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Abstract

Artificial microRNA (amiRNA) is becoming a powerful tool for silencing genes in plants, and several amiRNA
vectors have recently been developed based on the natural precursor structures of ath-miR159a, ath-miR164b, ath-
miR172a, ath-miR319a and osa-miR528. In this study we generated a simple amiRNA vector (pAmiR169d) based on
the structure of Arabidopsis miR169d precursor (pre-miR169d). Two unique restriction sites were created inside the
stem region of pre-miR169d, which allows for amiRNA sequences to be cloned as either ~ 80 bp synthetic oligonucle-
otides or PCR products. A B-glucuronidase (GUS)/green florescent protein (GFP) fusion gene was efficiently silenced
in transient assays using a pAmiR169d-derived construct targeting a GFP sequence. 5' RACE showed that the target
GFP transcript was cleaved precisely at the expected position across nucleotides 10 and 11 of the amiRNA. Thus,
pAmiR169d allows for both easy construction of amiRNA constructs and efficient silencing of target genes in plants.
[Life Science Journal. 2009; 6(2): 55 — 61] (ISSN: 1097 — 8135).
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1 Introduction trast, in plants miRNAs typically have few (zero to five)
mismatches to their targets and induce transcript cleav-
MicroRNAs (miRNAs) are 20 — 25 nt small RNAs age and subsequent degradation”.

that negatively regulate gene expression in plants and Recent studies have shown that alteration of several
animals by base pairing with target mRNAs causing nucleotides within a miRNA sequence does not affect its
mRNA cleavage or translational repression. miRNAs biogenesis as long as the initial base-pairing in the stem-
are processed by RNase Ill-like enzyme Dicer from loop structure of the precursor remain unaffected”. This
short hairpin-loop structures known as miRNA precur- makes it possible to modify natural miRNA sequences

sors (pre-miRNA) that are derived from longer primary and generate artificial miRNA (amiRNA) targeting any
miRNA transcripts (pri-miRNA). Single-stranded mature gene of interest ®. The amiRNA technology was first

miRNAs are incorporated into RNA-induced silencing used for silencing genes in human cell lines, and recently
complex (RISC) containing Argonaute proteins to guide it was successfully employed to down-regulate individ-
mRNA cleavage or translational repression. In animals, ual genes or groups of endogenous genes in transgenic
miRNAs are normally partially complementary to the plants”®. These plant amiRNAs are expressed from
target mRNA and cause translational arrest''!. By con- vectors derived from precursors of ath-miR159a, ath-

miR164b, ath-miR172a, ath-miR319a and osa-miR528.
Genome-wide expression analyses in transgenic Arabi-
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down the expression of a single gene or several highly
conserved genes without affecting the expression of
other unrelated genes.

The miR169 family is one of the highly conserved
miRNA families in plants. The ath-miR169 family
consists of 4 types from 14 chromosomal locations'”.
The size of ath-miR169 precursors ranges from 154 to
411 nt, of which miR169d was the shortest, comprising
only 154 nt. In this study, we modified the precursor of
ath-miR169d (accession number: MI0000987) into an
amiRNA vector that allows for easy cloning of amiRNA
sequences. Transient assays using the green florescent
protein (GFP) gene as a target indicated that miR169d-
based constructs are effective at conferring gene silenc-
ing in plants.

2 Materials and Methods

2.1 Vector construction

2.1.1 AmiRNA vector pAmiR169d. The backbone of
pAmiR169d was directly assembled by annealing of the
following eight sense and antisense overlapping oligo-
nucleotides: oligol (5'-gatccGTATCATAGAGTCTT-
GCATGGA-3"), oligo2 (5'-AAAATTAAAGaattcATT-
GAGCCAAGGATGACTTGCCGATGTT-3"),
oligo3 (5'-ATCAACAAATCTTAACTGATTTT-
GGTGTCCGGCAAGTTGACCTT-3"), oligo4
(5'-GGCTCTGTCGACTTCTTTTCTTTTCAAT-
GTCAAACTCTAGATATgagct-3'), oligo5
(5'-CATATCTAGAGTTTGACATTGAA-3"),
oligo6 (5'-AAGAAAAGAAgtcgacAGAGC-
CAAGGTCAACTTGCCGGACACCA-3"), oligo7
(5'-AAATCAGTTAAGGATTTGTTGATAA-
CATCGGCAAGTCATCCTTGGC-3") and oligo8
(5'-TCAATCGAATTCTTTAATTTTTCCATG-
CAAGACTCTATGATACg-3").

