient knock-
down of miR-483-5p was observed in Hepal-6 cells
transfected with pCAGGs-S-miR-483-5p recombinant
plasmids (Fig. 1, b and ¢). However, levels of the controls
miR-30c and miR-483-3p, which comes from the same
pre-miRNA, did not change. Overall, these data suggest
that pCAGGs plasmids carrying the CAG promoter are
efficient miRNA knockdown vectors and that S-483 does
not have off-target effects. Therefore, the vector was then
tested in transgenic mice.

To identify effectiveness of miR-483-5p sponges, level
of suppressor of cytokine signaling 3 (Socs3) [8] was detect-
ed. Total RNA and protein were isolated from Hepal-6
cells after transfecting sponges. The mRNA level of Socs3
was quantified using semiquantitative RT-PCR, and the
SOCS3 protein level was detected by Western blot analysis
(Fig. 1d). The results showed that both mRNA and protein
levels of Socs3 were elevated in the utilization of the
miRNA sponges. We will analyze this phenotype further in
applications such as liver development and liver disease.

Here, we constructed miR-483-5p sponges by insert-
ing tandemly arrayed miRNA binding sites into pCAGGs
vector driven by CAG promoter. Binding sites were
imperfectly complementary in the seed region, with a
bulge at positions 9-12 to prevent RNA interference-type
cleavage and degradation of sponge RNA. The miRNA
sponge strategy was developed in 2007 [4] and many
investigators [9-12] are confident with miRNA sponges,
especially in genetically modified mice [13]. However,
reports [14] are limited on this subject until now.

Generation of transgenic mice. The insert fragment
was microinjected into C57BIl/6 oocytes. Four transgenic
founders (No. 67, 72, 73, and 76) were detected by PCR
analysis of their tail genomic DNA (Fig. 2a, Nos. 72, 73,
and 76). These founder mice transmitted the transgene to
their progeny, and the derived lines (L67, L72, L73, and
L76) were further analyzed. In all lines, the transgene
transmission rate was 50% (Table S2, see Supplement),
suggesting the existence of a single integration site in each
line. Genetically modified mice are an important tool in
miRNA function research. However, lack of an LOF
model restricts function research in vivo. Although the
role of excess miR-1 in heart development was identified
using knockout mice [3], miRNA knockout strategy is
not a satisfactory method yet. Artificial miRNA
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Fig. 2. Screening of miR-483-5p knockdown transgenic mice and detection of expression of miR-483-5p sponges in transgenic mice. a) PCR
analyses of tail-extracted genomic DNA. Four FO mice (Nos. 72, 73, 76, and 67 (data not shown)) integrated the transgene. b) Detection of
miRNA sponges produced by CAG-S-483 construct in livers of four transgenic mouse lines. RT-PCR products obtained by amplification
with the primers (Table S1, see Supplement) were separated on 0.8% agarose gel via electrophoresis. Amplification of 3-actin transcripts was
used as internal control. ¢) To test the efficacy of inhibiting endogenous miR-483-5p by miRNA sponges, four transgenic mice per line and
WT C57B1/6 mice (8 weeks old) were sacrificed, liver samples quickly removed, and real-time PCR performed to assess amounts of mature
miR-483-5p. Expression levels are presented as ratios with respect to U6. Extent of miR-483-5p downregulation in mice appears to be cor-
related with sponge expression level. The data were analyzed by Pearson correlation in different transgenic mouse lines and WT mice (Pearson

correlation = —0.99, p < 0.01).

inhibitors, another miRNA knockdown strategy based on
base complementarity, are widely used in LOF research
[15], but they are only functional for up to a week. And
they cannot be inherited, although some sponges can
integrate into the genome [16-19]. A novel method is
required for LOF research in vivo.

To accelerate study of miRNA function and mecha-
nism in vivo, we developed a method to disrupt individual
miRNAs using miRNA sponges in transgenic mice. The
results indicate that the miRNA sponges are inheritable
in all transgenic lines, which is a dominant feature that
distinguishes this strategy from knockdown strategies
used in the past.

