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MicroRNA Constructs for the Suppression of the Expression of Targeted Genes or the

Down Regulation of Targeted Genes and Methods Theretore

FIELD OF THE INVENTION
(00011 The field of the present imvention relates generally to plant molecular biology and
plant biotechnology. More specifically it relates to constructs and methods to suppress the

expression of targeted genes or to down regulate targeted genes.

BACKGROUND OF THE INVENTION

[0002]  RNA mterference refers to the process of sequence-specific post-transcriptional gene
silencing in ammals mediated by short interfering RNAs (siRNAs) (Fire ef al. (1998) Nature
391:806-811). The cormresponding process in plants 18 commonly referred to as post-
transcriptional gene silencing (PTGS) or RNA silencing and 1s also referred to as quelling m
fungi. The process of post-transcriptional gene silencing is thought to be an cvolutionarily-
conserved cellular defense mechanism used to prevent the expression of foreign genes and 1s
cominmonly shared by diverse flora and phyla (Fire (1999) Trends Gener. 15:358-363). Such
protection from foreign gene expression may have evolved m response to the production of
double-stranded RINAs (dsRINAs) derived from viral infection or from the random integration of
transposon elements mto a host genome via a cellular response that specifically destroys
homologous single-stranded RNA of viral genomic RNA. The presence of dsRNA i cells
triggers the RINA1 response through a mechanism that has yet to be fully characterized.

(0003] A new class of small RNA molecules 1s involved in regulating gene expression in a
number of eukaryotic organisms ranging from animals fo plants. These short RNAs or
microRINAs (mRNAs; miRs) are 20-22 nucleotide-long molecules that specifically base-pair to
target messenger-RNAs to repress their translation or to induce their degradation. Recent
reports have identified pumerous miRNAs from vertebrates, Caenorhabditis elegans,
Drosophila and Arabidopsis thaliana (Bartel (2004) Cell 116:281-297; He and Hannon (2004)
Nature Reviews Genetics 5:522-531).

[0004] Vimses such as Twrnip Mosaic Virus (TuMV) and Turnip Yellow Mosaic Virus
(TYMV) cause considerable crop loss world-wide and have serious economic impact on
agriculture (Morch et al. (1998) Nucleic Acids Res 16:6157-6173; Skotnicki et al. (1992) Arch
Firol 12°7:25-35; Tomlimson (1987) Ann Appl Biol 110:661-681). Most if not all plant viruses
encode one or more protemns that are able to suppress the host’s post-transcriptional gene

silencing (PTGS) mechanism so as to ensure their successful replication in host cells. The
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PTGS is a mechanism that a plant host uses to defend against viruses by triggering breakdown
of double stranded RNAs which are produced as intermediates in viral genome replication
(Bernstein et al. (2001) Nature 409:363-366; Hamilton and Baulcombe (1999) Science 286:950-
952; Zamore et al. (2000) Cell 31:25-33).

[0005] Reduction of the activity of specific genes (also known as gene silencing, or gene
suppression), including virus genes, is desirable for several aspects of genetic engineering in
plants. There is still a need for methods and constructs that induce gene suppression against a
wide selection of target genes, and that result in effective silencing of the target gene at high

efficiency.

SUMMARY OF THE INVENTION

[0006] According to one aspect, the present invention provides a method of down regulating
a target sequence in a cell and a nucleic acid construct for use in this method, as well as a
polynucleotide for use in the nucleic acid construct. The method comprises introducing into the
cell a nucleic acid construct capable of producing miRNA and expressing the nucleic acid
construct for a time sufficient to produce the miRNA, wherein the miRNA inhibits expression of
the target sequence. The nucleic acid construct comprises a polynucleotide encoding a modified
miRNA precursor capable of forming a double-stranded RNA or a hairpin, wherein the modified
miRNA precursor comprises a modified miRNA and a sequence complementary to the moditied
miRNA, wherein the modified miRNA is a miRNA modified to be (i) fully complementary to
the target sequence or (ii) fully complementary to the target sequence except for GU base
pairing. As is well known in the art, the pre-miRNA forms a hairpin which 1 some cases the
double-stranded region may be very short, e.g., not exceeding 21-25 bp in length. The nucleic
acid construct may further comprise a promoter operably linked to the polynucleotide. The cell
may be a plant cell, either monocot or dicot, including, but not limited to, corn, wheat, rice,
barley, oats, sorghum, millet, sunflower, safflower, cotton, soy, canola, alfalfa, Arabidopsis, and
tobacco. The promoter may be a pathogen-inducible promoter or other mducible promoters.
The binding of the modified miRNA to the target RNA leads to cleavage of the target RNA.
The target sequence of a target RNA may be a coding sequence, an intron or a splice site.