These oligonucleotides were phosphorylated and
annealed as previously described"", forming double-
stranded DNA with 4 nt overhangs ready for ligation
with BamHI and Sacl-digested DNA.

To obtain a promoter-terminator cassette for express-
ing the amiRNA, the ~ 3000 bp 35S-GUS-Nos fragment
was excised by HindIIl/EcoRI digestion from pBI121
and gel-purified using a Qiagen agarose gel purifica-
tion kit. The fragment was ligated to the binary vector
pCAMBIA1303 at the Hindlll/EcoRI sites, generating
the plasmid pCAMBIA-35S. To remove the EcoRI site
from pCAMBIA-35S, the plasmid was digested with
EcoRl, the sticky ends were blunted with T4 DNA poly-
merase, and the linearized DNA was self-ligated to form

pCAMBIA-35SE. The annealed products (~ 100 ng) de-
scribed above were cloned into pPCAMBIA1303-35SE at
the BamHI and Sacl sites, generating the amiRNA vector
pAmiR169d.

2.1.2 AmiRNA construct targeting GFP, pAmiR-gfp.
The following four oligonucleotides were synthesized and
annealed as described above to form an EcoRI-Sall frag-
ment containing the AmiR-gfp sequenc: oligo9 (5'-aattC-
GATTTGTATTCCAACTTGTGGCCGATGTTAT-3"),
oligo10 (5'-CAACAAATCTTAACTGATTTTGGT-
GTCCGGCCACAAGATGGAATACATGTCGAC-3"),
oligoll (5'-AAAATCAGTTAAGATTTGTTGATAA-
CATCGGCCACAAGTTGGAATACAAATCG-3"), and
oligo12 (5'-tcgaGTCGACATGTATTCCATCTTGTG-
GCCGGACACC-3").

The annealed products were ligated with pAmiR169d
pre-digested with EcoRI and Sal/l, generating pAmiR-
gfp, in which the ath-miR169d sequence was replaced
by the sequence of TTGTATTCCAACTTGTGGCCG,
targeting the GFP sequence in the GUS-GFP fusion gene
of pPCAMBIA-35SE.

2.2 Transient expression analysis in Nicotiana ben-
thamiana leaves using Agrobacterium infiltration

pAmiR-gfp was introduced into Agrobacterium tu-
mefaciens strain GV3101 by electroporation. pCAM-
BIA1303 was also introduced into GV3101 for use as
control. Growing of wild-type Nicotiana benthamiana
and Agrobacterium infiltration of N. benthamiana leaves
were carried out as previously described"”: 0.5 ml of
Agrobacterium containing pAmiR-gfp was infiltrated
into leaves of N. benthamiana that had been grown to 6
— 8 leaves in pots at ~ 24 °C under a photoperiod of 16 h
light/8 h dark. Similarly, 0.5 ml of Agrobacterium con-
taining pCAMBIA1303 was infiltrated into leaves of N.
benthamiana for use as a control. After infiltration, plants
were kept under the constant conditions and grown for
48 h. The infiltrated leaves (~ 150 mg) were then excised
from the plants and used for GUS expression and RNA
analysis. GUS enzyme assays were measured as previ-
ously described'"”.

