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ABSTRACT

In animal cells, stable RNA silencing can be achieved
by vector-based small interfering RNA (siRNA)
expression system, in which Pol Il RNA gene promo-
ters are used to drive the expression of short hairpin
RNA, however, this has not been demonstrated in
plants. Whether Pol Il RNA gene promoter is capable
of driving siRNA expression in plants is unknown.
Here, we report that RNA silencing was achieved
in plants through stable expression of short hairpin
RNA, which was driven by Pol lll RNA gene promoters.
Using glucuronidase (GUS) transformed tobacco as a
model system, the results demonstrated that 21 nt
RNA duplexes, targeting at different sites of GUS
gene, were stably expressed under the control of
either human H71 or Arabidopsis 7SL RNA gene pro-
moter, and GUS gene was silenced in 80% of siRNA
transgenics. The severity of silencing was correlated
with the abundance of siRNA expression butindepen-
dent of the target sites and uridine residue structures
in siRNA hairpin transcripts. Thus, the specific
expression of siRNA provides a new system for the
study of siRNA silencing pathways and functional
genomics in plants. Moreover, the effectiveness of
the human H7 promoter in a plant background
suggested a conserved mechanism underlying Pol
lll complex functionality.

INTRODUCTION

Small interfering RNAs (siRNAs) of ~21 nt have been
reported to play a crucial role in RNA silencing, a term refer-
ring to post-transcriptional gene silencing in plants (1-3),
quelling in fungi (4) and RNA interference (RNAi) in animals
(5-7). The mechanism of siRNA biogenesis and function
[for reviews see (8—15)] are thought to be highly conserved
in almost all the eukaryotes including plants and animals,
in which siRNAs are produced from double-stranded RNA
(dsRNA) by an RNase III termed Dicer in animal cells or DCL
(Dicer-like) in plants, and then incorporated into a RNA-
induced silencing complex (RISC), in which siRNAs play a
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guiding role in sequence-specific cleavage of target mRNAs.
Moreover, in some organisms, such as Caenorhabditis
elegans, Drosophila and plants, the siRNA signal is found
to spread along the mRNA target, which results in the pro-
duction of secondary siRNAs and the induction of transitive
RNA silencing (16-21).

However, clear differences in siRNA-mediated RNA silen-
cing have also been found between plants and animals cells.
In an example, siRNAs produced in Drosophila embryos (22)
and in mammalian cells (23) show only a ~21 nt class, while
siRNAs in plants and in fungi fall into two distinct classes:
a short (~21 nt) and a long (~24 nt) size class (19,21,24-28).
In another example, only 5’ direction spreading exists in
nematodes (16), while both 5" and 3’ direction spreading is
present in plants (18-21). These observations suggest the like-
lihood that different mechanisms of siRNA-mediated RNA
silencing occur in plants and animal cells.

On the other hand, the siRNA-mediated RNA silencing
has been employed to develop new technology for the
study of function genomics in various organisms [for reviews
see (8—15,29)]. In plants,acommon technique forinducing RNA
silencing is the use of transgenes driven by a constitutive 35S
or other plant promoters to express a dsRNA structure in the
length of ~200-1000 bp [for reviews see (9)]. The expressed
long dsRNA is then thought to be cleaved via the mediation of
endonucleolytic enzyme DCL into siRNAs, which lead to the
silencing of its target mRNA (7,30).

However, in most mammalian cells, the introduction of
RNA silencing by expressing a long dsRNA structure has
not been very successful due to the global shut down of protein
synthesis intrigued by dsRNA (>30 bp) that activates the inter-
feron (IFN)-related pathways (31-33). To circumvent this
cytotoxic non-specificity, synthetic siRNAs of 21-22 nt
RNA duplexes have been successfully used for inducing
strong and specific RNA silencing (7). However, such an
RNA silencing is transient and generally fails to yield a stable
phenotype for further characterization. This limitation in
mammalian cells was alleviated with the development of
Pol IIT RNA gene promoter-based systems for stable expres-
sion of short hairpin RNAs in vivo (34—40). Whether Pol III
RNA gene promoter is capable of driving siRNA expression
in plants is unknown.