MiRNA sponges induce miR-483-5p downregulation
in several lines. Reverse transcription (RT)-PCR analysis
of liver cDNA samples was used to detect the expression
of the transgene in different lines (Fig. 2b); the expression
of B-actin served as control. RT-PCR without reverse
transcriptase revealed that there was no genomic DNA
pollution in the RNA samples (data not shown). High
expression of the transgene was observed in line 76; how-
ever, expression was low in line 67 and was mediocre in
lines 72 and 73. These results suggest that the CAG pro-
moter can function efficiently in this model.

Amount of miR-483-5p is negatively correlated with
sponge expression level. To further investigate the role of
miRNA sponges, we analyzed expression of the miRNA
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sponges, and expression of mature miRNA was analyzed
by real-time RT-PCR (Fig. 2c¢). Different levels of
mature miR-483-5p knockdown that were observed in the
transgenic lines could reflect different expression levels of
the miR-483-5p sponges. Pearson correlation analysis
revealed that the relative amounts of miR-483-5p were
directly and negatively related to levels of sponge expres-
sion (Pearson’s correlation coefficient = —0.99).

To test for off-target effect of the miR-483-5p
sponges, some miRNAs were quantified by real-time
PCR. Amounts of miR-138, miR-218, miR-185, miR-
30d, miR-23a, and miR-107 did not differ between WT
mice and miR-483-5p knockdown mice (Fig. 3a).

Previous studies have indicated that there might be
Pol III elements other than U6 that would produce
sponge RNAs at high Ievel [4]. Our data showed that the
CAG promoter was highly effective and efficient in mice
in vivo. As an intronic miRNA, miR-483-5p was coex-
pressed with its host gene Igf2, and we hypothesize that it
would play its role as the partner of IGF2. The abnormal
expression patterns of miR-483-5p in osteoarthritis [20]
and tumors [21] are consistent with expression patterns of
Igf2. MiR-483-5p may promote cell proliferation and
organ development via the Hedgehog signaling pathway
or the JAK/STAT pathway, which is key in IGF2 func-
tion. Further function research in vivo is needed for gain-
of-function [22] and LOF levels.
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Fig. 3. Off-target effect and phenotype in transgenic mice. a) Amounts of miR-138, miR-218, miR-185, miR-30d, miR-23a, and miR-107
were detected by real-time PCR. There was no difference between transgenic mice and WT mice. b) Body weight of two-month-old transgenic
mice and WT mice were recorded, and the body weight of miR-483-5p knockdown mice was lower than that of WT mice (n = 6). ¢) Serum
ALT/AST were upregulated in the transgenic mice (n = 4).

Fig. 4. HE staining of transgenic mice (miR-483-5p knockdown, KD) and WT mice. To investigate the role of miR-483-5p in liver, we detect-
ed in livers of three-month-old mice by HE staining. However, there was no apparent difference between transgenic mice and WT mice. Scale
bar, 20 um.
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MiR-483-5p upregulates serum ALT/AST in trans-
genic mice. Because miR-483 was found in murine fetus
liver, we hypothesized it promoted organism development.
We measured body weight of the mice, and surprisingly
that of the transgenic mice was lower than that of WT mice
at two-month-old (Fig. 3b). We then detected serum ala-
nine aminotransferase and aspartate aminotransferase
(ALT/AST), two markers of liver damage (Fig. 3¢). They
were upregulated in transgenic mice, which suggests miR-
483-5p might promote damage of hepatocytes.

To investigate the role of miR-483 in liver, we detect-
ed it in liver of three-month-old mice by HE staining.
However, there was no apparent difference between trans-
genic mice and WT mice (Fig. 4). This might result from:
(i) the mice were young, and although the amount of
miR-483-5p changed in transgenic mice, the effect did
not accumulate enough to emerge in phenotype; (ii) liver
is an organ that has the ability of compensation, and it
should give some intervention to these transgenic mice,
for example, hepatoma-induced model or hepatic-fibro-
sis induced model.
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