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ABSTRACT

In this study, a universal protein expression enhance-
ment RNA tool, termed RNAe, was developed by
modifying a recently discovered natural long non-
coding RNA. At the moment, RNAe is the only tech-
nology for gene expression enhancement, as op-
posed to silencing, at the post-transcriptional level.
With this technology, an expression enhancement of
50-1000% is achievable, with more than 200% en-
hancement achieved in most cases. This work iden-
tified the sufficient and necessary element for RNAe
function, which was found to be merely 300 nu-
cleotides long and was hamed minRNAe. It contains
a 72-nt 5’ pairing sequence which determines the
specificity, a 167-nt short non-pairing interspersed
nuclear element (SINE) B2 sequence which enhances
ribosome recruitment to the target mRNA, and a
poly(A) tail, provided together on a plasmid bearing
the appropriate sequences. Cellular delivery of RNAe
was achieved using routine transfection. The RNAe
platform was validated in several widely-used mam-
malian cell lines. It was proven to be efficient and flex-
ible in specifically enhancing the expression of vari-
ous endogenous and exogenous proteins of diverse
functions in a dose-dependent manner. Compared to
the expression-inhibitory tool RNAi, the RNAe tool
has a comparable effect size, with an enhancing as
opposed to inhibitory effect. One may predict that
this brand new technology for enhancing the pro-

duction of proteins will find wide applications in both
research and biopharmaceutical production.

INTRODUCTION

Non-coding RNA transcripts are abundantly present in
cells, but their functions are largely unknown. Some have
been found to regulate gene expression at the transcrip-
tional level. Carrieri ef al. recently reported a new func-
tional class of long non-coding RNAs (IncRNAs) with
an overlapping antisense sequence targeting the 5° termi-
nus of mRNAs, which enhances the translation of the
corresponding protein at the post-transcriptional level, as
in the case of ubiquitin carboxy-terminal hydrolase L1
(UCHL1) (1). This is most likely due to pairing of the
IncRNA with the corresponding mRNA and enhanced ri-
bosome recruitment. This recent discovery has expanded
our views of expression regulation by non-coding RNAs.
A bioinformatics study by the same group revealed more
than 10, 000 IncRNAs with SINEB2 regions in the mouse
genome (2). Among these, 31 sense-antisense RNA pairs
were found where the antisense RNA transcript with em-
bedded SINEB2-like element enhances the translation of
the sense mRNA without increasing the mRNA level (1). A
similar functional sense-antisense RNA pair was also found
in rice, although the precise element in this antisense RNA
which is responsible for translation enhancement remains
unclear (3).

It was proposed that such antisense IncRNAs could be
engineered to increase the translation efficiency of selected
mRNAs. Here we report our efforts in this direction. The
prototype antisense uchll IncRNA as reported by Carrieri
et al. contains two essential parts—a 5’ pairing segment and
an inverted SINEB2 element. The 72 nucleotide (nt) pair-
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ing segment is complementary to the corresponding sense
mRNA sequence around the translation initiation codon
AUG and the head-to-head pairing of the sense and anti-
sense RNA transcripts apparently results in efficient ribo-
some recruitment and enhanced translation. The inverted
SINEB2 element is essential for translation enhancement
but the exact mechanism has not been revealed yet.

Various natural antisense RNAs have been found to reg-
ulate the expression of the corresponding sense gene tran-
scripts on different levels such as transcription (4,5), nRNA
stability (6,7) and translation (8). However, except for mi-
croRNA (miRNA) and small interfering RNA (siRNA), no
other RNA-based mechanism has been adapted as a wide-
spread tool for expression regulation.

In the present study, we aim to demonstrate that artificial
RNAs with an antisense sequence and an inverted SINEB2
element can be used as a universal molecular tool for trans-
lation enhancement of mammalian protein-coding genes.
We named it RNAe, which is short for RNA enhancement.
Much effort has been made in this study to broaden the
scope of RNAe to make it universally applicable, as well as
in optimization to achieve higher efficiency under various
conditions (Figure 1).

MATERIALS AND METHODS
Cell culture

HeLa, HEK293A, HEK293T and C5.18 cells were cultured
in Dulbecco’s modified Eagle medium (DMEM) (Gibco,
USA) containing 10% fetal bovine serum (FBS) (Gibco,
USA), 100 units/ml penicillin (Biodee, China) and 0.1
mg/ml streptomycin (Biodee, China). Rat primary mes-
enchymal stem cells (MSCs) were cultured in MSC medium
(MSCM) (Sciencell, USA). Rat primary chondrocytes were
cultured in DMEM containing 10% FBS, 100 units/ml
penicillin, 0.1 mg/ml streptomycin and 25 mg/L L-ascorbic
acid-2 phosphate (Sigma Dorset, UK). CHO-K1 cells were
cultured in F12 medium (Gibco, USA) containing 10%
FBS, 100 units/ml penicillin and 0.1 mg/ml streptomycin.
All cells were cultured in humidified conditions with 95%
air and 5% CO, at 37°C.

Cell transfection

Transfection experiments were conducted using the Lipo-
fectamine 3000 (Invitrogen, USA) transfection reagent, ac-
cording to the manufacturer’s protocol. Plasmids for trans-
fection were constructed as shown in Supplementary Table
S3.

Unless the cell number and well size information are
stated specifically, in each transfection experiment, cells
were passaged on 12-well plates. When cell confluence
reached 40-50%, plasmid transfection was conducted us-
ing Lipofectamine 3000 reagent. Unless stated explicitly,
the plasmid concentrations used for transfection were as
follows: For pRNAe and plasmid expressing target gene
co-transfection, 0.2 pg expression plasmid and 1.2 pg of
pRNAe plasmid or control plasmid were used per well of
12-well plates; for the expression of the light-chain and
heavy-chain of anti-HIV antibody 10ES8, 0.2 g of each and
1.2 ng of pRNAe plasmid or control plasmid were used
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per well of 12-well plates. For transfection experiments with
only one plasmid, we used 1 wg plasmid per well of 12-
well plates. For pRNAe-Plus experiments, the amount of
pRNAe-Plus plasmid was as listed in the figure, while the
total DNA amount per well was kept constant by supple-
menting to 1.5 g with an appropriate amount of pRNAe-
Mock plasmid. Cells were analyzed 2 days after transfec-
tion, unless otherwise specified.

