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extraordinary signal enhancement for trace amounts of the

ABSTRACT: Enzyme-free signal amplification has en- target in vitro. For example, Li et al. developed a toehold-initiated
abled sensitive in vitro detection of biomolecules such as RCA approach for visualization of individual microRNAs in situ.”
proteins and nucleic acids. However, monitoring targets of However, the exotic enzymes that are necessary for rolling circle

interest in live cells via enzyme-free amplification is still
challenging, especially for analytes with low concentra-
tions. To the best of our knowledge, this paper reports the
first attempt to perform mRNA imaging inside live cells,
using a nonenzymatic hairpin DNA cascade reaction for
high signal gain, termed a hairpin DNA cascade amplifier
(HDCA). In conventional nucleic acid probes, such as
linear hybridization probes, mRNA target signaling occurs
in an equivalent reaction ratio (1:1), whereas, in HDCA,
one mRNA target is able to yield multiple signal outputs
(1:m), thus achieving the goal of signal amplification for
low-expression mRNA targets. Moreover, the recycled
mRNA target in the HDCA serves as a catalyst for the
assembly of multiple DNA duplexes, generating the
fluorescent signal of reduced MnSOD mRNA expression,
thus indicating amplified intracellular imaging. This
programmable cascade reaction presents a simple and
modular amplification mechanism for intracellular bio-
markers of interest, providing a significant boost to the
search for clues leading to the accurate identification and
effective treatment of cancers.

amplification impede its further utility inside live cells. Thus, the
goal becomes molecular engineering of nonenzymatic signal
amplification methods, especially nucleic acids based systems, for
intracellular mRNA imaging.* ™"

Pierce et al. designed a programmable hybridization chain
reaction (HCR) for amplified imaging of multiplex mRNA
expression, both inside fixed cells and in zebrafish embryos.'”
However, fluorescence “always-on” hairpin nucleic acid probes
are typically used in the hybridization chain reaction.
Consequently, the strong fluorescence background leakage
resulting from metastable hairpin probes must be removed by
a washing step before signal acquisition. Unfortunately, the wash
procedure can only be carried out in fixed cells or tissues, but not
live cells. To visualize low-expression mRNA with high signal
gain in live cells, two requirements must be satisfied in the
molecular engineering of nucleic acid probes: signal switch from
“OFF” to “ON” and enzyme-free amplification upon target
mRNA binding.

Owing to recent advances in molecular engineering and
programming of DNA nanotechnology, nucleic acid hybrid-
ization-based nanocircuits have allowed the detection of small-
molecule or nucleic acid targets with tens- or even hundreds-fold
catalytic amplification."*~"” In this work, we propose to utilize a
hairpin DNA cascade amplifier (HDCA) for the imaging of
mRNAs with low expression levels in live cells. In particular, this
HDCA has two major components: a catalytic element
consisting of two hairpin-shaped metastable DNA substrates,
whose conformational transformations can be catalytically

complicates quantification. Biological techniques, such as reverse trlgge.reg upon tafget mRNA binding, 'and the reporting moiety
transcriptase-polymerase chain reaction (RT-PCR) and in situ containing a hybridized DNA duplgx V"Fh a ﬂuo'r ophore (Rep-F)
hybridization (ISH), need to extract mRNAs from cells or fix and quencher (Rep-Q). As shom n Figure 1, in the absence of
cells prior to analysis. Therefore, developing signal amplification target mRI.\TA,. two me.tastable }.1a1rp in DNA .su-bstr.ates, HI. and
strategies inside live cells is the key to effective monitoring of H2, remain intact, since the'lr. cross-reactivity 1s effec_tlvely
cellular mRNAs with low copy numbers. Current enzymatic blocked by intramolecular hybridization. However, formation of
signal amplification methods, e.g., loop-mediated isothermal
amplification (LAMP),?> strand displacement amplification Received: January 16, 2015
(SDA),* and rolling circle amplification (RCA),>S offer Published: April 2, 2015

ifferences in relative biomarker expression levels of cancer-
related mRNAs reveal vital information about tumor
progression for studies in the ﬁelds of molecular biology, medical
diagnosis, and drug delivery."> However, visualization of cellular
mRNAs, especially mRNAs with low expression levels, remains a
challenge owing to their inadequate signal output which
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Figure 1. Illustration of hairpin DNA cascade amplifier (HDCA) for
catalytic signal enhancement of specific mRNA expression in living cells.
After transfection into live cells, the catalytic HDCAs are initiated by
specific target mRNA to repeatedly yield many H1—H2 duplexes, which
further destabilize the Reporter moiety and fluoresce inside the cells.