[0007] According to another aspect, the present invention provides an isolated polynucleotide
encoding a modified plant miRNA precursor, the modified precursor is capable of forming a
double-stranded RNA or a hairpin and comprises a modified miRNA and a sequence

complementary to the modified miRNA, wherein the modified miRNA is a miRNA moditied to
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be (i) fully complementary to the target sequence or (ii) fully complementary to the target
sequence except for GU base pairing. Expression of the polynucleotide produces a miRNA
precursor which is processed in a host cell to provide a mature miRNA which inhibits
expression of the target sequence. The pélynucleotide may be a nucleic acid construct or may
be the modified plant miRNA precursor. The nucleic acid construct may further comprise a
promoter operably linked to the polynucleotide. The promoter may be a pathogen-inducible
promoter or other inducible promoter. The binding of the modified miRNA to the target RNA
leads to cleavage of the target RNA. The target sequence of a target RNA may be a coding
sequence, a non-coding sequence or a splice site.

10008] According to another aspect, the present invention provides a nucleic acid construct
for suppressing a multiple number of target sequences. The nucleic acid construct comprises at
least two and up to 45 or more polynucleotides, each of which encodes a miRNA precursor
capable of forming a double-stranded RNA or a hairpin. Each miRNA i1s substantially
complementary to a target or is modified to be complementary to a target as described herein. In
some embodiments, each of the polynucleotides encoding precursor miRNAs in the construct 1s
individually placed under control of a single promoter. In some embodiments, the multiple
polynucleotides encoding precursor miRNAs are operably linked together such that they can be
placed under the control of a single promoter. The promoter may be operably linked to the
construct of multiple miRNAs or the construct of multiple miRNAs may be inserted into a host
genome such that it is operably linked to a single promoter. The promoter may be a pathogen-
inducible promoter or other inducible promoter. In some embodiments, the multiple
polynucleotides are linked one to another so as to form a single transcript when expressed.
Expression of the polynucleotides in the nucleic acid construct produces multiple miRNA
precursors which are processed in a host cell to provide multiple mature miRNAs, each of which
inhibits expression of a target sequence. In one embodiment, the binding of each of the mature
miRNA to each of the target RNA leads to cleavage of each of the target RNA. The target
sequence of a target RNA may be a coding sequence, a non-coding sequence or a splice site.
[0009] According to another aspect, the present invention provides a method of down
regulating a multiple number of target sequences in a cell. The method comprises introducing
into the cell a nucleic acid construct capable of producing multiple miRNAs and expressing the
nucleic acid construct for a time sufficient to produce the multiple miRNAs, wherein each of the
miRNAs inhibits expression of a target sequence. The nucleic acid construct comprises at least

two and up to 45 or more polynucleotides, each of which encodes a miRNA precursor capable of
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forming a double-stranded RNA or a hairpin. Each miRNA is substantially complementary to a
target or is modified to be complementary to a target as described herem. In some
embodiments, each of the polynucleotides encoding precursor miRNAs in the construct 1s
individually placed under control of a single promoter. In some embodiments, the multiple
polynucleotides encoding precursor miRNAs are linked together such that they can be under the
control of a single promoter as described herein. In some embodiments, the multiple
polynucleotides are linked one to another so as to form a single transcript when expressed. In
some embodiments, the construct may be a hetero-polymeric pre-miRNA or a homo-polymeric
pre-miRNA. Expression of the polynucleotides in the nucleic acid construct produces multiple
miRNA precursors which are processed in a host cell to provide multiple mature miRNAs, each
of which inhibits expression of a target sequence. In one embodiment, the binding of each of the

mature miRNA to each of the target RNA leads to cleavage of each of the target RNA. The

target sequence of a target RNA may be a coding sequence, a non-coding sequence or a splice
site.

[0010] According to a further aspect, the present invention provides a cell comprising the
isolated polynucleotide or nucleic acid construct of the present invention. In some
embodiments, the isolated polynucleotide or nucleic acid construct of the present invention may
be inserted into an intron of a gene or a transgene of the cell. The cell may be a plant cell, either
a monocot or a dicot, including, but not limited to, corn, wheat, rice, barley, oats, sorghum,
millet, sunflower, safflower, cotton, soy, canola, alfalfa, Arabidopsis, and tobacco.

[0011] According to another aspect, the present invention provides a transgenic plant
comprising the isolated polynucleotide or nucleic acid construct. In some embodiments, the
isolated polynucleotide or nucleic acid construct of the present invention may be inserted into an
intron of a gene or a transgene of the transgenic plant. The transgenic plant may be either a
monocot or a dicot, including, but not limited to, corn, wheat, rice, barley, oats, sorghum, millet,
sunflower, safflower, cotton, soy, canola, alfalfa, Arabidopsis, and tobacco.

[0012]  According to a further aspect, the present invention provides a method of inhibiting
expression of a target sequence in a cell comprising: (a) introducing mto the cell a nucleic acid
construct comprising a modified plant miRNA precursor comprising a first and a second
oligonucleotide, wherein at least one of the first or the second oligonucleotides is heterologous
to the precursor, wherein the first oligonucleotide encodes an RNA sequence substantially
identical to the target sequence, and the second oligonucleotide encodes a miRNA substantially

complementary to the target sequence, whereby the precursor encodes a miRNA; and
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(b) expressing the nucleic acid construct for a time sufficient to produce the miRNA, wherein
the miRNA 1nhibits expression of the target sequence.

