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INTRODUCTION

The rolling-circle amplification (RCA) reaction is an
isothermal in vitro method for the hybridization-triggered
enzymatic synthesis of hundreds to billions of linear
copies of small, single-stranded, circular DNA probes.
Thus, obtained long repeats of DNA sequences may serve
as a signal amplifier for ultrasensitive detection of specific
nucleic acids and other biologically important molecules
in diagnostic genomics and proteomics. Depending on the
goal and/or target molecule to be detected, RCA is
performed using a variety of protocols and testing formats
with either linear or exponentially branching kinetics.
Because of their robustness and simplicity, the RCA-
based assays hold a distinct position in the area of
molecular diagnostics among other single-temperature
amplification techniques.

RCA BASICS

RCA is based on the rolling replication of short, single-
stranded DNA circles by certain DNA polymerases at
constant temperature, the process discovered in the mid-
1990s.""?! This reaction is initiated by the hybridization
of a linear DNA single strand to a specific DNA mini-
circle, and it is widely used for diagnostic purposes in
direct or indirect detection of different DNA/RNA,
protein, and other biomarkers via a set of various
biomolecular recognition events. A similar reaction was
described for RNA polymerases as well,”*! but the RNA-
generated process does not require any hybridization-
dependent priming (or even promoter sequences).
Therefore, the latter is only used to produce functional
RNA sequences, such as RNA ladders and self-process-
ing ribozymes.

Description of Method

Types and major features of RCA reactions
In its original formulation,'*?! the RCA reaction involves
numerous rounds of isothermal enzymatic synthesis in
which DNA polymerase extends a circle-hybridized
primer by continuously progressing around the circular
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DNA probe of several dozen nucleotides to replicate its
sequence over and over again (Fig. 1A). This process is
characterized by linear kinetics, easily yielding in one
hour up to several thousands of sequence-complementary
tandem repeats of an original DNA minicircle. These
amplification products generally exhibit a wide, essen-
tially continuous distribution over length and are normally
seen in gel-electrophoretic images as a broad smear of
high-molecular weight DNAs (Fig. 2, lane 2). The single-
stranded nature of amplicons in case of linear RCA may
be beneficial for subsequent manipulations with these
DNAs towards their detection.'

A more complicated version, the double-primed RCA,
called hyperbranched,' ramification'® or cascade
RCA,!®! operates with a pair of different primers. One
primer is complementary, as in the linear RCA, to a DNA
minicircle, whereas the other is targeted to the repeated,
single-stranded DNA sequences of the primary RCA
product.'*®" Consequently, the double-primed RCA
proceeds as a chain reaction with geometric kinetics
featuring a ramifying cascade of multiple-hybridization,
primer-extension, and strand-displacement events involv-
ing both primers (Fig. 1C). As a result, a discrete set of
concatemeric double-stranded DNA (dsDNA) fragments
is formed, yielding the distinct, ladder-type gel-electro-
phoretic bands (Fig. 2, lane 3).

Sometimes, this reaction produces amplicons so long
that they cannot move through the gel during common gel
electrophoresis (see lane 4 in Fig. 2). In terms of the
degree of amplification, the geometric RCA is more
potent, as compared with its linear alternative, yielding
10° or more copies of a circular sequence in about an
hour."¢ Accordingly, it enables a bioanalyst to readily
detect just a few probe molecules.” " The double-primed
RCA is usually performed at elevated temperatures by
thermostable DNA polymerases, although in some cases
it is performed by common polymerase enzymes at phys-
iological or ambient temperatures.

Practical RCA formats

Generally, the RCA-based diagnostics can be classified
into two groups: some of them operate with the preformed
circular probes [Fig. 1D and E for the peptide nucleic acid
(PNA)-assisted, nick-induced RCA and immuno-RCA,

1175



ORDER i REPRINTS

1176 Rolling-Circle Amplification (RCA)

. H\%\
N

/ ligation
— point
=~ /_%
C f
< A — Y — < -
>
D DNA nick o E i
5, e antibody
Lf:')
_f i duplex DNA
PNA openers

Fig.1 Schematics of different RCA processes; the arrowhead symbolizes the DNA polymerase. Given a small, <100-nt size of DNA
minicircles used in RCA and the strong rigidity of dsDNA fragments with these lengths, only part of the circular probe can be base-
paired at any given time. Consequently, the geometry of RCA-generating complexes resembles a fiddlestick. (A) The RCA reaction
carrying on a free DNA minicircle with the use of a single primer. If the DNA target is used to prime the RCA reaction, amplification
products are fixedly linked to target molecules (see schematics D, for example). For surface-attached targets, these products will be
immobilized on the solid phase. (B) RCA-based diagnostics of probe amplification with an in situ circularized linear oligonucleotide
probe and a target-unrelated primer (ligation—RCA/L-RCA). In some cases, the topological linkages between a DNA minicircle and the
marker/target DNA site may affect the rolling replication. A circular probe should then be released from the DNA target following the
hybridization. (C) Initial stages of the double-primed RCA.™ % In these reactions, the second primer, which is complementary to the
original RCA product, is used. Here, the DNA polymerases capable of strand-displacement synthesis are necessary. (D) The RCA
reaction, which proceeds on dsDNA if assisted by PNA openers and DNA nicking."'* (E) In immuno-RCA, the 5’ end of a primer is

attached to a reporter antibody, which selectively binds to a test analyte immobilized on a solid surface.