a stable hybridized duplex between H1 and H2 can be triggered
by target mRNA, which, instead of being consumed, is released to
catalyze the formation of other H1—H2 duplexes. The H1-H2
duplex driven by enthalpy decrease further dehybridizes the
reporting moiety, resulting in a restoration of the initially
quenched fluorescent signal. Similar to the catalyst in a chemical
reaction, the target mRNA sequence plays a catalytic role in this
hairpin DNA cascade reaction. In conventional nucleic acid
probes, such as linear hybridization probes or molecular beacons,
mRNA target signaling occurs in an equivalent reaction ratio
(1:1), whereas, in the HDCA, one mRNA target is able to yield
multiple signal outputs (1:m), thus achieving the goal of signal
amplification for low-expression mRNA targets.

The basic concept of catalyzed hairpin substrates was
introduced by Pierce et al. and Chen et al.”'* However, to the
best of our knowledge, this principle has not been applied to
catalytic amplification of specific mRNA targets inside live cells.
To improve the HDCA in live cell systems, two molecular design
concerns had to be resolved: intracellular delivery of HDCA
components and inhibition of false positive fluorescence signals
resulting from degradation by cellular nucleases. The question of
cytosolic delivery of multiple DNA sequences, e.g., DNA-based
logic gates and unnatural nucleotide-modified molecular
beacons, has been answered by using the highly efficient
transfection approach.'®'® To improve the thermostability and
nuclease resistance of the HDCA system for long-term imaging
of mRNAs at physiological temperature (37 °C), four locked
nucleic acid (LNA) nucleotides are incorporated into the
fluorophore-labeled reporting moiety.”® In this way, the
HDCA system targeting a specific mRNA can be efficiently
transfected into live cells for accurate catalytic amplification
without interference from cellular nucleases and proteins.

To demonstrate our hairpin DNA cascade amplifier,
manganese superoxide dismutase (MnSOD) mRNA, which is
involved in malignant phenotype and tumor proliferation, was
chosen as the specific target model.""** According to the selected
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region of human MnSOD mRNA (GenBank Accession No. NM-
000636), a pair of metastable DNA hairpin structures (H1 and
H2) was rationally designed. As shown in Figure 1, MnSOD
mRNA hybridization to the exposed toehold domain 1 of H1
gradually initiates a strand displacement, generating a HIl—
MnSOD mRNA intermediate through domain hybridization (1-
2-3 and 3*-2%-1%*), Released toehold domain 3* in the H1—
MnSOD mRNA intermediate further triggers branch migration
on domain 3-4*-3*-2* of H2, followed by displacement of
MnSOD mRNA for the next catalytic round. Domain 2*-5%-6*
on the H1—H2 duplex is fully complementary to Rep-F that
lights up inside live cells. Thus, the intracellular MnSOD mRNA
can trigger hybridization between hairpin H1 and H2 for
multiple cycles, providing enzyme-free signal amplification for
monitoring specific mRNA of interest in live cells.

The catalytic feasibility of the hairpin DNA cascade amplifier
was first verified by using the DNA analog of the mRNA target
through native polyacrylamide gel electrophoresis (PAGE). As
shown in Figure 2, in the proof-of-concept assay, the cross-

\ N

Ok =——> No Reaction
Lo T 1. 828 3B4E 5
\ ~\ ——/
L H, 7_’ H,-Target - u
b4 | S
Target DNA
NI L NDEN
¥ H-H, “H, -

Figure 2. Native PAGE gel of catalytic hairpin DNA cascade reaction
without and with addition of target DNA. Lane 1: H1; Lane 2: H2; Lane
3: mixture of H1 and H2; Lane 4: annealing of H1 and H2; Lane S: H1 +
H2 + target DNA.

interaction between H1 and H2 is effectively blocked without
addition of target DNA. However, after introducing target DNA,
hybridization of H1 and H2 is initiated, resulting in a stable H1—
H2 duplex. More importantly, the presence of target DNA can
facilitate the hybridization yield of the H1—H2 duplex in contrast
to that formed from the annealing of hairpin H1 and H2.