[0013] According to another aspect, the present invention provides an isolated polynucleotide
comprising a modified plant miRNA precursor, the modified precursor comprising a first and a
second oligonucleotide, wherein at least one of the first or the second oligonucleotides is

heterologous to the precursor, wherein the first oligonucleotide encodes an RNA sequence

substantially identical to a target sequence, and the second oligonucleotide comprises a miRNA
substantially complementary to the target sequence, wherein expression of the polynucleotide
produces the miRNA which inhibits expression of the target sequence. The present invention
also relates to a cell comprising this isolated polynucleotide. The cell may be a plant cell, either
monocot or dicot, including, but not limited to, corn, wheat, rice, barley, oats, sorghum, millet,
sunflower, safflower, cotton, soy, canola, alfaifa, Arabidopsis, and tobacco.

[0014] According to a further aspect, the present invention provides for a method of
inhibiting expression of a target sequence in a cell, such as any of those herein described that
further comprises producing a transformed plant, wherein the plant comprises the nucleic acid
construct which encodes the miRNA. The present invention also relates to a plant produced by
such methods. The plant may a monocot or a dicot, including, but not limited to, corn, wheat,
rice, barley, oats, sorghum, millet, sunflower, saftlower, cotton, soy, canola, alfalfa,

Arabidopsis, and tobacco.

BRIEF DESCRIPTION OF THE FIGURES

[0015] Figure 1 shows the predicted hairpin structure formed by the sequence surrounding
miR172a-2. The mature microRNA is indicated by a grey box.

[0016] Figure 2 shows the miR172a-2 overexpression phenotype. a, Wild type (Columbia
ecotype) plant, 3.5 weeks old. b, EAT-D plant, 3.5 weeks old. ¢, Wild type flower. d, EAT-D
flower. Note absence of second whorl organs (petals). Arrow indicates sepal with ovules along
the margins and stigmatic papillae at the tip. e, Cauline leaf margin from a 35S-EAT plant.
Arrows indicate bundles of stigmatic papillae projecting from the margin. f, Solitary gynoecium
(arrow) emerging from the axil of a cauline leaf of a 355-EAT plant.

[0017] Figure 3 shows the EAT gene contains a miRNA that is complementary to
APETALA2 (AP2). a, Location of the EAT gene on chromosome 5. The T-DNA insertion and
orientation of the 35S enhancers is indicated. The 21-nt sequence corresponding to miR172a-2

is shown below the EAT gene (SEQ ID NO:86). b, Putative 21-nt miR172a-2/AP2 RNA duplex
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18 shown below the gene structure of AP2. The GU wobble in the duplex 1is underlined. c,
Alignment of AP2 21-nt region (black bar) and surrounding sequence with three other
Arabidopsis AP2 family members, and with two maize AP2 genes (IDS1 and GL15). d,
Alignment of miR172a-2 miRNA (black bar) and surrounding sequence with miR172-like
sequences from Arabidopsis, tomato, soybean, potato and rice.

[0018]  Figure 4 shows the miR172a-2 miRNA expression. a, Northern blot of tota] RNA
from wild type (lanes 3 and 7) and EAT-D (lanes 4 and 8). Blots were probed with sense (lanes
1-4) or antisense (lanes 5-8) oligo to miR172a-2 miRNA. 100 pg of sense oligo (lanes 2 and 6)
and antisense oligo (lanes 1 and 5) were loaded as hybridization controls. Nucleotide size
markers are indicated on the left. b, S1 nuclease mapping of miR1722a-2 miRNA. A 5’-end-
labeled probe undigested (lane 1) or digested after hybridization to total RNA from wild-type
(lane 2), EAT-D (lane 3), or tRNA (lane 4).

[0019]  Figure 5 shows the developmental expression pattern of miR172 family members. a,
RI-PCR of total RNA from wild type seedlings harvested at 2, 5, 12, and 21 days after
germination (lanes 1-4, respectively), or from mature leaves (lane 5) and floral buds (lane 6).
Primers for PCR are indicated on the left. b, Northern analysis of mirR172 expression in the
indicated mutants, relative to wild type (Col). Blot was probed with an oligo to miR172a-2:
however, all miR172 members should cross hybridize.

[0020]  Figure 6 shows the expression analysis of putative EAT target genes. a, Northern blot
analysis of polyA+ RNA isolated from wild type (Col) or EAT-D floral buds. Probes for
hybridization are indicated on the right. b, Western blot of proteins from wild type or EAT-D
tloral buds, probed with AP2 antibody. RbcL, large subunit of ribulose 1,5-bisphosphate
carboxylase as loading control.

[0021]  Figure 7 shows the identification of LAT-D. a, Location of the T-DNA insert in
LAT-D, in between At2g28550 and At2g28560. The 4X 35S enhancers are approximately 5 kb
from At2g28550. b, RT-PCR analysis of At2g28550 expression m wild type versus LAT-D
plants.

