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Effects of Drosha on RFP expressionFigure 4
Effects of Drosha on RFP expression. Cells transfected with U6-shR-Drosha were cultured for 24 hours and then trans-
fected with various pCAG-RFP constructs. After another 24 hours, RFP fluorescence was observed (A) and quantified (B).
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Figure 5 (see legend on next page)
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First, intron can directly enhance the protein gene expres-
sion (compare bar h with bar g in Figure 3). Second, the
pre-miRNA sequence placed in the 3'-UTR exerts an inhib-
itory effect on the protein gene expression, and this effect
can be removed with the elimination of the pre-miRNA
sequence by the intron splicing (Figure 3). These findings
justify the inclusion of the intron in our conditional
miRNA expression construct.

How the pre-miRNA placed in the 3'-UTR inhibits the RFP
gene expression and why intron placement of the pre-
miRNA eliminates this inhibition remain unknown. One
model, as has been proposed [45], suggests that cropping
of the pre-miRNA from the 3'-UTR by Drosha and DGCR8
complex led to a cleavage in the pri-miRNA, resulting in a
separation between the 5'-Cap and 3'-poly A and the deg-
radation of the residue mRNA, thereby reducing the RFP
expression. By placing the pre-miRNA in an intron, the
cropping of the pre-miRNA might occur in the spliced
intron lariat. Alternatively, the cropping of pre-miRNA
might occur before splicing, but this might not affect splic-
ing [46]. In either case, the integrity of the mRNA will be
protected, thus enhancing the RFP expression.

Changes in the RFP expression are consistent with the
above models. When the pre-miRNA was present in the 3'-
UTR, the RFP expression was decreased (compare bars a, c
and e with bar g in Figure 3B) and this decrease was pre-
vented by inhibition of Drosha (Figure 4); when the pre-
miRNA was placed in the intron, the RFP expression was
enhanced (compare bars a, c and e with bars b, d, and f,
respectively) and inhibition of Drosha did not affect the
RFP expression (Figure 4). However, at the mRNA level,
the presence of pre-miRNA in the 3'-UTR caused only a
slight decrease (compare lanes 1, 5 and 7 with lane 2 in

Figure 3C); and placing the pre-miRNA in an intron
caused a relatively small increase (compare lanes 1, 5 and
7 with lanes 4, 6 and 8). These changes are not sufficient
to account for the changes in the RFP expression, thus sug-
gesting that protection of mRNA from Drosha/DGCR8
processing is not the only mechanism whereby the intron
placement of the pre-miRNA increases the RFP expres-
sion. From our data, it is clear that most of the enhancing
effect of RFP expression is derived from the intrinsic prop-
erties of the intron, rather than protecting the mRNA from
Drosha/DGCR8 cropping.

Our data also show that the presence of a miRNA in an
intron does not interfere with intron splicing because the
level of mature mRNA produced from the construct with
intron alone was not higher than those from the con-
structs with intron containing pre-miRNA (Figure 3C,
compare lane 3 with lanes 4, 6 and 8). Conversely, intron
containing the pre-miRNA does not affect the miRNA
processing because constructs with or without an intron
produced similar levels of miRNA (Figure 2C). Thus,
intron splicing and miRNA processing do not interfere
with each other in a miRNA-containing intron. This con-
clusion agrees with a previous study [46]. However, our
data also revealed that some pre-miRNA can dampen the
intron-enhanced RFP expression (e.g. compare bar b with
bar h in Figure 3B), possibly by interfering with the trans-
lation-enhancing effect of the intron. This observation
indicates that the levels of the reporter gene expression
cannot be used to compare the expression levels of differ-
ent miRNA because the miRNAs may affect the reporter
gene expression differently. Nevertheless, the reporter
expression levels may be used as an indicator of the same
miRNA expression levels in different cell populations,