To address this question and to develop a useful system
for the study of siRNA signal pathways and functional geno-
mics in plants, we designed vector-based siRNA expression
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systems under the control of a human H/ or a plant 7SL RNA
gene promoter. Then, we tested these systems in glucuronidase
(GUS) transformed tobacco. The results demonstrated that
target GUS gene was silenced in 80% of siRNA transgenics.
The severity of silencing was correlated with the abundance of
siRNA expression but was independent of the target sites and
uridine residue structures in siRNA hairpin.

MATERIALS AND METHODS
Constructs

In order to express short hairpin RNA in plant cells, the binary
vector system that is amenable to Agrobacterium-mediated
transformation was applied. Two promoters, one from
human H/ RNA and the other from Arabidopsis 7SL RNA
gene, were used to drive siRNA expression. pGPHI and
pGPSL were named for the constructs corresponding to the
promoters, respectively. For each promoter, two or three
siRNA constructs were made in order to compare the effects
of siRNA sites on target mRNA and the uridine residue struc-
tures in siRNA hairpin.

Two H1 promoter constructs were designed, pGPHI1-GT1
and pGPH1-GT2. For pGPH1-GT1, a forward oligo GT1F:
5'-GATCCCCACTGTGGAATTGATCAGCGTTCAAGAGA-
CGCTGATCAATTCCACAGTTTTTTGGAAA-3' and a
complementary oligo GT1R: 5'-AGCTTTTCCAAAAAACT-
GTGGAATTGATCAGCGTCTCTTGAACGCTGATCAA-
TTCCACAGTGGG were synthesized, and another pair of
oligos (forward oligo GT2F 5'-GATCCCCTTGATCAGC-
GTTGGTGGGATTCAAGAGATCCCACCAACGCTGAT-
CAATTTTTGGAAA-3" and complementary oligo GT2R
5'-AGCTTTTCCAAAAATTGATCAGCGTTGGTGGGAT-
CTCTTGAATCCCACCAACGCTGATCAAGGG-3') were
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designed for pGPHI-GT2 construct. The oligo contained
sense and antisense 19 nt target sequences separated by a
9 nt spacer (in boldface). GT1 targeted at the sequence of
80-98 downstream from ATG in GUS-coding region and
GT?2 at the sequence of 89—107. The forward and complemen-
tary oligos were annealed and then cloned into pSUPER vector
(34) at downstream of the HI promoter (H1-P). After con-
firmation of sequence accuracy, the H1-P::GT expression
cassette was then excised by double digestion with EcoRI
and HindIII and cloned into binary vector pGPTV-HPT (41)
by replacing pAnos-uidA fragment. Thus, the yielded siRNA
expression vectors, pPGPH1-HPT-GT1 and pGPH1-HPT-GT2,
were amenable to Agrobacterium transformation system under
selection of hygromycine (Figure 1).

To clone At7SL4 promoter (7SL-P), Arabidopsis thaliana
(Columbia ecotype) genomic DNA was PCR-amplified
using a forward primer (SLpF 5-GGAATTCTGCGTTTG-
AAGAAGAGTGTTTGA-3") and a reverse primer (SLpR
5'-GCCCGGGAAGATCGGTTCGTGTAATATAT-3). To
facilitate subsequent cloning, a restriction site (EcoRI in
forward primer and Smal in reverse primer are underlined)
was included at 5’ end. The PCR product was cloned into
a pCR2.1-TOPO system (Invitrogen) and the accuracy of
the promoter was subsequently confirmed (AY525344). The
3/-untranscribed region (3’-UT) of Af7SL4 gene was also
cloned by PCR amplification from A.thaliana (Columbia
ecotype). Using forward primer SLtF (5-GTCTAGATTTT-
GATTTTGTTTTCCAAAACTTTCTACG-3, an Xbal site
underlined at 5 end) and reverse primer SLtR (5'-
GAAGCTTGGTGTTGATCACAACGATACA-3', a HindIII
site underlined at 5 end), 3’-UT fragment was amplified
by PCR and cloned into pCR2.1-TOPO system. After the
sequence was confirmed, the 3'-UT fragment was assembled
with 7SL-P to form siRNA expression module, 7SL-P::UT.