[0022]  Figure 8 shows that EAT-D is epistatic to LAT-D. Genetic cross between EAT-D and

LAT-D plants, with the resultant F1 plants shown, along with their flowering time (measured as

rosette leaf number).
[0023]  Figure 9 shows the loss-of-function At2g28550 (2-28550) and At5g60120 (6-60120)

mutants. Location of T-DNA in each line is indicated, along with intron/exon structure.
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[0024] Figure 10 shows the potential function of the miR172 miRNA family. a, Temporal
expression of miR172a-2 and its relatives may cause temporal downregulation of AP2 targets
(e.g. At2g28550 and At5g60120), which may trigger flowering once the target proteins drop
below a critical threshold (dotted line). b, Dicer cleavage at various positions may generate at
least four distinct miRNAs from the miR172 family (indicated as a single hairpin with a miRNA
consensus sequence). Sequences at the 5° and 3’ ends of each miRNA are indicated, with the
invariant middle 15 nt shown as ellipses. The putative targets recognized by the individual
miRNAs are in parentheses below each.

[0025] Figures 11A-11C show an artificial microRNA (miRNA) designed to cleave the
phytoene desaturase (PDS) mRNAs of Nicotiana benthamiana. Fig. 11A shows the structure of
the pre-miR159a sequence construct under the control of the CaMV 338 promoter (355) and
NOS terminator (Tnos). The orientation and position of the mature miRNA 1s indicated by an
arrow. Fig. 11B shows that point mutations in miR159a (SEQ ID NO:141) (indicated by
arrows) turn it into miR-PDS" 72 (SEQ ID NO:142) to become fully complementary to a region
in N. benthamiana PDS mRNA. Fig. 11C shows that Northern blot analysis of Agrobacterium
infiltrated N, benthamiana leaves shows expression of miR-PDS" 2 miR-PDS""** and miR159
in samples infiltrated with an empty vector (vector) or the artificial miRNA (miR*-PDS]5 2 1, 2,
3 days post infiltration (d.p.1).

[0026] Figures 12A-12B show that miR-PDS"™”* (SEQ ID NO:142) causes PDS mRNA (SEQ
ID NO:143) cleavage. Fig. 12 A shows Northern blot analysis of PDS mRNA from samples
infiltrated with empty vector or miR-PDS™”* after 1 or 2 days post infiltration (d.p.i.) (upper
panel). The bottom panel shows the EtBr-stained agarose gel from the same samples. Fig. 12B
shows the site of cleavage of the miRNA. 5’RACE analysis was conducted on samples
infiltrated with miR-PDS"" constructs and the 5’-end sequence of 5 out of 6 clones indicated
the site of cleavage of the miRNA as indicated by an arrow.

[0027] Figures 13A-13E show that the expression of miR-PDS'®’® results in cleavage of the
PDS mRNA. Fig. 13A shows the point mutations (underlined nucleotides) in miR169g that it
turn it into miR-PDSa'®”® (SEQ ID NO:145) or miR-PDSb'®® (SEQ ID NO:146) to become fully
complementary to two different regions in N. benthamiana PDS mRNA. Fig. 13B shows

'Northern blot analysis of two different miR169g expression constructs. Total RNA was

extracted from non-infiltrated leaves (C) or from leaves infiltrated with Agrobacterium
containing the pre-miR169g sequence in the context of a 0.3kb (0.3kb) or 2.0kb (2.0kb)

fragment, or from control Arabidopsis leaves (+). The arrow indicates the position of the
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miR 169 signal. Fig. 13C shows Northern blot showing the expression of miR-PDSa'%’® (a) and
miR-PDSb'*”8 (b) in infiltrated leaves containing the 0.3kb construct but not in control using the
empty plasmid (vector). Fig. 13D shows the sites of cleavage of the miRNA. 5’RACE analysis
was conducted on samples infiltrated with miR-PDS'*® a (SEQ ID NO:145) and b (SEQ ID
NO:146) constructs and the 5’-end sequence identified from independent clones 1s indicatea by
an arrow together with the number of clones analyzed. The PDS mRNAs are SEQ ID NO:147
and SEQ ID NO:148. Fig. 13E shows a Northern blot analysis to detect PDS mRINA levels in
plants infiltrated with Agrobacterium strains carrying the empty vector (C) or constructs
expressing miR-PDSa'®’® (a) or miR-PDSb'®’8 (b).

[0028] Figures 14A-14C show the microRNA—directed cleavage of Nicotiana benthamiana
rbeS mRNAs. Fig. 14A shows that point mutations in miR15%9a (SEQ ID NO:141) (indicated by
arrows) turn 1t 1nto miR-rbcS¥7*-A (SEQ ID NO:149) to become complementary” to a region
common to all N. benthamiana rbcS mRNAs (shown as rbeS mRNA; SEQ ID NO:150).
miRNA:mRNA base-pairs are indicated by vertical lines and G:U wobble base-paixrs by colons.
Fig. 14B shows that Northern blot analysis of Agrobacterium infiltrated N. benthazniana leaves
shows expression of miR-rbeS?%-A in samples infiltrated with an empty vector (C) or the

artificial miRNA (A) 2 days post infiltration (d.p.i). Fig. 14C shows that RT-PCR analysis was

used to detect bcS mRNA abundance for all six genes in the same samples shown in B.

Amplification of EF1oc mRNA served as a loading control.