RNA without 5’ cap for transfection was transcribed in
vitro by HiScribe™ T7 High Yield RNA Synthesis Kit
(New England Biolabs, UK). RNA with 5’ cap was tran-
scribed also by HiScribe™ T7 High Yield RNA Synthe-
sis Kit with m7G(5")ppp(5')G (New England Biolabs, UK)
added. The concentration for transfection was 0.15 pg per
well of 96-well plates for the subsequent CCKS assay.

Flow-cytometry (FCM) measurement

For FCM-based fluorescence measurements, cells from
each group were trypsinized, and re-suspended in phos-
phate buffered saline (PBS) containing 0.5% FBS. Green
fluorescent protein (GFP) fluorescence was measured using
a BD Flow Cytometry Calibur (BD Biosciences, USA) us-
ing the 488nm laser.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total RNA was isolated from treated cells using the
miRspin mRNA Isolation Kit (Tiangen, China). Subse-
quently, cDNA for mRNA analysis was synthesized using
Fastquant RT Kit (Tiangen, China). qRT-PCR was per-
formed using SuperReal PreMix (Tagman probe) (Tian-
gen, China). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA was used as internal control for mRNA
detection. The primers and probes used for qRT-PCR are
listed in Supplementary Table S4.

Western blot analysis

Whole-cell lysates for western blot were extracted with
RIPA Lysis Buffer (Beyotime, China). Anti-SOX9, -GFP
and -BBCK antibodies were obtained from Millipore (Bil-
lerica, USA), HX-BIO (China) and Santa Cruz (USA), re-
spectively. The secondary antibodies used for western blot
detection, conjugated with horseradish peroxidase (HRP),
were obtained from Sigma (Sigma-Aldrich, USA). The
blots were developed using enhanced chemiluminescence
(ECL) reagents (Pierce Biotechnology, USA) and visualized
using a GE LAS4000 station (General Electric Company,
USA).

Polysome profiling

Polysome profiles were obtained using sucrose density gra-
dient centrifugation. HEK293T cells transfected with the
indicated plasmids were treated with 100 pwg/ml cyclohex-
imide (CHX) (Biodee, China) for 10 min prior to lysis in 150
.l of lysis buffer comprising 10 mM HEPES pH 7.4, 5 mM
MgCl,, 150 mM KCI, 0.5% NP-40 (Biodee, China), 100
wg/ml cycloheximide, 1 mM dithiothreitol (DTT) (Biodee,
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Figure 1. Graphical Abstract. RNAe was studied in three parts: development of the RNAe method, study and optimization of RNAe IncRNA elements,

and finally the application of RNAe.

China), 200 U each of RNase-in (Tiangen, China) and pro-
tease inhibitor (EDTA-free) (HX-bio, China). Whole-cell
extracts were clarified by centrifugation at 13,000 gand 4°C
for 10 min. 300 w1 of the clarified cell extract was layered on
top of a linear 20-45% (w/v) sucrose gradient in a buffer
comprising 10 mM HEPES pH 7.4, 5 mM MgCl,, 150 mM
KClI, 100 pg/ml cycloheximide and 1 mM DTT, and cen-
trifuged at 112 000 g at 4°C for 2.5 h. The gradient was
pumped out by upward displacement and the absorbance
at 260 nm was monitored using a Piston Gradient Fraction-
ator (BIOCOMP, Canada). Fractions were collected based
on the 260 nm peak, and RNA was extracted by the addi-
tion of 1.5 ml of Trizol LS reagent (Invitrogen, USA), fol-
lowing the manufacturer’s instructions.

Alcian blue staining

The treated cells were fixed in 4% paraformaldehyde (Ding-
guo Changsheng Biotechnology Co. Ltd., China) for 5 min,
and then incubated with 1% Alcian Blue (Cyagen, Guang-
dong, China) for 15 min for primary chondrocytes or 30 min
for C5.18 cells. Excess stain was washed away with PBS. Im-
ages were captured by a light microscope for analysis.

3’ rapid amplification of cDNA ends (RACE)

Total RNA extracts from HEK293T cells transfected
with RNAe plasmids were treated with DNase I (Tian-
gen, China) and reverse transcription was done using the
TaKaRa 3’-Full RACE Core Set with PrimeScript RTase
(TaKaRa, Japan), according to the manufacturer’s proto-
col. ’RACE-primer-1 (Supplementary Table S4) was used
for the first round of PCR amplification and 3’RACE-
primer-2 (Supplementary Table S4) was used for the second
round nested PCR amplification. PCR products were iden-
tified using agarose gel electrophoresis in gels containing 3%
agarose, and extracted from the gels for sequencing.

High-throughput CCKS8 assay

Cells were trypsinized in the culture medium and cell den-
sity was measured immediately using a Scepter 2.0 Hand-
held Automated Cell Counter (Milipore, USA). Subse-
quently, cells were dispensed into 96-well culture plates
(Costar, USA) using an automatic cell dispenser (Multidrop
Combi, Thermo, USA), incubated for ~12 h to recover and
subsequently transfected with Lipofectamine 2000 (Invitro-
gen, USA). The plasmid or RNA concentration used for
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transfection was 0.15 wg per well of 96-well plates. The
media was changed 4 h after transfection to normal fresh
medium to remove the transfection reagent and the cells
were subsequently incubated for 20 h (DMEM with 100
units/ml penicillin and 0.1 mg/ml streptomycin without
FBS or other protein supplement provided for FBS starva-
tion group) to induce apoptosis. As control, a fresh aliquot
of the same medium with 10% FBS was used. After about 20
h of starvation, CCKS8 reagent (Cell Counting Kit (CCK-
8/WST-8), QC-Bio, China) was added and the wells were
screened using an automatic microplate reader (Enspire,
Multimode Reader, USA). The absorbance at 450 nm was
recorded.