2.3 RT-PCR analysis

Total RNA was isolated using the RNAgents Total
RNA Isolation System (Promega). Portions (2 pug) of
total RNAs were used for the reverse transcription using
the SuperScript First-Strand Synthesis System (Invit-
rogen). The following primers were used to detect the
GUS-GFP transcript: forward 5'-CGATGCGGTCACT-
CATTAC-3' and reverse 5'-TTCACACGTGGTGGTG-
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GTGGT-3". The PCR reaction was denatured at 94 °C for
2 min, followed by 35 cycles of 20 sec at 94 °C, 20 sec
at 53 °C and 20 sec at 72 °C, with a final extension for
10 min at 72 °C. The predicted size for the PCR product
is ~ 2600 bp. For use as loading reference, a ~ 441 bp
fragment of the tobacco Actinl (GenBank: AB158612)
RNA was amplified using the following primers: NAcfw,
5'-ATGAGCAAGAGTTGGAGACTG-3' (forward) and
NAcrv, 5'-CAATGGAAGGACCAGATTCAT-3' (re-
verse). The reaction was denatured at 94 °C for 2 min,
followed by 25 cycles of 20 sec at 94 °C, 20 sec at 53 °C
and 40 sec at 72 °C, with a final extension for 10 min at
72 °C.

2.4 5' RACE (rapid amplification of cDNA ends)

The 5' RACE assay was performed using version 2.0
of the 5’ RACE System available from GIBCO BRL Life
Technologies following the manufacturer’s instructions.
Basically, 2 pg of total RNA was reverse-transcribed
using a GFP-specific primer (GFP RV: 5'-TTCACAC-
GTGGTGGTGGTGGT). The resulting cDNA was
purified to remove unincorporated dNTPs and GFP RV
primer and treated with TdT (Terminal deoxynucleo-
tidyl transferase) to add homopolymeric C tails to the
3" end. The tailed cDNA was then amplified by PCR
using the anchor primer T7-G (5'-TAATACGACTCAC-
TATAGGGGGGGGGG) and GFP RV. The reaction was
denatured at 94 °C for 2 min, followed by 30 cycles of
20 sec at 94 °C, 20 sec at 65 °C and 45 sec at 72 °C, with
a final extension for 10 min at 72 °C. Nested PCR was
performed using a T7 primer (5'-TAATACGACTCAC-
TATAGGG) and GFP RV2 (5'-GTGGTGGTGGTGGC-
TAGCTTT). The reaction was denatured at 94 °C for 2
min, followed by 30 cycles of 20 sec at 94 °C, 20 sec at
55 °C and 45 sec at 72 °C, with a final extension for 10
min at 72 °C. The PCR products were separated in 1%
agarose gel. The ~ 300 bp DNA fragment was excised
and purified using a Qiagen agarose gel purification kit.
The sample was ligated to pGEM-T vector, and five indi-
vidual clones were selected for sequencing.

3 Results

3.1 Construction of the artificial microRNA vector
pAmiR169d

The construction of artificial microRNA vectors in
the previous reports often involved cloning of relatively
long DNA fragments generated by multiple PCRs. To
select for a better amiRNA backbone, we screened all
Arabidopsis miRNA precursors in the miRBase/Rfam
database. We found that the ath-miR169d precursor (pre-

miR169d) consists of only 154 nt and forms a simple
stem-loop (Figure 1A), and the sequences can be eas-
ily modified into two restriction endonuclease sites for
EcoRI and Sall in the stem. Furthermore, ath-miR169d is
expressed in several Arabidopsis tissues including leaves,
roots and panicles, indicating that pre-miR169d can be
efficiently processed by Dicer in these tissues.

The modified ath-miR169d precursor sequence was
directly assembled by annealing of eight synthetic oligo-
nucleotides, in which five nucleotides of the original pre-
miR169d sequence were altered to produce the EcoRI
and Sall sites but with the secondary structure of pre-
miR169d being maintained (Figure 1B). The anneal
products had 4 nt overhangs in each ends, matching the
BamHI and Sacl sites, respectively. To clone this pre-
miR169d sequence into an expression vector suitable
for Agrobacterium-mediated plant transformation, the
35S-GUS-Nos cassette from pBI121 was inserted into
pCAMBIA1303, generating pCAMBIA-35S (Figure
2). The EcoRI site of pCAMBIA-35S was subsequently
removed giving rise to the intermediate plasmid pCAM-
BIA-35SE. The modified ath-miR169d precursor was
then inserted at the BamHI and Sacl sites downstream
of the 35S promoter in pCAMBIA-35SE, forming the
pAmiR169d vector (Figure 2). The EcoRI and Sall sites
are unique in pAmiR169d, and the sequence between the
two restriction sites, including the miRNA and miRNA*
parts, is about 80 bp. Therefore, artificial miRNA se-
quences can be conveniently cloned into the vector either
as annealed synthetic oligonucleotides or as PCR frag-
ments.