[0029] Figures 15A-15B show the schematic representation of the genes and relevant
sequences used in the work shown in Figures 11-14. Fig. 15A shows the PD.§S gene from
Lycopersicum esculetum that was used as reference sequence since the complete PZOS gene from
N. benthamiana is not known (segments missing are shown as a dashed line). Large grey arrows
indicate positions targeted by the miR-PDS constructs described in the text. Small arrowheads
indicate primers used for 5’RACE analysis. Known N. benthamiana PDS§ fragments are
indicated along with the origin of the sequences. Fig. 15B shows the diffexent reported
sequences that were used to assemble the 7bcS gene sequence schematized here. The grey arrow

159a

indicates the position of the sequence targeted by miR-rbeS > "-A, the arrowheads indicate the

position of primers used in RT-PCR experiments shown in Figures 14A-14C.

[0030] Figures 16A-16B show a summary of changes introduced to Arabidopsis miR159a
and miR169g. Fig. 16A shows sequences of miR-PDS" (SEQ ID NO:142) and #niR-rbeS 7%
A (SEQ ID NO:149) as compared to miR159a (SEQ ID NO:141). The base-changes in each

case are underlined while unmodified positions are marked with an asterisk. Fig. 16B shows
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sequences of miR-PDSa'®® (SEQ ID NO:145) and miR-PDSb'® (SEQ ID NO:146) as
compared to miR169g (SEQ ID NO:144). The base-changes in each case are underlined while
unmodified positions are marked with an asterisk.

[0031] Figure 17 shows development of Arabidopsis root hairs in wildtype, mutant and
transgenic plants. Panel A: Wild type root shows many root hair structures. Panel B: Very few
root hair in ¢pc mutant. Panel C: 35S::CPC plants show more root hairs. Panel D: More root
hair in g/2 mutant. This figure is taken from Wada et al. ((2002) Development 129:5409-5419).
[0032] Figure 18 shows Arabidopsis root hair development in transgenic plants. Panel a:
XVE.':pre-miRCPC’]”g“ without inducer (estradiol). Panel b: XVE::pre-miRCPCI 1% writh
inducer (estradiol). Panel c: XVE::pre-miR159a without inducer (estradiol). Panel d: XVE: pre-
miR159a with inducer (estradiol).

[0033] Figure 19 shows Arabidopsis root hair development in transgenic plants. Panel a:
358::pre-miR159. Panel b: 35S::pre-muRCPC/ % Panel c: 358::pre-miRP69] v

[0034]  Figure 20 shows Arabidopsis root hair development in transgenic plants. Panel a:
35S::pre-miR159. Panel b: 35S::pre-miRCPCI1"™.

[0035] Figures 21A-21E represent a diagram for a process for designing a polymeric pre-
miRNA. Fig. 21A: The products of amplification of three different pre-miRNAs (pre-miR A,

pre-miR B and pre-miR C) in which Avrll, Spel and Xhol sites have been added by
amplification. Fig. 21B: Pre-miR A is digested with Spel and Xhol and pre-miR B 1s digested
with AvrIl and Xhol. Fig. 21C: The digested pre-miR A and pre-miR B are ligated to form a
dimeric pre-miRNA. Fig. 21D: Pre-miR A-B is digested with Spel and Xhol and pre-miR C 1s
digested with Avrll and Xhol. Fig. 21E: The digested pre-miR A-B and pre-miR C are ligated
to form a trimeric pre-miRNA.

[0036] Figure 22 is a diagram of a dimeric construct containing pre—mz‘RPDS]I %% and pre-
miRCPC3"™°.

[0037]  Figures 23A and 23B show that mature miRPDSI'%® (Fig. 23A) and miRCPC3"*
(Fig. 23B) was successfully produced from the dimeric construct. Lane 1 1s 355:.pre-
miRPDSI %2, lane 2 is 35S::CPC3"** and lane 3 is 35S::pre-miRPDS1'®3-CPC3".

(0038]  Figure 24 shows the structure of the miR159a precursor (SEQ ID NO:161).

[0039] Figure 25 shows Northern blot analysis of miR-H C-Pro’°®® were performed with three
different treatments: (1) Agrobacterial cells with 35S:.'pre-mz'R-HC-cPro] > (2) Agrobacterial
cells with 35S::HC-Pro, and (3) Agrobacterial cells with 35S:.'pre-miRuHC—Proj > and
358::HC-Pro.
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[0040] Figure 26 shows shows Northern blot analysis of miR-P69, 4 different treatments
were performed : (1) Agrobacterial cells carrying 358:: pre-mz’R-P69159a, (2) Agrobacterial
cells XVE::pre-mz’R—P69] e (3) Agrobacterial cells carrying 35S::P69, and (4) Agrobacterial
cells carrying 35S: :pre-miR-P69’ % and 358.:P-69.

[0041] Figure 27 shows Northern blot analysis of mature artifictal miRNA levels for
randomly picked T, 35S pre-miRH C-Pro””” transgenic lines (plants). The T, plants are known
to be transgenic because they were first selected on Kan-containing medium to remove WT.
The T, plants are either heterozygous (one copy) or homozygous (two copies), and the ratio
should be about 2:1.

[0042] Figure 28 shows Northern blot analysis of mature artificial miRNA levels for
randomly picked T, 35S.:pre-miR-P69"" transgenic lines (plants).