Antibody sample preparation

HEK293T cells were passaged to 12-well plates. When cell
confluence reached 70-90%, the indicated plasmids (control
plasmid, antibody plasmid or corresponding RNAe plas-
mid) were transfected using a total amount of 1.6 pg plas-
mid DNA per well (0.2 g each of plasmid DNA encod-
ing light-chain, and heavy-chain of anti-HIV antibody 10ES
and 1.2 pg of either pRNAe plasmid or control plasmid),
using Lipofectamine 3000 (Invitrogen, USA). Supernatants
of so treated HEK293T cells were refreshed at 24 h after
transfection and collected 24-72 h after transfection for
ELISA, as described below.

Enzyme-linked immunosorbent assay (ELISA)

Peptide antigen recognized by anti-HIV antibody 10ES
(0.2 pg/ml of peptide MPER RRRNEQELLELD-
KWASLWNWFDITNWLWYIRRRR, Chinese Peptide
Company, China, 50 pl per well) was coated onto 96-well
ELISA plates (Biodee, China) in 0.1 M NaHCOj; buffer
(pH 9.6) at 4°C overnight. Subsequently, the plates were
blocked with 0.3% gelatin (Biodee, China) (200 pl per well)
at 37°C for 2 h. The collected cell culture supernatants (50
wl per well) were added and the reactions incubated at 37°C
for 2 h. After washing three times with PBS-T (PBS pH
7.4 (Dingguo Changsheng Biotechnology Co. Ltd., China)
containing 0.05% Tween 20 (Sionpharm Chemical Reagent,
China)), the binding of antibody to antigen was detected
with an HRP-conjugated goat anti-human antibody (HX-
BIO, China) and TMB (3, 3, 5, 5 tetramethylbenzidine,
Boster Biological Technology, China) using an automatic
microplate reader (Enspire, Multimode Reader, USA). The
absorbance at 450 nm was recorded.

Quantitative mass spectrometry

Total protein of transfected cells was extracted the same way
as for the western blot, and equal amounts of samples were
separated on a 12% SDS-PAGE gel and TMT-based (tan-
dem mass tags) quantitative mass spectrometry (QMS) was
applied as published previously(9).

Time-lapse fluorescence accumulation assay

HEK?293T cells co-transfected with pEGFP-CI, and ei-
ther pPRNAe-mock or pPRNAe-egfpcl plasmid was cultured
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for 6 h after transfection. Living cell fluorescence images
were taken using a Nikon Ti-E inverted microscope (Nikon,
Japan) every 10 min for 19 h. Relative average fluorescence
strength was calculated using the NIS-Element C software
(Nikon, Japan).

Statistical analysis

Statistical analysis was performed using the paired two-
tailed Student’s #-test. Results are given as mean (n > 3) +
standard deviation (SD). Values were considered significant
at P < 0.05, P < 0.01 or P < 0.001, and indicated with one,
two or three stars, respectively.

RESULTS

Validation of RNAe-mediated enhancement of EGFP expres-
sion through ribosome recruitment

We first validated the finding of Carrieri et al., using an orig-
inal construct kindly provided by the group. The plasmid
pRNAe-egfpcl, carrying the antisense uchll IncRNA with
a modified pairing sequence for egfp as in pEGFP-C1 and
the functional sequence containing an inverted SINEB?2 se-
quence (Figure 2A), was tested in co-transfection experi-
ments. Co-transfection of pEGFP-C1 and pRNAe-egfpcl
(or pPRNAe-mock plasmid) into HEK293T cells revealed
that EGFP protein expression, as assessed by fluorescence
flow-cytometry and Western blot analysis(Figure 2 B, C
and D), was significantly higher in the RNAe group com-
pared to the mock control group. On the other hand, egfp
mRNA expression, as assessed by quantitative real-time
polymerase chain reaction (QRT-PCR), showed little differ-
ence as is also shown in Figure 2C. This result demonstrates
that RNAe-egfpcl enhances EGFP protein expression at
the post-transcriptional level, which was consistent with the
observations shown by Carrieri et al. The qRT-PCR re-
sults from HEK293T cells transfected with RNAe showed
that RNAe did not have an effect on the mRNA level of
the target, EGFP. In a separate experiment, Actinomycin
D (ActD) was used to block transcription, and qRT-PCR
results showed that RNAe also did not influence the degra-
dation rate of egfp mRNA (Figure 3A), also indicating that
it exerts its effect at the post-transcriptional level. In order
to quantify the enhancement effect of RNAe, a time-lapse
fluorescence accumulation assay was conducted. HEK293T
cells were transfected with different doses of RNAe plasmid
and the fluorescence of the cells was measured in a time-
lapse series every 10 min. The result showed that RNAe not
only enhanced the total accumulation of fluorescence but
also accelerated its expression (Supplementary Figure S1).
To further confirm that RNAe acts via recruiting
polysomes to the target mRNA, as had been specu-
lated by Carrieri et al., polysome profiling and qRT-PCR
was carried out with the above-mentioned co-transfected
HEK?293T cells. Polysomes with the associated mRNAs
were extracted from HEK293T cells contained in a 15 cm
dish, co-transfected with 5 pg pEGFP-C1 and either 35 pg
pRNAe-egfpcl or 35 wg of pPRNAe-mock, and were sep-
arated by sucrose gradient. The overall polysome distribu-
tion pattern was almost identical in the RNAe-egfpcl and
the RNAe-mock cells (Figure 3B). However, egfp mRNAs
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Figure 2. Development of RNAe. (A) Sketch map of RNAe IncRNA and its target mRNA. (B) Effect of RNAe measured by fluorescence spectroscopy
in HEK293T cells co-transfected with 0.2 wg of pEGFP-CI plasmid and 1.2 g of pPRNAe-Mock plasmid (Control group) or 1.2 g of pPRNAe-egfpcl
plasmid (RNAe group). (C) Measurement of relative mRNA levels and fluorescence of RNAe-mediated enhancement of EGFP expression (pEGFP-C1
plasmid amount in each group was 0.2 pg, and pPRNAe plasmid amounts were 0, 0.6, 1.2 and 1.8 pg, respectively) (mean + SD, n = 4. **P < 0.01, ***P
< 0.001, two tailed #-test). (D) RNAe-mediated enhancement of EGFP expression visualized by western blot, same constructs as listed above.
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preferentially associated with heavier polysomes (n = 7 or
higher) when cells were transfected with RNAe (Figure 3D),
whereas the association pattern of glyceraldehyde phos-
phate dehydrogenase (gapdh, internal control) mRNAs did
not differ (Figure 3C). This result confirmed what had been
observed by Carrieri et al., and suggested that GFP-specific
RNAe increased the number of ribosomes associated with
the respective target mRNAs and thus enhanced their trans-
lation level.