3.2 pAmiR-gfp efficiently down regulates GFP ex-
pression at mRNA and protein levels

To validate the efficacy of pAmiR169d, we chose the
fusion reporter gene GUS-GFP from the pPCAMBIA1303
vector as a target. The artificial miRNA targeting GFP,
amiR-gfp, was designed based on the characteristics of
nucleotide compositions of natural Arabidopsis miR-
NAs, 5’ instability of miRNA/miRNA* duplexes, and
target accessibility. The sequence, 5'-UUGUAUUC-
CAACUUGUGGCCG-3', contains a uridine residue at
position 1 and an adenine residue at position 10, with
a GC content of 48% (Figure 1C); all of these features
are overrepresented in endogenous miRNAs!"". This
sequence also ensures the amiRNA/amiRNA* duplex to
have 5' instability allowing preferential loading of the
amiRNA strand into RISC'"”. The structural accessibility
to the GFP complementary sequence by amiR-gfp was
examined using Sfold"* ", which showed that amiR-
gfp has high accessibility to its complementary target
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sequence, with nucleotides 10 and 11 the highest having
the highest accessibility (Figure 1D).

Agrobacterium infiltration-mediated transient assays
have been widely used to study transgene expression and
transgene-induced silencing in plants>'”. We therefore
chose Agrobacterium infiltration to investigate the silenc-
ing effect of pAmiR-gfp on the target GUS-GFP gene
that is present in the same vector. As the GUS sequence
is transcriptionally fused with the GFP sequence, target-
ing of the GFP sequence should result in the silencing of
both the GFP and GUS genes. We therefore examined
the silencing effect by measuring the GUS activity. As
shown in Figure 3A, N. benthamiana leaves infiltrated
with pAmiR-gfp expressed significantly lower levels of
GUS activity than those infiltrated with the control vec-
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3.3 AmiR-gfp directs precise cleavage of GUS-GFP
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cleavage site in the target GUS-GFP RNA. Cleavage of
GUS-GFP transcript by amiR-gfp at the predicted site
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Figure 1. Predicted structure of the native Ath-miR169d precursor (A), the modified amiR169d precursor (B) and the GFP amiRNA amiR-
gfp (C). The ath-miR169d and amiR-gfp sequences are shown in red and green, respectively, and the modified nucleotides in the stem-loop
are shown in lowercase. D. Target accessibility profiling by Sfold for part of the GUS-GFP sequence (from nt 2132 to nt 2332) containing
the region targeted by amiR-gfp. Note that the amiR-gfp—binding site (shaded) is highly accessible for small RNA.
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Figure 2. Flow chat for the construction of pAmiR169d and pAmiR-gfp. The 35S-GUS-Nos cassette is excised from pBI121 with EcoRI
and Hindlll digestion, and inserted into pPCAMBIA1303, giving rise to pPCAMBIA-35S. The EcoRI site in pCAMBIA-35S is abolished
by treatment with T4 DNA polymerase to generate pCAMBIA-35SE. The Ath-miR169d precursor sequence was then assembled from
8 overlapping oligonucleotides by annealing and inserted into pCAMBIA-35SE at the BamHI/Sacl site, forming the amiRNA vector
pAmiR169d. To make the AmiR-gfp construct, 4 overlapping oligonucleotides were annealed and inserted into the Sa/l/EcoRlI sites in

pAmiR169d.

should generate a 317 bp RACE-PCR fragment (Figure
4B). As shown in Figure 4A, a distinct band of about
320 bp was amplified from the sample infiltrated with
pAmiR-gfp, but not from the pPCAMBIA1303-infiltrated
sample. This band was gel-purified and ligated into the
pGEM T vector. Five clones were sequenced, and the
result showed that this DNA fragment was the expected
317 bp cleavage product from the GUS-GFP transcript.
All five clones had the same 5' terminal nucleotide corre-
sponding to the position located between the two nucleo-