[0043] Figure 29 shows that T, transgenic plants expressing miR-HC-Pro"” artificial
miRNA are resistant to TuMV infection. Photographs were taken 2 weeks (14 days after
infection) after inoculation. T, transgenic plants expressing miR-H C-Pro”™ (line #11; Fig.
33B) developed normal influorescences whereas WT plants and T, transgenic plants expressing
miR-P69"°” (line #1; Fig 33B) showed viral infection symptoms. The bar represents 3 cm.
[0044] Figure 30 shows symptoms of influorescences caused by TuMV infection. (Top

panel) Forteen days after TuMV infection, T, transgenic miR-P69"°%" plants (line #1) and col-0
plants showed shorter internodes between flowers 1n influoresences, whereas T miR-HC-Pro’™
transgenic plant (line #11) displayed normal influoresences development. The bar represents 1
cm. (Bottom panel) Close-up views of influoresences on TuMV-infected Arabidopsis plants. 1>

gl plants (line #1) and col-0 plants showed senescence and pollination

transgenic miR-Po6
defects whereas T, transgenic miR-HC-Pro’”®* plants (line #11) showed normal flower and
silique de§610pment. For mock-infection, plants were inoculated with buffer only. The bar
represents 0.2 cm.

[0045] TFigure 31 shows symptoms of siliques caused by TuMV infection. In TuMV-

infected T, transgenic miR-P69"°”° plants (line #1) and WT (col-0) plants, siliques were small
139a

and mal-developed. T, transgenic miR-HC-Pro~" plants (line #11) were resistant to TuMV
infection and showed normal silique development. Buffer-inoculated plants (mock-mculated)
were used as controls. The bar represents 0.5 cm.

[0046] Figure 32 shows Western blot analysis of TuMV coat protein (CP) levels 1n leaves of

different transgenic and WT plants.
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[0047] Figure 33 shows (A) Western blot analysis of representative plants of 35S.: miR-HC-
Pro”®, 35S:: miR-P69"°”", and WT (Col-0) and (B) Northern blot analysis of miRNAs
produced by the transgenic plants.

[0048] Figure 34 shows ELISA detection of TuMV 1in different transgenic and non-
transgenic Arabidopsis.

[0049] Figure 35 shows Northern blot analysis of pre—mz‘R-P69] e pre-miR-HC—Pro’ 7 and
pre-miR-PG69’ P _HC-Pro”” demonstrating that homo-dimeric miRNA precursor, pre-miR-
P69 -HC-Pro"”, can produce mature miR-P69"°"* and miR-HC-Pro’*.

[0050] Figure 36 shows constructs in which miR-HC-Pro"”* is placed in either intron 1 or
intron 2 of the CP( gene.

[0051] Figure 37 shows Northern blot analysis of the constructs of Figure 36 and
demonstrates that intron 1 and intron 2 of the CPC transcript can be used to produce artificial
mi1RNAsS.

[0052] Figure 38 shows constructs in which pre-miR-HC-Pro’”” is placed in either intron 1
or mtron 2 and pre-mi]g—P691 7 is placed in either intron 2 or intron 1 of the CPC gene.

[0053] Figure 39 shows Northern blot analysis of the conmstructs of Figure 38 and
demonstrates that it is possible to use CPC introns to produce two different artificial miRNAs

simultaneously in one transcript.

DETAILED DESCRIPTION

[0054] Recently discovered small RNAs play an important role in controlling gene
expression. Regulation of many developmental processes including flowering 1s controlled by
small RNAs. It is now possible to engineer changes in gene expression of plant genes by using
transgenic constructs which produce small RNAs 1n the plant.

[0055] The invention provides methods and compositions useful for suppressing targeted
sequences. The compositions can be employed in any type of plant cell, and in other cells which
comprise the appropriate processing components (e.g., RNA interference components),
including invertebrate and vertebrate animal cells. The compositions and methods are based on
an endogenous miRNA silencing process discovered in Arabidopsis, a similar strategy can be
used to extend the number of compositions and the organisms in which the methods are used.
The methods can be adapted to work in any eukaryotic cell system. Additionally, the
compositions and methods described herein can be used in individual cells, cells or tissue in

culture, or in vivo in organisms, or in organs or other portions of organisms.
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[0056] The compositions selectively suppress the target sequence by encoding a miRNA
having substantial complementarity to a region of the target sequence. The miRNA is provided
in a nucleic acid construct which, when transcribed into RNA, is predicted to form a hairpin
structure which is processed by the cell to generate the miRNA, which then suppresses
expression of the target sequence.

[0057] A nucleic acid construct is provided to encode the miRNA for any specific target
sequence. Any miRNA can be inserted into the construct, such that the encoded miRNA
selectively targets and suppresses the target sequence.

[0058] A method for suppressing a target sequence is provided. The method employs the
constructs above, in which a miRNA is designed to a region of the target sequence, and mserted
into the construct. Upon introduction into a cell, the miRNA produced suppresses expression of
the targeted sequence. The target sequence can be an endogenous plant sequence, or a
heterologous transgene in the plant. The target gene may also be a gene from a plant pathogen,
such as a pathogenic virus, nematode, insect, or mold or fungus.