Wide applications of RNAe to specifically enhance protein
expression

Next we tested whether RNAe could be universally ap-
plied to enhance protein expression in a specific manner. We
wanted to answer the following questions: 1) What systems
could it be applied to? 2) Can RNAe work with every pro-
tein? 3) What are the determinants of specificity?

We first tested the RNAe effect of pRNAe-egfpcl on
EGFP expression from pEGFP-C1 in several cell lines
widely used in research and eukaryotic protein production,
such as human cells lines HEK293T, HEK293A, Hela, and
Chinese hamster ovary cell line CHO-K1 (Figure 4A). Flu-
orescence analysis by flow-cytometry indicated that RNAe-
egfpcl significantly enhanced EGFP green fluorescence in
all these cell lines, although the effect was not equally strong
in all cases.

Next we demonstrated that in HEK293T cells the co-
transfection of pRNAe-egfpcl with pEGFP-BBCK (en-
coding a fusion protein comprising N-terminal EGFP and
C-terminal brain-type creatine kinase) enhanced the tran-
sient expression of protein EGFP-BBCK as indicated by
fluorescence and western blot analysis. Furthermore, the
construct did not affect the expression of the endogenous
BBCK, which had a high endogenous expression level in
most cell lines, as indicated by western blot analysis (Fig-
ure 4B). This result suggests that the enhancement was spe-
cific for the pairing sequence complementary to the exoge-
nous N-terminal EGFP sequence rather than to the endoge-
nous BBCK mRNA sequence. Similarly, co-transfection
of pRNAe-egfpcl and pEGFP-BB2-crystallin (encoding
a fusion protein comprising N-terminal EGFP and C-
terminal B B2-crystallin, a lens-specific protein with little ex-
pression in most cell lines) into HEK293T cells enhanced
EGFP-BB2-crystallin expression (Figure 4B). EGFP-BB2-
crystallin was found difficult to express by regular meth-
ods, and was only visible in the western blot as a faint band
in the absence of RNAe. These results demonstrated that
RNAe can also be used to raise the expression level of a
protein which is almost non-detectable under normal cir-
cumstances, to a level which is on par with the other model
proteins studied.

Moving beyond reporter proteins or fusion proteins, we tested
whether RNAe could enhance expressions of endogenous pro-
teins

SRY (sex determining region Y)-box 9 (SOX9) is a key
transcription factor during chondrogenesis and can help
the transcription of genes encoding downstream matrix
proteins such as type II collagen (10). We constructed a
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pRNAe-sox9 plasmid with a pairing sequence complemen-
tary to rat endogenous sox9 mRNA and transfected the
plasmid into rat pre-chondrocyte cell line C5.18 cells. West-
ern blot analysis showed that pRNAe-sox9 transfection
enhanced the expression level of endogenous SOX9 pro-
tein (Figure 4C) and the SOX9 protein overproduced using
RNAe has been demonstrated to function normally using
alcian blue staining to demonstrate chondrogenesis. This
staining for chondrocyte specific matrix protein sulphated
glycosaminoglycan (sGAG) of C5.18 cells showed that en-
hanced chondrogenesis was visible in RNAe-sox9, and not
in the pRNAe-mock group, and was conparable to the sox9
cDNA overexpression (positive control) group (Figure 4D,
top panel). The same set of experiments was carried out in
rat primary chondrocytes of passage 2, where a satisfactory
transfection efficiency of about 40-50% was achieved (11),
and functional enhancement with the specific RNAe was
also observed (Figure 4D, middle and bottom panel). Thus,
this often used model rat cell line, as well as primary rat cells
can be added to the list of cells where RNAe technology can
be used.

In addition to cytosolic proteins, we demonstrated that
the RNAe strategy can be applied to enhance the expres-
sion of secreted proteins, such as met-luciferase (a fusion
protein of a secretory signal peptide and the reporter gene
luciferase, Clontech, USA) (Figure 4E). We set this apart
from cytosolic proteins because on one hand, translation of
these proteins involves ribosomes bound to the endoplas-
mic reticulum rather than cytosolic “free” ribosomes; and
on the other hand, secretion requires a signal peptide which
might present with lower RNAe specificity since its encod-
ing sequence might be found in a number of mRNAs. This
possibility requires some consideration and exploration in
RNAe design.