H1-GTI1
or ‘19-nt GT sense sequence  9-nt spacer 19-nt GT antisense sequence TT.T_IT
H1-GT2 “ e T
\“‘ ----------------- -
pSUPER
!
H1-P:GT —{ HI-P [HI-GTl or HI-GT2 |——
I; ‘.“
* )
pGPTV-HPT | pAnos] uid A H Pnos | hpt | pAeTH»—
pGPHI-HPT-GTI !
or HI-P |HI-GT1 or HI-GT2}{ Pnos | hpt [pAg7 H»—
pGPHI-HPT-GT2 -H
ACUGUGGAAUUGAUCAGCG UUGAUCAGCGUUGGUGGGA
UUGACACCUUAACUAGUCGC UUAACUAGUCGCAACCACCCU
HI1-GTI HI1-GT2

Figure 1. Preparation of human /7 RNA gene promoter-based siRNA expression constructs. The 19 nt GUS gene specific sequence (GT1 or GT2) separated by a9 nt
spacer from the reverse complement of the same sequence followed by a termination signal of five thymidines (H1-GT1 or HI-GT2) was cloned into pSUPER (34)
downstream of the HI promoter (H1-P). The H1-P::GT expression construct harboring H1-GT1 or HI-GT2 was then excised and cloned into the binary vector
pGPTV-HPT (41). The resulting vector, pPGPH1-HPT-GT1 or pGPH1-HPT-GT2, which contained a hygromycin phosphotransferase (/pf) selectable marker gene
under the control of a nopaline synthase promoter (Pnos)-transcription terminator (pAg7, agropine synthase polyadenylation signal sequence) pair, was then
mobilized into A.tumefaciens C58 for transforming tobacco. The predicted secondary siRNA structures of H1-GT1 and H1-GT2 are depicted.
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Figure 2. Preparation of plant 7SL RNA gene promoter-based siRNA expression constructs. A promoter fragment (7SL-P, 289 bp) containing USE and TATA
elements (47) and a 3'-UT region (267 bp) of Arabidopsis At7SL4 (AY525344) gene were cloned and ligated in pUC19, from which the 7SL-P::UT construct was
excised and cloned into the pPGPTV-HPT vector (41) to replace the pAnos-uidA fragment. The resulting vector, pGPSL, contained an hpt selectable marker gene
under the control of a nopaline synthase promoter (Pnos)-transcription terminator (pAg7, agropine synthase polyadenylation signal sequence) pair. GUS gene-
specific 7SL-GT1, 7SL-GT2 or 7SL-GT3 sequence module, which contained a termination signal of seven thymidines, for the generation of the corresponding
hairpin, siRNA was inserted into pGPSL between 7SL-P and 3'-UT. The resulting binary vectors were named pGPSL-HPT-GT1, pGPSL-HPT-GT2 and pGPSL-
HPT-GTS3, respectively. The binary vector was then mobilized into A.tumefaciens C58 for transforming tobacco. The predicted secondary siRNA structures of 7SL-

GT1, 7SL-GT2 and 7SL-GT3 are depicted.

This module structure was then cloned into pGPTV-HPT (41)
to replace uidA-pAnos fragment and resulted in a plasmid
named pGPSL (Figure 2).