Design and test of a Cre-inducible miRNA-expression construct with fluorescent markersFigure 5 (see previous page)
Design and test of a Cre-inducible miRNA-expression construct with fluorescent markers. (A) The basic con-
struct of pCAG-EGFP/RFP-miRNAint is composed of the CAG promoter, a loxP site, the EGFP gene with 3 consecutive SV40 
poly A signals (to ensure the cessation of the Pol II synthesis), a second loxP site, the RFP gene, a 3' UTR carrying the pre-
miRNA hairpin, and a poly A signal. Cre mediates the excision of EGFP and the 3 poly A signals, allowing the CAG promoter 
to synthesize RFP and miRNA. (B) Top: after transient transfection with pCAG-EGFP/RFP-miRNAint and without Cre, EGFP 
was expressed and RFP was not. Bottom: cotransfection with Cre diminished EGFP expression and induced the RFP expres-
sion. (C) Northern blot of RNA extracted from cells transfected with pCAG-EGFP/RFP-miRNAint carrying miRNA against E1k 
or E2k but without Cre (lane 1). Lanes 2–6 are standard dilution of the RNA extracted from cells transfected with the scram-
bled miRNA construct. The relative RNA loadings are indicated at the bottom. One hundred represents 6 μg RNA for E1k 
blot (top) and 20 μg RNA for E2k blot (bottom). β-actin was detected as a loading control. (D) Northern blot of RNA 
extracted from cells cotransfected with pCAG-EGFP/RFP-miRNAint carrying miRNA against E1k or E2k and CMV-Cre (lane 
7). Lane 1 is RNA from cells transfected with constitutively expressing pCAG-RFP-miRNAint constructs, which serve as posi-
tive knockdown control. Lanes 2–6 are standard dilution of the RNA extracted from cells transfected with the scrambled 
miRNA construct. The relative RNA loadings are indicated at the bottom. One hundred represent 6 μg RNA for E1k blot 
(top) and 20 μg RNA for E2k blot (bottom). β-actin was detected as a loading control. (E) Confirmation of protein knockdown 
by measurement of KGDHC activity. Three days after transfection of constructs CAG-RFP-miR-E1-1int, -miR-E2-4int or -miR-
Scrint, NF-1 cells were lysed and assayed for KGDHC activity as described in Methods.
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provided that the miRNA processing machinery is not sat-
urated.

Based on our analysis, several improvements in our con-
struct design is worth noting. First, we use a single pro-
moter to drive both the reporter and the miRNA
expression. This is advantageous compared with a com-
monly used design in Pol III-driven shRNA constructs,
which places a reporter expression cassette on the same
linear sequence with the shRNA expression cassette
[12,13]. Because the synthesis of the reporter and the
shRNA are driven by independent promoters, the reporter
expression does not necessarily represent the shRNA
expression and the degree of silencing. This is especially
worrisome in transgenic animals, where a genomic inser-
tion locus may influence different promoters differently.
Our construct will not have this problem because the
expression of the reporter and the miRNA is driven by a
single promoter. Second, the intron-placement of pre-
miRNA enhances the reporter expression, which improves
from constructs that place the miRNA directly in the 3'
UTR of the reporter [22,23] (Figure 3). Third, our place-
ment of the intron in the 3' UTR makes our construct eas-
ily adaptable if one desires to use other reporters. The RFP
in our construct can be easily replaced by any other com-
monly used reporter. This is advantageous compared with
the construct using an in-frame intron within the open
reading frame [25], where the reporter cannot be easily
replaced.

Conclusion
We have built a conditional miRNA-expression construct
that expresses EGFP initially, and upon induction by Cre
recombinase, expresses RFP and a miRNA, which medi-
ates efficient silencing of the target gene. This construct
can be used to increase the efficiency of making stable cell
lines or transgenic animals that stably express miRNA for
silencing specific genes.

Methods
Plasmid vectors
The pEGFP-U6 short hairpin expression vector (Figure
1A) was constructed by inserting the U6 promoter derived
from BSENU6 [47] into pEGFP-N1 (Clontech) at the
EcoO109I site (all restriction enzymes were obtained
from New England Biolabs unless indicated otherwise).
The U6 promoter fragment was amplified by PCR with
introduction of EcoO109I sites at both ends using a pair
of PCR primers (Forward: 5'-CAAGGCCCTTTGACGT-
CAATGGGAGTTTGTTTTGG-3'; Reverse: 5'-TTAGGGCCC
GAGCGGATAACAATTTCACACAGGAA-3'). Addition-
ally, the multiple cloning site (MCS) in pEGFP-N1 was
modified by deleting the fragment between Hind III and
Xma I. A shRNA coding sequence was cloned between the

restriction enzyme sites PmeI and EcoRI downstream of
the U6 promoter.