The specificity of RNAe to its target protein was further con-
firmed via proteomics analysis and cross-over experiments.
HEK293T cells with stable EGFP expression were trans-
fected with pRINAe-mock, pRNAe-negative (RNAe with-
out pairing sequence) and pRNAe-egfpcl plasmid DNA,
respectively, and proteomics analysis was performed by
quantitative mass spectrometry as described previously (9).
No observable difference was found between these three
groups (Supplementary Figure S2), indicating that RNAe
does not affect cellular expression in general. Further cross-
over experiments were designed to analyze the specificity of
RNAe in a set of similar proteins. Three EGFP or EGFP fu-
sion protein expression plasmids pEGFP-C1, pEGFP-NI1,
pPARN-EGFP were chosen for cross-over experiments to
further test the specificity of RNAe. For pRNAe-egfpcl
(Supplementary Figure S3A and B), enhancement was
observed with different kinds of EGFP constructs when
combined with RNAe constructs complementary to either
5> UTR or 5 TR. However, the enhancement efficiency
was significantly higher with the fully-overlapping target
pEGFP-C1 compared to constructs with a shorter overlap.
For pRNAe-egfpnl (Supplementary Figure S3C and D) en-
hancement was seen in combination with a different EGFP
construct with a complementary 5° TR (pEGFP-C1) but
not in the case of pPARN-EGFP which has a shorter over-
lapping sequence. Similarly, the enhancement efficiency was
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rat primary chondrocyte transfected with RNAe targeting endogenous sox9 mRNA. (E) Relative expression level of secretory MET-LUCIFERASE under
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significantly higher for the fully-overlapping target pEGFP-
NI1.

Further study of RNNAe IncRNA elements

The original antisense uchll RNA was transcribed from a
long genomic sequence, and the RNA transcript was about
1.2 kilobases (kb) in length, including a 72 nt pairing se-
quence (—42 to +32), an inverted SINEB2 element, a par-
tial ALU element, and a ~890 nt tailing portion before the
poly(A) tail (Figure 2A). Several experiments were designed
to study the importance of each element individually, and
based on the insight gained, RNAe cassettes were optimized
for length of pairing region as well as total length.

The 5’ TR of the pairing segment is essential for RNAe func-
tion and the pairing pattern critically affects RNAe function.
As the original RNAe pairs with the —40 nt to +32 nt region
of the target mRNA (Figure 5A), we used the RNAe-egfpcl
with the same pairing segment length (expressed as 40:32)
as the original control and a 0:0 pairing sequence (no pair-
ing) as mock control. We further tested several RNAe con-
structs with pairing complementary only for the 5 untrans-
lated region (5’ UTR, 40:0 and 100:0), only the 5’-translated
region (5° TR, 0:32, 0:100 and 0:200) (Figure 5B), or for the
extended 5° TR (40:360, 40:560 and 40:760) (Figure 5D).
These series of RNAe plasmids were co-transfected with
pEGFP-CI1 into HEK293T cells and EGFP green fluores-
cence was measured as already described. The results clearly
show that the pairing sequence in the 5° TR is essential,
as removing it (40:0) abolished the RNAe effect. Interest-
ingly, prolonging the pairing in the 5 UTR (100:0) did not
help; in contrast, a deletion of the pairing sequence in the
5> UTR had little influence on RNAe as long as the total
length amounted to a threshold value such as 100 (0:100
or 0:200) (Figure 5C). Adding longer pairing sequences at
5> TR up to a certain length (total 400 nt) produced simi-
lar enhancement effect as the original 40:32. However, ex-
tending the pairing sequence up to 600 nt or 800 nt total
produced only moderate or even inhibitory effects on tar-
get protein expression (Figure SE). This might be due to
the typical antisense pairing induced mRNA degradation
mechanism. These results indicate that the original 40:32
pairing sequence is sufficient in terms of its length, region
coverage and enhancement effec, . We nevertheless do be-
lieve that optimization for a different protein may yield a
better enhancement effect with a pairing distribution some-
what different from this standard 40:32 (Figure SF and G).
Since it was shown to be sufficient and robust, the 72 nt pair-
ing sequence in 40:32 distribution was kept as the standard
pairing sequence architecture for other RNAe experiments.

The SINEB? sequence is sufficient for RNAe function. As
original RNAe had a long functional region sequence (the
sequence after pairing sequence which may provide RNAe
function), we made a series of truncated constructs of
RNAe-egfpcl as shown in Figure 6A. The constructs were
co-transfected with pEGFP-C1 into HEK293T cells, and
EGFP fluorescence data showed that the highest enhance-
ment was seen with the shortest RNAe construct (Fig-
ure 6B), the 282 nt construct termed minRNAe. This con-

Nucleic Acids Research, 2015, Vol. 43, No. 9 e58

struct contained only the 72 nt pairing sequence, an in-
verted SINEB2 sequence and the poly (A) tail. It was about
twice as effective as the full-length (FL) RNAe in some
experiments (Figure 6B). Additionally we tested whether
the SINEB2 could enhance mRNA translation on its own
when placed on the SUTR of mRNA. We cloned either the
SINEB2 sequence or its reverse complement sequence to
the 5’UTR of an EGFP coding sequence, then transfected
it into HEK293T cells. The results showed that neither re-
verse complement nor sense SINEB2 could enhance protein
expression directly (Supplementary Figure S4A and B). It
could thus be concluded that the minimal RNAe construct
minRNAe only needs a pairing sequence to guide RNAe to
the target mRNA which confers its specificity, a SINEB2
sequence which confers its enhancement function, and a
poly (A) tail which provides the stability of this non-coding
RNA.

The original IncRNA has alternative tailing. Further se-
quence analysis of the original RNAe sequence showed
that a three-tailing-signal sequence AAUAAA was located
downstream of the partial ALU sequence (Figure 6C). We
chose two pairs of primers complementary to sequences up-
stream and downstream of the predicted alternative tailing
signal, and measured the relative abundance of the ampli-
fied sequences by qRT-PCR. We found that the upstream
part was about three times more abundant than the down-
stream (Figure 6D), which confirmed alternative tailing.
Furthermore, sequencing of PCR products from 3’ rapid
amplification of cDNA ends (RACE) (Figure 6E) showed
that only site 480 (Figure 6C) was utilized as the actual al-
ternative tailing site.