Following the similar design of H1 promoter constructs,
three 7SL promoter vectors, pGPSL-HPT-GT1, pGPSL-
HPT-GT2 and pGPSL-HPT-GT3, were constructed. Three
pairs of oligos, GT1 (GPSL1aF, 5-TACACTGTGGAATT-
GATCAGCGTTCAGATGACGCTGATCAATTCCACAG-
TTTTTTTT and GPSL1aR, 5'-CTAGAAAAAAAACTGTG-
GAATTGATCAGCGTCATCTGAACGCTGATCAATTC-
CACAGTGTA), GT2 (GPSL2F, 5'-TACTTGATCAGCGTT-
GGTGGGATTCAGATGATCCCACCAACGCTGATCAA-
TTTTTTT and GPSL2R, 5-CTAGAAAAAAATTGATCA-
GCGTTGGTGGGATCATCTGAATCCCACCAACGCTG-
ATCAAGTA), and GT3 (GPSLIF, 5-TACCTGTGGAATT-
GATCAGCGTTTCAGATGAACGCTGATCAATTCCAC-
AGTTTTTTT and GPSLIR 5-CTAGAAAAAAACTGTG-
GAATTGATCAGCGTTCATCTGAAACGCTGATCAAT-
TCCACAGGTA) were synthesized for the construction. These
siRNA structures targeted at different sites of GUS mRNA,
respectively, at 80-98, 89-107 and 81-99 sequence down-
stream of GUS ATG. As described above, the siRNA duplex
was inserted into pGPSL between 7SL-P and 3'-UT fragment
(Figure 2).

Agrobacterium-mediated transformation and
GUS activity assay

The pGPH1 and pGPSL series plasmids were mobilized
individually into Agrobacterium tumefaciens strain C58
by freeze-thaw method (42). Leaf disc transformation of
tobacco (Nicotiana tabacum cv. Havana) and histochemical

characterization of GUS activity was conducted as described
previously (43). For GUS enzyme activity assay, ~100 mg
leaf tissues were ground in 800 ml GUS extraction buffer
(50 mM phosphate buffer, pH 7.4, 10 mM DTT, 1 mM
Na2-EDTA, 0.1% sodium lauryl sarcosine and 0.1% Triton-
X 100) by FastPrep FP120 (Thermo Savant). The GUS activity
was analyzed according to Jefferson et al. (44). The fluore-
scence was detected by a TD-700 Fluorometer (Turner
Designs). The protein concentration was determined using
Protein Assay Dye Reagent Concentrate (Bio-Rad) by DU
800 Spectrophotometer (Beckman Coulter).

Gel blot analysis of GUS gene expression

An aliquot of 5 pg of total RNA isolated with TRIzol®™
Reagent (Invitrogen) was used in each lane of the northern
blots. RNA gel electrophoresis, blotting and hybridization
were performed as described previously (43). **P-labeled
probe was prepared from the entire GUS-coding sequence.
Hybridization was performed at 65°C.

Gel blot analysis of siRNA expression

Northern hybridization of small RNA was performed accord-
ing to Hutvagner et al. (45) with modifications. Total RNA
(25 ng) isolated with TRIzol® Reagent (Invitrogen) was dena-
tured for 10 min at 65-70°C, separated in 12% polyacryl-
amide/8 M urea gel (Amersham) in Protean II apparatus
(BioRad), and electro-blotted onto Hybond-N* membrane
(Amersham) by using a Trans-Blot SD Semi-Dry Electro-
phoretic Transfer Cell (BioRad). After UV cross-linking
and air drying, blots were prehybridized in 5x SSC,
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5% Denhardt’s solution and 0.5% SDS at 50°C for
2-3 h, and hybridized with a randomly primed **P-labeled
probe from the entire GUS-coding sequence at 50°C for 16
h. The membranes were washed once in 2x SSC at 50°C for
5 min and 3—4 times in 2x SSC and 1% SDS at 50°C for 20 min.
Signals were visualized by autoradiography on X-ray at —80°C.

RESULTS AND DISCUSSION

Human HI RNA gene promoter-based siRNA
expression system

We first produced, via Agrobacterium-mediated transfor-
mation and kanamycin selection, transgenic tobacco plants
expressing a GUS reporter gene under the control of a
CaMYV 35S promoter and a Nos terminator. A line exhibiting
a strong GUS activity was selected, named GUS-line, for
testing the siRNA expression vectors designed for silencing
the GUS gene expression. Based on the standard design rules
(46), two 19 nt sequences (designated GT1 and GT2) targeting
at two distinct sites in GUS mRNA (nt 80-98 for GT1 and
nt 89—-107 for GT2) were selected for constructing the expres-
sion vectors. The siRNA expression cassette, H1-GT1 or H1-
GT2 (Figure 1), consisting of the sense and the antisense 19 nt
sequences linked through a 9 base spacer, was under the
control of a human H/ RNA gene promoter (34). The
siRNA expression construct (pGPHI-HPT-GT1 or pGPHI-
HPT-GT2) containing a hygromycin phosphotransferase
(hpt) marker gene (Figure 1) was transferred into the GUS-line
via Agrobacterium and the transgenic plants were produced
under hygromycin selection.