shRNAs against the E1k and E2k subunits of KGDHC were
designed based on the asymmetry rule [48] as well as
other rules [49]. The shRNA sequences were further
screened by RNAfold analysis http://www.tbi.uni
vie.ac.at/~ivo/RNA/RNAfold.html, which predicts mini-
mum energy for secondary structures and pair probabili-
ties, to exclude sequences with Tm of intrastrand folds
greater than 55°C and by Blast homology searching to
select sequences with minimal similarity with other
mouse genes. The loop sequence (TTCAAGAGA) and the
terminal poly-thymidines (TTTTT) were used for all shR-
NAs. The sense and antisense strands of shRNAs contain
23 nt. All the sense strands start with a "G" while the anti-
sense strands complement the target mRNA sequences
(Figure 1A). To insert shRNAs into the shRNA expression
vector pEGFP-U6, two strands of synthetic DNA oligonu-
cletides were annealed and cloned into the vector using
the restriction sites PmeI and EcoRI. For each gene target,
a total of eight shRNA plasmids were constructed. All con-
structs were verified by DNA sequencing. Target sequences
for E1k are: shR-E1-1, GATGAGAAGATCTTGCACATCAA;
shR-E1-2, GCAAGAACTAGCTTTGACGAGAT; shR-E1-3,
GTTTCAACAGATTCGGTGCTATT; shR-E1-4, GCACAAC-
CTAACGTCGACAAACT; shR-E1-5, GATGATGCTCCGG-
TAACTGTTTC; shR-E1-6, GATCTGGTGTGTTATCGACGA
AA; shR-E1-7, GCAATTAGGACGTTTCAACAGAT; and
shR-E1-8, GCATCGTATATGAGACCTTCCAT. Target
sequences for E2k are: shR-E2-1, GTGCAATGCTGAC-
GACTTTCAAT; shR-E2-2, GCAATGCTGACGACTTTCAAT
GA; shR-E2-3, GAGGTTGACATGAGTAACATACA; shR-
E2-4, GGAAGTGGTGTATAGAGATTATA; shR-E2-5, GATA
TTGAACGGACCATTAATGA; shR-E2-6, GCAGCAGTA-
GAAGATCCAAGAGT; shR-E2-7, GAGGTTGACATGAG-
TAACATACA; and shR-E2-8, GCAGATATTGAACGGACCA
TTAA. The scrambled sequence is shR-Scr, GCGAT-
GCTCTAAGGTTCTATCAA.

For miRNA expression, vectors based on CAG promoter
were constructed. The lacZ and the human placental alka-
line phosphatase (AP) genes in the pZ/AP vector [42] were
replaced with EGFP, synthesized by PCR from pEGFP-N1
(Clontech), and RFP, synthesized by PCR from pDsRed2-
C1 (Clontech), respectively. One cryptic start codon at the
5'UTR of the original AP gene that was not in frame was
eliminated. These modifications produced a conditional
vector for miRNA expression, pCAG-EGFP/RFP. A syn-
thetic artificial intron (Figure 2A) was designed to contain
typical intron splicing regulatory elements [50-52]. This
intron was placed 10 nt-downstream of the stop codon of
the RFP gene to avoid NMD [41]. A fragment of ~400
bases surrounding the miRNA insertion site was amplified
from the first intron of the vector pUbC-miRNA-EGFP

http://www.tbi.univie.ac.at/~ivo/RNA/RNAfold.html
http://www.tbi.univie.ac.at/~ivo/RNA/RNAfold.html
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[36] with primers 5'-GCAATGACGCGATCGCTAATGCG-
GGAAAGCTCTTATTCGGGT-3' (forward) and 5'-
AAGGCATGACGCGTTGTTGCGGCCGCCAGAGGTCCG-
GCGCCTGT-3' (reverse). The amplified fragment was
digested using AsiSI and MluI and inserted into the artifi-
cial intron as stuff DNA, which can carry a miRNA (Figure
2A). This generated construct pCAG-EGFP/RFP-miRNAint
(Figure 5A). By in vitro Cre-mediated excision, EGFP gene
along with its poly A was eliminated to generate pCAG-
RFP-miRNAint (Figure 5A), which expressed RFP and the
miRNA constitutively.