Possible applications of RNAe

RNAe showed its great advantages in a model of high-
throughput  screening. Twenty  three  proliferation-
associated genes (Supplementary Table S1) were chosen
and tested with RNAe technology to validate the usage of
RNAe as a screening tool (Figure 7). The corresponding
RNAe plasmids (full-length series) were constructed and
transfected into HEK293T or HeLa cells cultured with
or without serum starvation. The effect of these RNAe
constructs on cell proliferation was screened using the
cell counting kit CCKS8 (Figure 7A). Results showed that
most of the proliferative genes (SMAD family member
3 (SMAD3), FBJ murine osteosarcoma viral oncogene
homolog (C-FOS), v-src avian sarcoma (Schmidt-Ruppin
A-2) viral oncogene homolog (SRC)), did promote cell
growth, especially when the cells were starved of serum (Fig-
ure 7C and E). Conversely, most of the anti-proliferative
genes (cyclin-dependent kinase inhibitor 1A (P21), BCL2-
associated X protein (BAX), tumor protein p53 (P53), E2F
transcription factor 1 (E2F1), BH3 interacting domain
death agonist (BID), v-myb avian myeloblastosis viral
oncogene homolog (C-MYB), glycogen synthase kinase
3 beta (GSK3pB)) did inhibit cell growth, especially when
cells were cultured in complete medium (Figure 7B and D).

RNAe could also be demonstrated as equally effective
and complementary to the well-known RNAi method. We
proved that RNAe had the potential as a common high-
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Figure 5. The pattern of the pairing segment of RNAe determines its enhancement efficiency of target protein expression. (A) Sketch map and detailed
pairing pattern of original RNAe (the same pairing rule with AS Uchll). (B and C) Importance of 5 TR or 5 UTR in pairing segments. Structure of pairing
segments having only 5° TR or 5> UTR (B) and their effect on EGFP expression indicated by EGFP fluorescence in HEK293T cells (C). (D and E) Length
effect of 5 TR on RNAe enhancement effect in HEK293T cells. Structure of extended 5° TR pairing segments (D) and their effect on EGFP expression
indicated by EGFP fluorescence in HEK293T cells (E). (F and G) Optimization of the pairing segment of RNAe. Structure of optimized pairing segments
(F) and their effect on EGFP expression indicated by EGFP fluorescence in HEK293T cells (G). The horizontal axis indicates numbers of nucleotides
pairing to 5 UTR and 5’ TR of target mRNA, respectively (mean & SD, n = 4. *P < 0.05, **P < 0.01, two tailed z-test).
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in HEK293T cells (B) (mean £+ SD, n = 4. *P < 0.05, **P < 0.01, ***P < 0.001, two tailed z-test). (C) Sketch map of the alternatively tailed IncRNA,
including primers and probes used in qRT-PCR and 3’RACE. (D and E) Confirmation of the alternative tailing of the RNAe IncRNA by qRT-PCR (D)
and 3’RACE (E) in HEK293T cells (standard curve, n = 5; actual result, n = 15. ***P < 0.001, two tailed ¢-test).

throughput screening method for gene function screening.
We used RNAI to confirm the accuracy of RNAe in high-
throughput screening. We transfected RNAe plasmids tar-
geting each of the seven genes with proliferative effects,
and the corresponding RNAI constructs individually into
HEK293T cells. We also conducted a parallel set of experi-
ments using RNAI constructs for the respective target genes
transfected into HEK293T cells as control. The results of
RNAI screening were complementary to the RNAe results

and opposite regarding their proliferative/anti-proliferative
effect, respectively (Figure 8A). We then chose a different
set of eight genes with anti-proliferative effects and com-
pared the RNAiand RNAe results in the same way. We were
somewhat surprised to find that RNAe had a marked ef-
fect even on genes which are silenced under natural circum-
stance, such as genes which induce apoptosis (Figure 8B and
C). We further showed that RNAe can also be delivered into
the target cells in the form of RNA, such as can be gener-
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Figure 7. Application of RNAe in high-throughput screening. HEK293T or HeLa cells were transfected with RNAe constructs corresponding to the
indicated genes and CCKS8 assay was conducted to detect their influence on cell proliferation. (A) The effect of RNAe constructs on selected proliferation-
associated genes in HEK293T and HeLa cells, as measured by their effect on proliferation detected by CCKS8 assay. Red triangles represent positive
genes with relative expression change > 10% and P-values < 0.05 in CCKS8 blue squares represent genes deemed negative. (B-E) Respective effect of RNAe
targeting of selected genes on proliferation in HEK293T cells with (C), or without serum starvation (B), or HeLa cells with (E) or without serum starvation
(D). Green, red and yellow fonts indicate proliferative, anti-proliferative and controversial genes (genes that may affect cell proliferation in both directions
depending on circumstances), respectively (mean & SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001).

ated by in vitro transcription. These in vitro transcription ex-
periments indicate that RNAe also offers advantages equal
to those of RNAI such as the possibility of expression di-
rectly in the cytosol. This makes for improved transfection
efficiency since plasmid entry into the nucleus is not neces-
sary. We chose nine genes that are known to affect cell pro-
liferation, and when tested as described above, four genes