.59 .

tides complementary to nucleotides 10 and 11 of amiR-
GFP (Figure 4B). This was consistent with miRNA- and
siRNA-guided cleavage in plants that typically occurs
across nucleotides 10 and 11 of the miRNA and siRNA
sequences, and that even 24 nt siRNAs also cleave at po-
sition 10"*,
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Figure 3. pAmiR-gfp induces target gene silencing in Agrobacte-
rium-infiltrated N. benthamiana leaves. A: Analysis of GUS activ-
ity; B: Semi-quantitative RT-PCR of GUS-GFP transcripts.
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Figure 4. AmiR-gfp induces cleavage of the target GUS-GFP tran-
script at the predicted nucleotide position. A: 5' RACE-PCR. A dis-
tinct band of about 320 bp is present in the sample infiltrated with
pAmiR-gfp but not the infiltrated with the control plasmid pCAM-
BIA1303. B: Target cleavage site by amiR-gfp as determined by
sequencing of 5' RACE clones. The 21 nt target sequence is shown
in red, and the cleavage site is indicated by an arrow head. The
size of the cleavage fragment is predicted to be 317bp (from the
cleavage site at nt 2245 to the 5' end of the reverse primer GFP
RV2 at 2563).

In this study, the Arabidopsis miR169d precursor was
successfully used as the backbone for the expression
of artificial miRNAs in plants. Preparation of amiRNA
constructs in the previous reports using backbones from
ath-miR159a, ath-miR164b, ath-miR172a, ath-miR319a
and osa-miR528 all involves cloning of longer DNA
fragments that are normally generated through multiple
PCRs"™"*'7 With the pre-miR169d-based vector, arti-
ficial miRNA sequences can be directly synthesized as
~ 80 bp oligonucleotides and cloned by a single step
ligation into the unique restrictions sites EcoRI and Sall
created in the middle of the stem. This should allow for

rapid and high-throughput preparation of amiRNA con-
structs for silencing genes in plants. The GFP-targeting
amiRNA construct, amiR169d-gfp, conferred efficient
silencing to the GUS-GFP fusion transgene in transient
assays, and this silencing was correlated with precise
cleavage of the GUS-GFP transcript at the predicted po-
sition across nucleotides 10 and 11 of the designed GFP
amiRNA. This suggests that amiRNAs expressed from
the pAmiR169d vector is accurately processed by Dicer
and efficiently loaded into RISC, indicating that the in-
troduction of the restriction sites into the pre-miR169d
stem did not affect Dicer processing. Creating restriction
sites into pre-miRNA stems could therefore be used for
constructing amiRNA vectors from on other miRNA pre-
cursors to allow for easy cloning of amiRNA sequences.
In order to design an effective artificial microRNA,
we examined the sequence characteristics of all known
Arabidopsis miRNAs and the base-pairing feature be-
tween the miRNAs and their targets. Initially, candidate
21-mer sequences were picked from the whole length of
the reverse complements of the target GFP transcript,
which had a nucleotide A at position 10 and displayed
5" instability (higher AU content at the 5' end and higher
GC content at the 3' end around position 19). These can-
didate sequences were further screened based on the sta-
tistic analysis of base mismatches between microRNAs
and their targets, which showed that mismatches occur
frequently at position 1, 2 or 21, but almost never occur
at position 3, 4, 16 or 17, and G/U pairing was the most
frequent mismatch. Furthermore, target accessibility by
the amiRNA was analysed using the Sfold program"*.
The finally chosen amiR-gfp sequence, 5'-UUGUAUUC-
CAACUUGUGGCCG-3', therefore conforms with both
the sequence features of microRNAs and their targeting
rules. The transient assay data demonstrated that this
amiR-gfp directed efficient and precise cleavage of the
GUS-GFP mRNA at the predicted amiR-gfp recognition
site, suggesting that this amiRNA selection pipeline is
potentially applicable to the design of other amiRNAs.
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