miRNAs targeting E1k and E2k were derived from the
shRNA sequences and were designed based on the pre-
miR-30a structure (Figure 2A). Each strand of a miRNA
was chemically synthesized. Two strands were annealed
and cloned into the vector pUbC-EGFP as previously
described [36]. The miRNA and its flanking sequences of
about 200 bases at both sides from the vector pUbC-
miRNA-EGFP were amplified by PCR and cloned to gen-
erate the pCAG-EGFP/RFP-miRNAint or pCAG-RFP-miR-
NAint vectors as described above.

The intron-less control vector pCAG-RFP-miRNA (Figure
2A) was constructed by amplifying the same miRNA and
its flanking sequences from pUbC-miRNA-EGFP plasmid
with SanDI site at both ends. After digestion with SanDI
(Stratagene), the fragment was inserted directly into the
3'-UTR of the RFP gene at the SanDI site. The vectors U6-
shR-Drosha and U6-shR-Scr with a shRNA targeting Dro-
sha and a scrambled shRNA, respectively, were described
previously [16].

Cell culture and transfection
Mouse NF-1 cells were maintained in DMEM supple-
mented with 10% fetal bovine serum (Gibco). Cells were
inoculated the day before transfection, which was per-
formed at ~60% cell confluence using Lipofectamine
2000 (Invitrogen) based on the manufacturer's instruc-
tions. For pEGFP-U6-shRNA constructs and the constitu-
tive miRNA expression constructs with CAG promoter, 4
μg DNA was used for each well in a 6-well plate. For the
conditional miRNA constructs under the control of CAG
promoter, 2 μg pCAG-EGFP/RFP-miRNAint and 6 μg
CMV-Cre plasmids were cotransfected. In all experiments
where multiple plasmids were used, the total plasmid
amount was kept constant by supplementing with the
empty vector.

Fluorescence analysis
Cell images with fluorescence were taken using Zeiss Axio-
vert S100 microscope equipped with Axiocam camera and
appropriate filters and were processed by Openlab soft-
ware. For fluorescence quantification, total cell lysates
were extracted using 1× reporter lysis buffer (Promega)

with sonication and subsequent centrifugation. Protein
concentrations were determined with BCA protein assay
kit (Pierce) according to the manufacturer's instructions.
The fluorescence intensity was determined using Tecan
Safire microplate reader with appropriate excitation and
emission wavelength for EGFP and DsRed2.

Northern blots
Northern blot for mRNA was described previously [53]
and used to determine the target knockdown. Briefly, two
days following transfection, cells were harvested and total
RNA was extracted using STAT-60 total RNA isolation rea-
gent (Tel-Test). All mouse cDNA clones (Clone ID for
E1K: 6417392; clone ID for E2k: 3583936) for probe
preparation were purchased from Open Biosystems. Their
cDNA sequences were verified by DNA sequencing. DIG-
labeled probes were synthesized using the PCR DIG probe
synthesis kit (Roche) according to the protocols of the
manufacturer. The probe for RFP mRNA was derived from
pDsRed2-C1 by PCR using primers 5'-GCCTCCTCCGA-
GAACGTCATCAC-3' (forward) and 5'-TAATACGACTCA
CTATAGGGTGTAGTCCTCGTTGTGGGAGGT-3'
(reverse). The E1k probe was derived from E1k cDNA
using primers 5'-CACAGTCCCTGGTGGAAGCACA-3'
(forward) and 5'-CCATCCGAGGGTCTGTGGTGAAG-3'
(reverse). The E2k probe was derived from E2k cDNA
using primers 5'-GACCAGGTTACCCTGACAACAGGA-3'
(forward) and 5'-GCTGATGGTGAAGGTACCACCATC-3'
(reverse). Dig-labeled RNA size marker was obtained from
Roche. Northern images were visualized with the LAS-
3000 imaging system and quantified by the Multi-Gauge
software (FujiFilm).