promoted and the other five inhibited cell proliferation.
RNAs of the corresponding RNAe constructs were tran-
scribed with a 5’cap in vitro and transfected into HEK293T
cells. Plasmids with the same RNAe expression cassettes
were used as control. The results showed that transfection
of RNAe transcribed in vitro yielded the same effect as
transfection of plasmid DNA with subsequent transcrip-
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Figure 8. Extensive study of RNAe in high-throughput screening. HEK293T cells were transfected with RNAe and RNAI constructs corresponding to
the indicated genes and CCKS8 assay was conducted to detect their influence on cell proliferation. Results are shown according to the relative effects. (A)
Comparison of RNAe and RNAI effect on genes with proliferative function. RNAe and RNAI both displayed significant effects. (B and C) Comparison of
RNAe and RNAI effect on genes with anti-proliferative function under serum starvation (B) or normal conditions (C). In the group of anti-proliferative
genes, RNAe had a significant effect under normal culture conditions (C), and RNAi under serum starvation (B). (D and F) RNAe constructs corresponding
to the indicated genes were introduced into HEK293T calls either in the form of plasmid DNA (‘pRNAe’ group) or in vitro generated RNA (‘RNAe
transcribed in vitro’ group, generated by in vitro transcription without 5’ cap) under normal conditions (D) or under serum starvation (F), respectively.
RNAe showed a significant effect when delivered in either form. (E and G) RNAe constructs transcribed in vifro with or without 5’ cap (by adding
m7G(5")ppp(5)G during in vitro transcription procedure) were introduced into cells under normal conditions (D) or serum starvation (F), respectively,
and both methods of delivery had a similar effect (mean &+ SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, two tailed z-test).
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tion in vivo (Figure 8D and F). Further experiments proved
that RNAe can work even without the 5’ cap. For this we
chose four genes affecting cell proliferation. RNAe con-
structs were transcribed with or without a 5’cap and trans-
fected into HEK293T cells. The 5’cap appears to have no
influence on RNAe enhancement (Figure 8E and G). Taken
as a whole, these results reveal that RNAe can be an effec-
tive tool for the screening of functional genes by enhanc-
ing target protein expression and demonstrate its efficiency,
suitability for various delivery methods and complementar-
ity to the well-established RNAi method.

Construction of pRNAe-Plus, a series of universal RNAe vec-
tors for enhanced expression of heterologous eukaryotic pro-
teins. We constructed a series of plasmid vectors termed
pRNAe-Plus, each of which carries a ready-made match-
ing RNAe in an expression plasmid capable of accepting
a cDNA insert, designed to efficiently express a heterolo-
gous fusion protein. For example, the pRNAe-Plus-EGFP
plasmid has a multiple-cloning site (MCS) downstream
of the N-terminal EGFP tag and the RNAe pairs with
the EGFP tag, with the expression driven individually by
bi-directional CMV promoter (Figure 9A). This pRNAe-
Plus-EGFP plasmid expressed EGFP significantly better
than the control plasmid pRNAe-Plus-Mock-EGFP, which
lacks the RNAe element but is otherwise identical. This was
true over a dosage range from 0.1 pg to 1.5 pg of plasmid
DNA (Figure 9B). A greater enhancement effect was seen at
lower doses, which indicates a possible saturation of trans-
lation at higher DNA dosages. An expression plasmid en-
coding an N-terminal HA tag which is used widely in eu-
karyotic protein production has also been constructed. We
did the same comparison of pRNAe-Plus HA-EGFP with
its control plasmid pRNAe-Plus-Mock-HA-EGFP, and the
results showed that the pRNAe-Plus design also worked
well for the HA tag (Figure 9C). We expect that this con-
struction scheme of pPRNAe-Plus could be used to construct
further expression plasmids with various N-terminal tags
useful in eukaryotic protein production and purification.

RNAe can be used for eukaryotic antibody production. For
a proof of principle of eukaryotic antibody production we
used 10E8 (12), a monoclonal antibody against Human Im-
munodeficiency Virus (HIV) (Figure 10A). Since previous
results showed that optimization for a specified protein may
reach a better enhancement effect than the original 40:32
RNAe, a series of RNAe plasmids with different length
RNAe constructs and corresponding minRNAe plasmids
were constructed and tested for anti-HIV antibody 10ES
production. ELISA results showed that compared with the
original RNAe, several choices showed better expression.
This indicates that RNAe can be further optimized on a
pre-application basis and might be suitable for future use
in industrial protein production (Figure 10B).
Additionally, a pRNAe-Plus engineered plasmid was
constructed with a novel signal peptide sequence as is
found in a novel antibody expression plasmid reported by
Tiller et al.(13), together with the corresponding RNAe.
Again, a bi-directional CMV promoter was used to ex-
press the antibody mRNA and corresponding RNAe, and
the pRNAe-Plus-Antibody plasmid of the anti-HIV anti-
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body 10E8 was used to test the new engineered plasmid
in antibody production. Without exception, pRNAe-Plus-
Antibody showed better effect than control vector in anti-
HIV antibody 10E8 production (Figure 10C).

DISCUSSION

In the present study, we developed RNAe, an efficient and
universally applicable in vitro protein expression enhance-
ment tool based on antisense RNA comprising an inverted
SINEB2 repeat element. This technology originates from its
natural prototype RNA transcript, the uchll gene IncRNA,
which Carrieri et al. found to enhance the translation of
its corresponding sense mRNA via base-pairing and by
recruiting multiple ribosomes via the functional element
SINEB?2. Carrieri et al. made an AS-GFP IncRNA by al-
tering only the 72 nt pairing part of the IncRNA. The
present work started from this IncRNA construct which we
renamed RNAe-egfpcl and made a series of optimization
efforts. We systematically tested the sequence elements in
the IncRNA and deleted the non-essential sequences, pro-
ducing a 282 nt minimal RNAe sequence that contains only
a 72 nt antisense sequence, a 167 nt inverted SINEB2 se-
quence and a poly (A) tail. This minimal RNAe works just
as well or even better than the full-length RNAe in enhanc-
ing target protein expression under comparable conditions
(Figure 6A and B). In addition, RNAe did not impair either
mRNA generation (Figure 2C) or stability (Figure 3A). On
the other hand, without a pairing sequence, neither inverted
nor sense SINEB2 could enhance protein expression (Sup-
plementary Figure S4A and B), indicating that SINEB2
could not complete the RNAe function in isolation of other
components.

In this study, the RNAe tool was delivered into cells in the
form of plasmid DNA and then produced inside cells. Such
plasmid transfection could be widely used for in vitro ap-
plications. Additionally, the RNAe sequence element could
potentially be incorporated into any viral vector platform
for use in appropriate cell lines in vitro or even viral vector
targeted cells and tissues in vivo.