[0059] A plant, cell, and seed comprising the construct and/or the miRNA 1s provided.
Typically, the cell will be a cell from a plant, but other eukaryotic cells are also contemplated,
including but not limited to yeast, insect, nematode, or animal cells. Plant cells include cells
from monocots and dicots. The invention also provides plants and seeds comprising the
construct and/or the miRNA. Viruses and prokaryotic cells comprising the construct are also
provided.

[0060]  Units, prefixes, and symbols may be denoted in their SI accepted form. Unless
otherwise indicated, nucleic acids are written left to right in 5' to 3' orientation; amino acid
sequences are written left to right in amino to carboxyl orientation, respectively. Numeric
ranges recited within the specification are inclusive of the numbers defining the range and
include each integer within the defined range. Amino acids may be referred to herem by either
commonly known three letter symbols or by the one-letter symbols recommended by the
[UPAC-IUB Biochemical Nomenclature Commission. Nucleotides, likewise, may be referred to
by their commonly accepted single-letter codes. Unless otherwise provided for, software,
electrical, and electronics terms as used herein are as defined in The New IEEE Standard
Dictionary of Electrical and Electronics Terms (5th edition, 1993). The terms defined below are
more fully defined by reference to the specification as a whole.

[0061] As used herein, “nucleic acid construct” or “construct” refers to an isolated

polynucleotide which is introduced into a host cell. This construct may comprise any
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combination of deoxyribonucleotides, ribonucleotides, and/or modified nucleotides. The
construct may be transcribed to form an RNA, wherein the RNA may be capable of forming a
double-stranded RNA and/or hairpin structure. This construct may be expressed in the cell, or
isolated or synthetically produced. The construct may further comprise a promoter, or other
sequences which facilitate manipulation or expression of the construct.

[0062]  As used here “suppression” or “silencing” or “inhibition” are used interchangeably to
denote the down-regulation of the expression of the product of a target sequence relative to 1ts
normal expression level in a wild type organism. Suppression includes expression that is
decreased by about 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, T0%,
75%., 80%, 85%, 90%, 95%, or 100% relative to the wild type expression level.

[0063] As used herein, “encodes” or “encoding” refers to a DNA sequence which can be
processed to generate an RNA and/or polypeptide.

[0064] As used herein, “expression” or “expressing” refers to the generation of an RINA
transcript from an introduced construct, an endogenous DNA sequence, or a stably incorporated
heterologous DNA sequence. The term may also refer to a polypeptide produced from an
mRNA generated from any of the above DNA precursors.

[0065]  As used herein, "heterologous" in reference to a nucleic acid is a nucleic acid that
originates from a foreign species, or is synthetically designed, or, if from the same species, 1s
substantially modified from its native form in composition and/or genomic locus by deliber-ate
human intervention. A heterologous protein may originate from a foreign species or, if from the
same species, is substantially modified from its original form by deliberate human interventiomn.
[0066] By "host cell" is meant a cell which contains an introduced nucleic acid construct and
supports the replication and/or expression of the construct. Host cells may be prokaryotic cells
such as E. coli, or eukaryotic cells such as fungi, yeast, insect, amphibian, nematode, or
mammalian cells. Alternatively, the host cells are monocotyledonous or dicotyledonous plant
cells. An example of a monocotyledonous host cell is a maize host cell.

[0067] The term “introduced” means providing a nucleic acid or protein into a cell.
Introduced includes reference to the incorporation of a nucleic acid into a eukaryotic or
prokaryotic cell where the nucleic acid may be incorporated into the genome of the cell, and
includes reference to the transient provision of a nucleic acid or protein to the cell. Introduced
includes reference to stable or transient transformation methods, as well as sexually crossing.
[0068] The term "isolated" refers to material, such as a nucleic acid or a protein, which 1s: (1)

substantially or essentially free from components which normally accompany or interact vwwith
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the material as found in its naturally occurring environment or (2) if the material 1s in 1ts natural
environment, the material has been altered by deliberate human intervention to a composition
and/or placed at a locus in the cell other than the locus native to the material.

[0069] As used herein, “miRNA” refers to an oligoribonucleic acid, which suppresses
expression of a polynucleotide comprising the target sequence transcript or down regulates a
target RNA. A “miRNA precursor” refers to a larger polynucleotide which 1s processed to
produce a mature miRNA, and includes a DNA which encodes an RNA precursor, and an RNA
transcript comprising the miRNA. A “mature miRNA” refers to the miRNA generated from the
processing of a miRNA precursor. A “miRNA template” 1s an oligonucleotide region, or
regions, in a nucleic acid construct which encodes the miRNA. The “backside” region of a
miRNA 1is a portion of a polynucleotide construct which 1s substantially complementary to the
miRNA template and 1s predicted to base pair with the miRNA template. The miRNA template
and backside may form a double-stranded polynucleotide, including a hairpin structure. As 1s
known for natural miRNAs, the mature miRNA and 1ts complements may contain mismatches
and form bulges and thus do not need to be fully complementary.

[0070] As used herein, the phrases “target sequence” and “sequence of interest” are used
interchangeably. Target sequence is used to mean the nucleic acid sequence that is selected for
suppression of expression, and i1s not limited to polynucleotides encoding polypeptides. The
target sequence comprises a sequence that is substantially or completely complementary to the
miRNA. The target sequence can be RNA or DNA, and may also refer to a polynucleotide
comprising the target sequence.