For small RNA detection, RNA samples were prepared
using mirVANA miRNA Isolation Kit (Ambion). Equal
amounts of small RNA (1.5 μg) were resolved by 15% Acr-
ylamide Sequagel (National Diagnostics). The RNA was
transferred to a Nylon membrane (Ambion) with a semi-
dry electroblotter (Owl Scientific). Dig-labeled RNA
probes were synthesized with SP6/T7 Transcription Kit
(Roche). Template DNA was derived from pCAG-RFP-
miR-E1-1int and pCAG-RFP-miR-E2-4int by PCR with
primers 5'-GAT CGCTAATGCGGGAAAGCTCTTATTC-3'
(forward) and 5'-TAATACGACTCACTATAG GGAAAAA-
GAAAGAGGATGAATGGTCAG G-3' (reverse). The probe
was approximately 450 bases long and included the
miRNA and its flanking sequence. Subsequent detection
of the signals was done similar to mRNA Northern blot-
ting with a few modifications. For detection of pre-
miRNA, the probe was hybridized with the membrane at
50°C overnight and then washed twice at 50°C for 15
min. For detection of mature miRNA, the membrane was
hybridized with the probe at 30°C overnight and then
washed twice at 40°C for 15 min.
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RT-PCR to detect the spliced junction
Transfection of pCAG-RFP-miRNAint vector into NF-1
cells was done as described above. Twenty-four hours after
transfection, the RNA was extracted from the cells. The
cDNA was synthesized using the SuperScript III CellsDi-
rect cDNA Synthesis Kit (Invitrogen) according to the
instructions provided by the manufacturer using the fol-
lowing primers: 5'-GCTGGACATCACCTCCCACAACG-3'
(forward) and 5'-ACAGGAGGTGGGGAGCAGGAGA-3'
(reverse). The spliced intron would produce a PCR prod-
uct of 212 bps while the unspliced intron would produce
a PCR product of 701 bps. Platinum Taq DNA polymerase
(Invitrogen) was used for PCR. The samples were dena-
tured at 94°C for 2 minutes, followed by 35 cycles of (1)
denaturation at 94°C for 30 seconds, (2) annealing at
64°C for 30 seconds and (3) extension at 72°C for 60 sec-
onds. The PCR product was fractionated by electrophore-
sis on a 2% agarose gel. The amplified fragment was
further purified by PCR purification kit (Qiagen) for
sequencing analysis with the two primers.

KGDHC activity assay
The activity assay for KGDHC was adapted from Shi et al.
[54]. Three days after transfection with pCAG-RFP-miR-
E1-1int, pCAG-RFP-miR-E2-4int, or pCAG-RFP-miR-
Scrint, NF-1 cells in 6-well plates were washed twice with
D-PBS buffer (Gibco). Total cell lysates were obtained
after adding 250 μl/well of the lysate buffer followed by
sonication and centrifgation. The lysate buffer contains 50
mM Tris-HCl (pH 8.0), 1 mM Dithiothreitol (DTT), 0.2
mM K2EGTA, 0.4% Triton X-100, and 50 μM leupeptin
(all chemicals were obtained from Sigma unless indicated
otherwise). Forty μl of the supernatant was added to the
160 μl activity assay buffer which consists of 63 mM Tris-
HCl (pH8.0), 0.63 mM K2EDTA, 1.25 mM MgCl2, 1.25
mM CaCl2, 0.63 mM dithiothreitol (DTT), 0.4 mM thia-
mine pyrophosphate (TPP), 3.1 mM nicotinamide ade-
nine dinucleotide (NAD), 0.4 mM coenzyme A, 0.13%
Triton X-100, and 0.63 mM 2-ME. After 5 minutes incuba-
tion at 30°C, 10 μl of 0.1 M α-ketoglutarate was added to
the reaction. The change of absorbance at A340 nm was
recorded every minute for 18 minutes at 30°C with Tecan
Safire microplate reader and the rates of the change were
determined. The percentages of the rate relative to control
were calculated.

Statistical analysis
Results were presented as mean ± SE. Data were analyzed
by Student's t-test. Differences were considered statisti-
cally significant if p < 0.05.
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