A total of 23 transgenic plants were produced from the
pGPHI1-HPT-GT1 construct and 19 from pGPHI-HPT-GT2.
These siRNA transgenics and the GUS-line control plants were
characterized when ~1 month old. GUS histological analyses
showed that the leaf, stem and root of a majority of the
pGPHI1-HPT-GT1 and pGPHI-HPT-GT2 transgenics had
either reduced or had no GUS staining (Figure 3). Quantitative
assay of GUS protein activity in leaves of siRNA transgenics
and GUS-line control demonstrated that 74% of the pGPH1-
HPT-GT]1 transgenics had a GUS activity reduction, ranging
from 12 to 94%, and 84% of the pGPH1-HPT-GT2 transgenics
exhibited 31-97% GUS activity reduction. The reduction in
GUS activity (Figure 4A) corresponded with the diminished
GUS mRNA level (Figure 4C).

PAaGE 4 oF 7

We then examined whether the siRNA transgenics produced
GUS-specific small RNAs, the necessary molecules for the
siRNA-mediated gene silencing. Total RNA was isolated
from leaves of pGPHI-HPT-GT1 and pGPHI1-HPT-GT2
transgenic and GUS-line control plants and gel blot analysis
of small RNAs using GUS gene sequence-specific probes was
performed as described by Hutvagner et al. (45). As shown in
Figure 4D, a GUS-specific small RNA hybridizing band
of ~21 nt in size was present in the transgenic lines having
reduced GUS mRNA and protein activity, but was absent from
the GUS-line control. Furthermore, the abundance of the spe-
cific small RNA was inversely correlated to that of GUS
mRNA (Figure 4C and D), indicating that the siRNA-guided
degradation of the target mRNA was involved. That GT1 and
GT2 expression vectors having siRNA sequences targeting at
two GUS mRNA sites exerting a similar gene silencing effi-
ciency is also consistent with the proposed siRNA mechanism
(7,34,36), in which gene silencing efficiency is independent of
the target sites.

According to the design of siRNA expression vector,
the transcript of siRNA expression cassette was predicted
to form an inverted hairpin RNA structure containing one
(for HI-GT1) or two (for H1-GT2) 3’ overhanging uridines
(Figure 1). Such a structure of 3’ overhanging uridines is
reported to be necessary for an siRNA-guided mRNA
cleavage (7). Our results showed that gene silencing effi-
ciency might be independent of the number of 3’ overhanging
uridine (U) residues as testified with 1 U in GT1 versus 2 in
GT2. Overall, the results demonstrated an effective gene silen-
cing system for stably inducing targeted RNA silencing
through the expression of gene-specific siRNA transgenes.
The effectiveness of the human H/ promoter in a plant back-
ground indicated that plant Pol III complex is capable of
initiating transcription through the recognition of the mamma-
lian promoter sequences, suggesting a conservative mechan-
ism likely underlying Pol III RNA processing in plants and
mammalian cells.

Plant 7SL RNA gene promoter-based siRNA
expression system

We next tested a plant promoter-based system. A DNA-
dependent RNA polymerase III 7SL RNA gene promoter
from A.thaliana was chosen for this purpose because the
transcription of small 7SL RNA genes is controlled exclusively

pGHI-HPT-GTI

pGHI1-HPT-GT2

Figure 3. Histological staining of GUS protein activity in tobacco plants harboring human H/ RNA gene promoter-based siRNA expression vectors. GUS staining of
stem cross-section, leaf and root from 1-month-old siRNA-transgenic (p(GPH1-HPT-GT1 and pGPH1-HPT-GT2) and GUS-expressing control (C) tobacco plants.
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Figure 4. Analysis of human H/ promoter-mediated siRNA silencing of GUS
gene expression in transgenic tobacco. (A) GUS protein activity in leaves of the
control plants (C) and 10 pGPH1-HPT-GT2 transgenic lines. Mean values were
calculated from three independent measurements per line. (B) Loading control
for gel blot analysis showing 25S rRNA transcript levels. (C) The same gel blot
as in (B) was used to characterize the GUS mRNA level with a GUS ¢cDNA
probe. (D) Gel blot detection of small RNAs of ~21 nt, as indicated, usinga GUS
cDNA probe. RNA was isolated from a portion of the leaves used for
GUS protein activity assay in (A).