[0071]  As used herein, “nucleic acid” means a polynucleotide and includes single or double-
stranded polymer of deoxyribonucleotide or ribonucleotide bases. Nucleic acids may also
include fragments and modified nucleotides.

[0072] By "nucleic acid library" is meant a collection of 1solated DNA or RNA molecules
which comprise and substantially represent the entire transcribed fraction of a genome of a
specified organism or of a tissue from that organism. Conétruction of exemplary nucleic acid
libraries, such as genomic and cDNA libraries, is taught in standard molecular biology
references such as Berger and Kimmel, Guide to Molecular Cloning Techniques, Methods in
Enzymology, Vol. 152, Academic Press, Inc., San Diego, CA (Berger); Sambrook et al.,
Molecular Cloning - A Laboratory Manual, 2nd ed., Vol. 1-3 (1989); and Current Protocols in
Molecular Biology, F.M. Ausubel et al., Eds., Current Protocols, a joint venture between Greene

Publishing Associates, Inc. and John Wiley & Sons, Inc. (1994).
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[0073]  As used herein "operably linked" includes reference to a functional linkage of at least
two sequences. Operably linked includes linkage between a promoter and a second sequence,
wherein the promoter sequence initiates and mediates transcription of the DNA sequence
corresponding to the second sequence.

[0074]  As used herein, “plant” includes plants and plant parts including but not himited to
plant cells, plant tissue such as leaves, stems, roots, flowers, and seeds.

[0075]  As used herein, “polypeptide” means proteins, protein fragments, modified proteins,
amino acid sequences and synthetic amino acid sequences. The polypeptide can be glycosylated
Or not.

[0076]  As used herein, “promoter” includes reference to a region of DNA that is involved n
recognition and binding of an RNA polymerase and other proteins to initiate transcription.
[0077]  The term "selectively hybridizes" includes reference to hybridization, under stringent

hybridization conditions, of a nucleic acid sequence to a specified nucleic acid target sequence

to a detectably greater degree (e.g., at least 2-fold over background) than its hybridization to
non-target nucleic acid sequences and to the substantial exclusion of non-target nucleic acids.
Selectively hybridizing sequences typically have about at least 80% sequence identity, or 90%
sequence identity, up to and including 100% sequence identity (i.e., fully complementary) with
each other.

[0078] The term "stringent conditions" or “stringent hybridization conditions” includes
reference to conditions under which a probe will séllectively hybridize to its target sequence.
Stringent conditions are sequence-dependent and will be different in different circumstances.
By controlling the stringency of the hybridization and/or washing conditions, target sequences
can be identified which are 100% complementary to the probe (homologous probing).
Alternatively, stringency conditions can be adjusted to allow some mismatching in sequences so
that lower degrees of similarity are detected (heterologous probing). Generally, a probe 1s less
than about 1000 nucleotides in length, optionally less than 500 nucleotides in length.

[0079] Typically, stringent conditions will be those in which the salt concentration 1s less
than about 1.5 M Na ion, typically about 0.01 to 1.0 M Na ion concentration (or other salts) at
pH 7.0 to 8.3 and the temperature is at least about 30°C for short probes (e.g., 10 to 50
nucleotides) and at least about 60°C for long probes (e.g., greater than 50 nucleotides).
Stringent conditions may also be achieved with the addition of destabilizing agents such as

formamide. Exemplary low stringency conditions include hybridization with a buffer solution

of 30 to 35% formamide, 1 M NaCl, 1% SDS (sodium dodecyl sulphate) at 37°C, and a wash 1n



10

15

20

25

30

CA 02583690 2007-04-10
WO 2006/044322 PCT/US2005/036373

16

1X to 2X SSC (20X SSC = 3.0 M NaCl/0.3 M trisodium citrate) at 50 to 55°C. Exemplary
moderate stringency conditions include hybridization in 40 to 45% formamide, 1 M NaCl, 1%
SDS at 37°C, and a wash in 0.5X to 1X SSC at 55 to 60°C. Exemplary high stringency
conditions include hybridization in 50% formamide, 1 M NaCl, 1% SDS at 37°C, and a wash 1n
0.1X SSC at 60 to 65°C.

[0080]  Specificity 1s typically the function of post-hybridization washes, the critical factors
being the ionic strength and temperature of the final wash solution. For DNA-DNA hybrids, the
T can be approximated from the equation of Meinkoth and Wahl ((1984) Anal Biochem
138:267-284): Ty, = 81.5 °C + 16.6 (log M) + 0.41 (%GC) - 0.61 (% form) - 500/L; where M 1s
the molarity of monovalent cations, %GC is the percentage of guanosine and cytosine
nucleotides 1n the DNA, % form 1s the percentage of formamide in the hybridization solution,
and L is the length of the hybrid in base pairs. The Ty, is the temperature (under defined 1onic
strength and pH) at which 50% of a complementary target sequence hybridizes to a perfectly
matched probe. T, 1s reduced by about 1°C for each 1% of mismatching; thus, Tp,
hybridization and/or wash conditions can be<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>