To drive the equilibrium of the hairpin DNA cascade reaction
to yield more H1—H2 duplexes, the concentration ratio between
H2 and H1 was first optimized in vitro. With a constant H1 probe
quantity, various concentrations of H2 probe were titrated,
followed by measurement of the restored reporter signal. The
result revealed elevated fluorescence intensity with increasing
concentration of the H2 probe, especially ~15% more
enhancement when the H2 quantity was in 3-fold excess over
the H1 probe in contrast to the equivalent quantity between H1
and H2 (Figure S1). To avoid an unnecessary leakage reaction
without target DNA, the reaction ratio between H2 and H1 (4:1)
was maintained throughout the subsequent buffer and cellular
experiments. In addition, conventional nucleic acid probes can
yield false positive signals in a cellular environment, mostly from
endogenous nuclease degradation. As shown in Figure S2, the
regular DNA reporter showed a rapid fluorescence increase
monitored in cell lysate solution within 2 h. However, the locked
nucleic acid modified reporter displayed improved resistance
against enzymatic digestion. Therefore, the metastable hairpin
DNA structures with the LNA-modified reporter were applied to
subsequent assays in vitro and measurement of intracellular
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MnSOD mRNA expression in breast cancer cell lines (MDA-
MB-231).

The catalytic amplification of our HDCA system triggered by
target DNA was compared to two conventional nucleic acid
probes: a linear hybridization probe (LHP) and a molecular
beacon (MB). The catalytic amplification turnover of HDCA was
over 40-fold at 0.5 nM target DNA, which was better than the
molecular beacon and linear hybridization probe at low target
concentration (Figure S4). As shown in Figure 3, the
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Figure 3. (a) Fluorescence kinetics of hairpin DNA cascade reaction
with various concentrations of target DNA (0, 0.5, 1, S, 10 nM). (b)
Fluorescence intensity amplification capability of hairpin DNA cascade
reaction relative to a linear hybridization probe (HDCA/LHP) and
molecular beacon (HDCA/MB).

fluorescence enhancement between HDCA and LHP increased
with elevated concentrations of target DNA, reaching 17-fold at
10 nM target DNA. A similar tendency was also observed
between HDCA and MB. Even at the target concentration as low
as 500 pM, HDCA still showed a 4-fold fluorescence enhance-
ment over LHP and MB, indicating enhanced catalytic
amplification efficacy of the hairpin DNA cascade amplifier
(1:m) over these commonly used nucleic acid molecular probes
(1:1). Although the overall reaction rate of HDCA was slower
than that of LHP or MB, the fluorescence background could be
well resolved by incorporation of the LNA-modified reporter.
Next, the target DNA specificity of HDCA was demonstrated in
relation to its capacity to differentiate single-nucleotide poly-
morphisms (SNP). To accomplish this, fully complementary,
single- and double-mismatched target DNA sequences were
assessed with HDCA against the fully matched DNA target, as
shown in Figure S5, revealing a significant differentiation
between the fully matched DNA target and either the single-
(7.4-fold) or double-mismatched DNA target (11.2-fold).
Having demonstrated the amplification effectiveness of the
HDCA in buffer solution, we next studied its imaging capability
in live cells. First, a control hairpin DNA cascade amplifier
(cHDCA) and control linear hybridization probe (cLHP) were
designed with scrambled sequences, but similar conformations,
as references. After transfection into MDA-MB-231 cells via
lipofectamine 3000, the HDCA and cHDCA were incubated
with cells at 37 °C for 2 h (Figures 4a and S6a). An intense
fluorescence signal of Rep-F from HDCA was observed, in
contrast to the negligible signal from the control probe,
indicating excellent specificity of the rationally designed
HDCA for target MnSOD mRNA in live cells. The catalytic
amplification efficacy of HDCA was further tested against both
the linear hybridization probe (LHP) and corresponding control
probe (cLHP). When using LHP, the result showed much lower
fluorescence intensity, approximately equal to the background
signals for HDCA and cHDCA, respectively (Figures 4b and
S6b). To quantify the intracellular signal amplification of HDCA
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Figure 4. Intracellular imaging of MnSOD mRNA in MDA-MB-231 cell
line with HDCA and LHP. Confocal laser microscopy images of MDA-
MB-231 cells transfected with (a) HDCA and (b) LHP, followed by
incubation at 37 °C for 2 h. (c) Cell-associated fluorescence of MDA-
MB-231 cells treated with HDCA and LHP, as measured by flow
cytometry. Scale bar: 25 ym.