An RNAe plasmid (or potentially an RNAe viral vector)
could be introduced into cells to enhance the expression of
an endogenous protein (such as SOX9 in Figure 4C and D
and the 23 proliferation-associated proteins in Figure 7) or
used in combination with another expression plasmid car-
rying the target protein, such as the EGFP, EGFP fusion
proteins, and antibody heavy and light chains as used in
the present study (Figures 2C, 4B and 10A). RNAe could
also be incorporated into the very plasmid carrying its tar-
get gene, such as in the pPRNAe-Plus platform shown in Fig-
ure 9.

The specificity of an RNAe could be very high as it
matches its target mRNA both at its 5° untranslated and
translated region (typically 40 nt 5 UTR and 32 nt 5° TR).
For cytosolic proteins, the sequence is essentially unique as
we have tried to search for sequences matching the pairing
sequence of the proliferation-associated genes tested in Fig-
ure 7 in GenBank using the BLAST tool (14) and we found
only a single high-match result with all other results hav-
ing values below 50 (Supplementary Table S2). However, in
cross-over experiments, RNAe still shows some off-target
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effects especially for genes with the same 5° UTR or 5° TR
(Supplementary Figure S3), so it may not be suitable for
individual targeting of different splicing isoforms or gene
family members. For secreted proteins and engineered pro-
teins, the specificity could vary depending on shared signal
peptide and the designed parts of the plasmid sequence. On
the other hand, this very feature might be useful. For exam-
ple, since the antibody heavy and light chain mRNAs share
the same signal peptide and 5 UTR, one RNAe construct
could be used to enhance expression of a single antibody
or a group of antibodies (pRNAe-Ab-UNI-40:32-FL can
enhance both the heavy and light chain of antibody 10ES
as shown in Figure 10A), which is convenient and advanta-
geous for in vitro production of antibodies.

The enhancement efficiency of RNAe appears to vary in
different situations. In addition to dose effect (Figure 2C,
Supplementary Figure S1), RNAe enhancement rate also
varies for different cell lines and target proteins (Figure 4).
The expression enhancements we have seen over the course
of this study range from about 10-fold (1000%) down to a
mere 10-20%. Regardless of these extremes, in general it ap-
pears quite routine to achieve a 50% or more enhancement
with a typical RNAe (72 nt pairing sequence plus at least
the SINEB2 element).

Thus, the RNAe tool has been added to the biotechno-
logical protein production toolbox. Over the years many
approaches and genetic elements have been explored and
are now routinely used for the production of mammalian
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Figure 10. Application of RNAe in antibody production. (A) Effect of RNAe on the expression of anti-HIV antibody 10E8 in HEK293T cells co-transfected
with 0.2 pg of pHIV-Antibody-10E8-H and pHIV-Antibody-10ES8-L each and either 1.2 pg of pPRNAe-Mock plasmid (Control group) or 1.2 pg of
PRNAe-Ab-UNI-40:32-FL plasmid (RNAe group) (mean £ SD, n = 6. *P < (.05, two tailed z-test). (B) Optimization of pairing sequence increased the
enhancement effect of RNAe on anti-HIV antibody 10E8 production (mean + SD, n = 6. *P < 0.05, two tailed r-test). (C) The effect of pPRNAe-Plus con-
taining an antibody signal sequence on antibody production. Either pPRNAe-Plus-Mock-HIV-Antibody-10E8-H and pRNAe-Plus-Mock-HIV-Antibody-
10E8-L (control group) or pRNAe-Plus-HIV-Antibody-10E8-H and pRNAe-Plus-HIV-Antibody-10E8-L (pRNAe-Plus group) were co-transfected into
HEK?293T cells, respectively, using DNA amounts as indicated in the figure and their effect on antibody production as measured by ELISA (mean + SD,

n==6.*P <0.05, **P < 0.01, ***P < 0.001, two tailed z-test).

cell proteins, such as optimization of growth conditions
for high efficient antibody production (15,16), the use of
stronger promoters and enhancers to improve mRNA tran-
scription level and thus gene expression (17), the addition
of Kozak sequences to facilitate translational initiation (18)
and codon optimization (19) for faster translation in ap-
propriate cell systems. The RNAe technology acts at the
post-transcriptional stage, apparently helping to recruit ad-
ditional ribosomes to the target mRNA and increase trans-
lation density per mRNA. It is a new mechanism and en-
hances an aspect in protein expression unaddressed previ-

ously. It appears to work well with practically all existing
protein engineering methods and provides significant ex-
pression enhancement at a reasonable dose. It can be antic-
ipated that RNAe will be applied in the laboratory as well
as in the industrial production of recombinant eukaryotic
proteins, including antibodies.

Additionally, RNAe was successfully applied to high-
throughput functional screening of proteins (Figure 7). A
major advantage of RNAe is that it might make possi-
ble protein overexpression without gene cloning. Consider-
ing eukaryotic gene length and difficulty in cloning some
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very large or weakly expressed genes, RNAe technology
may be a cost-effective and fast tool for high-throughput
screening of functional genes. In addition, the functions
of some knockdown-lethal genes, where RNAIi cannot be
used, can be better screened for using RNAe rather than
cDNA cloning and overexpression. RNAe has the oppo-
site effect to the widely-used RNAIi on target protein but
is otherwise comparable to RNAI in terms of delivery plat-
form, labor intensity, speed, cost (20) and off-target rate
(21). RNAe could also be combined with RNAI to regu-
late the expression of a target protein in both directions for
functional study.

RNAe also has the potential to be used for gene ther-
apy. Many genetic diseases such as some types of growth
hormone deficiency (GHD) (22) or cystic fibrosis (CF) (23)
are caused by single-copy-loss or promoter/enhancer mu-
tations which lead to a decrease of protein level while the
coding gene is still intact and present in the genome. For
such diseases, RNAe holds a promise due to a likely tissue-
specificity since it could enhance the target protein expres-
sion in a manner dependent on native mRNA distribution.
RNAe also showed great simplicity compared with other
tissue-specific methods (24-27).

In summary, RNAe technology may be a powerful new
tool for protein expression enhancement in biological re-
search and biopharmaceutical production.
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