by their upstream external regulatory sequence elements
(USE and TATA) (47) and terminates at a run of five to
seven thymidines. Therefore, their promoters were expected
to direct the expression of siRNA duplexes that would contain
3’ overhanging uridines, affording the needed structure for
an siRNA-guided mRNA cleavage (7).

Four A.thaliana 7SL genes have been cloned, including
At7SL4 (AY525344) that we isolated. From Af7SL4 gene,
a 289 bp promoter fragment (7SL-P) containing USE and
TATA elements and a 267 bp 3’-UT segment were cloned
and fused into pGPTV-HPT (41) to assemble the siRNA
expression cassette, pGPSL (Figure 2). In addition to GT1
and GT2 sequences, 19 nt GUS mRNA sequences, named
GT3 targeting at nt 81-99 of the GUS-coding region, were also
selected for constructing the siRNA expression constructs.
These three constructs, pGPSL-HPT-GT1, pGPSL-HPT-GT2
and pGPSL-HPT-GT3 (Figure 2), were then mobilized into
A.tumefaciens C58 cells individually for transforming the
GUS-line. After hygromycin selection, a total of 89 plants
were regenerated from these three expression constructs.
The same analysis schemes as described in HI promoter-
based siRNA expression system were applied. The results
demonstrated that 83% of these transgenic plants exhibited
a reduction in GUS enzyme activity, ranging from 20 to
99%. No apparent difference in overall GUS activity reduction
efficiency was observed among these three expression con-
structs. The GUS activity reduction corresponded with the
diminished GUS mRNA level (Figure SA and C) and with
the appearance/abundance of the GUS-specific small RNAs
(Figure 5D).
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Figure 5. Analysis of plant 7SL promoter-mediated siRNA silencing of GUS
gene expression in transgenic tobacco. (A) GUS protein activity in leaves of the
control plants (C) and 11 pGPSL-HPT-GT?2 transgenic lines. Mean values were
calculated from three independent measurements per line. (B) RNA loading
control. (C) Same gel blot used in (B) above was used to characterize the GUS
mRNA level with a GUS cDNA probe. (D) Gel blot detection of small RNAs
of ~21 nt, as indicated, using a GUS cDNA probe. RNA was isolated from a
portion of the leaves used for GUS protein activity assay in (A).

Thus, the present study demonstrated that both the human
HI and the Arabidopsis 7SL RNA gene promoters were able
to drive the expression of specific short hairpin RNA that
subsequently resulted in the target gene silencing in a highly
efficient manner in plants. Recent results showed that no
secondary siRNA was produced from endogenous gene in
rice (48), suggesting that the systems developed in this report
could be used for specific silencing of the genes whose
sequences are similar to each other, although this type of
specificity needs to be further examined precisely. Moreover,
the application of the systems would also promise high poten-
tial in the analysis of various aspects of plant siRNA signal
pathways, such as the distinct functions of short (~21 nt) and
long (~24 nt) sizes of siRNA, which were found to exist in
plants (19,21,24-28) and the biogenesis of secondary siRNA
(16-21). Furthermore, the successful development of small
RNA expression system under the control of Pol III RNA
promoter in plants would shed light on the research of
small RNA function, such as the function of plant microRNAs
(miRNAs). miRNAs are a large class of small non-coding
RNAs and are believed to play crucial roles in regulatory
pathways of many plant developmental processes (49-53).
However, the function of most of miRNAs is yet to be
characterized (51,53). In this context, the described siRNA
systems could be a timely tool.
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