in a large cell population, MDA-MB-231 cells transfected with
the HDCA or LHP were treated with trypsin, followed by
characterization by analytical flow cytometry (Figure $7).*
Samples of 10 000 cells were counted and compared based on
cell-associated fluorescence intensity. As shown in Figure 4c,
HDCA showed an average 7.4-fold fluorescence enhancement
over that of cells transfected with the linear hybridization probe.
Due to the careful design and gel purification of HDCA
sequences, the leaking reaction of the HDCA system that was
tested in the non-MnSOD mRNA expressed IMR-90 cells can be
greatly suppressed (Figure S8). The flow cytometry data are
consistent with the confocal imaging results, both demonstrating
the catalytic amplification ability of HDCA for intracellular
mRNA imaging.

To further verify that the HDCA could be used to monitor low
expression levels of the mRNA target, live MDA-MB-231 cells
were treated with 100 yM cordycepin to downregulate the
expression level of MnSOD mRNA.** Since Western blot
analysis can provide accurate information about steady-state
MnSOD mRNA expression, the reduced expression of MnSOD
mRNA by cordycepin was verified by Western blot analysis
before performing the intracellular measurement. In contrast to
constant f-actin mRNA expression, a significantly reduced
MnSOD mRNA expression at ~30% of normal was confirmed in
MDA-MB-231 cells postincubation with 100 #M cordycepin, as
shown in Figure Sa. Furthermore, the hairpin DNA cascade
amplifier was challenged to image such significantly reduced
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Figure S. Live cell imaging of MnSOD mRNA with a low-expression
level. (a) Western blot analysis of cordycepin-inhibited MnSOD mRNA
expression in MDA-MB-231 cells. Confocal microscopy fluorescence
images of MDA-MB-231 cells treated with 100 M cordycepin, followed
by transfection and incubation with (b) HDCA and (c) LHP at 37 °C
for 2 h. Scale bar: 50 ym.
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MnSOD mRNA expression. The confocal results indicate that
the HDCA still produced an observable fluorescence signal in
MDA-MB-231 cells treated with 100 M cordycepin inhibitor.
However, only a negligible fluorescence signal was observed from
cells transfected with the linear hybridization probe under the
same conditions (Figures Sb—c and S9). Further statistical
analysis of the imaging data from HDCA-transfected cells
showed a 3.1-fold increase in fluorescence intensity over that
shown by LHP, demonstrating that HDCA is capable of
monitoring a low amount of mRNA expression with the aid of
enzyme-free nucleic acid signal amplification inside live cells.
With further molecular engineering and introduction of
multiplexed fluorescent labeling, this hairpin DNA cascade
amplifier can be used to realize simultaneous and quantitative
imaging of multiple mRNA targets in live cells.”* More
importantly, aptamers, due to their programmability and unique
molecular recognition to specific targets, including small
metabolites and cellular proteins, can be adapted to design
DNA cascade reactions for intracellular targets other than
mRNAs.

In summary, we have molecularly engineered a programmable
catalytic hairpin DNA cascade reaction for amplified imaging of
specific mRNA targets with low expression levels in living cells.
After transfection into live cells, the endogenous mRNA
triggered assembly of the hairpin H1 and H2 duplex, resulting
in a fluorescence signal. More significantly, the specific mRNA
target could catalyze the regeneration of multiple H1-H2
duplexes in repeated cycles, achieving enzyme-free signal
amplification in situ. By using this strategy, a more intense
response of the hairpin DNA cascade amplifier to a specific
mRNA target was demonstrated and further compared with
conventional nucleic acid probes, such as the linear hybridization
probe. Moreover, reduced specific gene expression after exposure
to a small-molecule inhibitor was visualized by the HDCA in
contrast to the linear hybridization probe which showed only a
negligible response, indicating that the HDCA is capable of
recognizing low amounts of mRNA target. The metastable
hairpin DNA cascade amplifier can be easily reconfigured and
engineered for imaging of other endogenous targets of interest,
including intracellular proteins and small molecules. Finally, real-
time monitoring of very low levels of mRNA molecules in living
cells will improve the accuracy of early cancer diagnosis and,
hence, the specificity of therapeutic intervention.
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