as examples], whereas others involve the circularization
of hybridized linear probes by ligation followed by RCA
(L-RCA; Fig. 1B). In the latter case, the in situ assembled
DNA minicircles, called padlocks and earrings,[9_l3]
provide the corresponding DNA/RNA diagnostic assay
with a higher sequence specificity, which is warranted by a
multiple (at least dual) probe—target recognition and is also
owing to the fact that mismatches close to the ligation
point severely interfere with the ligation process. Impor-
tantly, padlocks and earrings ensure a higher stability of
hybridization complex because of additional topological
stabilization through the probe—target concatenation.'"
All this improves the hybridization stringency, allows one
to more efficiently distinguish single-base sequence
variants, and results in a highly localized hybridization/
amplification signal retaining the positional information.
Further localization of the RCA-generated signal to
essentially single visible points can be reached by
condensation of amplication products after their hybrid-
ization to labeled oligonucleotides, known as RCA-
CACHET." In this way, the RCA amplicons are tagged

[71

with fluorescent labels at multiple sites in the tandem
RCA-amplified DNA sequence. Thus ‘‘decorated’’ ampli-
cons can be compacted into tiny objects by cross-linking
with multivalent proteins, such as streptavidin and anti-
bodies, which bind to amplicon-incorporated tags. If
necessary, further increase of the RCA-generated signal to
a superexponential level can be achieved by combining
the RCA and PCR reactions.”®! Until recently, the RCA
reactions have been run only on the single-stranded DNA
and RNA targets, but, with the aid of PNA openers, these
reactions can now be performed with dsDNA.!%!4
In immuno-RCA assays, the attachment of a reporter
antibody to an RCA primer makes it possible to extend the
RCA-based diagnostics on the non-nucleic-acid analytes,
including proteins, which can be detected with superior
sensitivities, compared to conventional enzyme immuno-
assays in ELISA and microparticle formats.'”!

The RCA-based analyses can be executed both as
homogeneous assays in solution and as heterogeneous
“‘on surface’’ assays, including the microtiter plate and
microarray approaches for high-throughput genomics and
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Fig. 2 Typical patterns of the RCA products generated with
linear or geometric kinetics and resolved by gel electrophoresis
(SYBR green or ethidium bromide staining). Usually, linear
amplification is characterized by smearlike amplicons cor-
responding to essentially continuous distribution of single-
stranded RCA products over length (lane 2). On the contrary,
ladder-like amplicons are normally observed after geometric
amplification representing linear concatemeric double-stranded
copies of a circular template (lane 3). In some cases, most of the
RCA products are so large that they cannot enter the gel (lane 4).
Lane 1 corresponds to the size marker.

proteomics  studies.!'>'®" The RCA amplicons can be
detected in several ways, such as fluorescence,!”! radio-
labeling,''” UV absorbance, and gel electrophoresis'*'?!
by using either direct incorporation of various labels into
the RCA products!'®! or label-decorated amplicons.!*”}
Since it is not possible to even briefly describe this whole
diverse range of RCA testing formats, the interested
reader is referred to recent reviews!'”'® and corres-
ponding original papers.

Specificity, sensitivity, and reproducibility

The RCA-based diagnostics exhibit an exceptional spe-
cificity for particular DNA/RNA sequences, as well as for
marker molecules other than DNA/RNA, allowing the
multiplex genotyping/detection of single-base mutations
and specific antigens. Besides, RCA is an ultrasensitive
method of detection: a variety of RCA formats permit
essentially single-molecule counting of the DNA, RNA,
or protein targets and some other analytes. Furthermore,
RCA-based diagnostics are characterized by good repro-
ducibility, with amplification errors being at a lower level
compared to PCR. Consequently, such an exquisite sensi-
tivity makes it possible to accurately and reliably quantify
the gene copy number as well as to detect single-copy
genes, discrete antigen—antibody complexes, and mRNA
expression levels in individual cells.
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Advantages and Limitations

RCA has several substantial advantages over other ampli-
fication techniques, which could be called ‘‘the power of
simplicity.”’!"”1 Most importantly, RCA is an isothermal
procedure and, therefore, has no need of special instru-
mentation to cycle the temperature, which is required with
the widely used PCR-based diagnostics. This RCA feature
significantly simplifies the automation and miniaturization
of RCA-based diagnostics. In addition, RCA can be per-
formed by a larger variety of DNA polymerases compared
to PCR, which relies on only thermostable enzymes.
Besides, RCA represents an inexpensive, more error-proof,
and more sensitive (compared to PCR) analytical technol-
ogy with a very wide dynamic range and higher multi-
plexity to serve as a potent alternative to the thermocycling
diagnostic methods.

In comparison with other isothermal methods of signal,
probe, or target amplification, such as transcription-based
amplification, strand-displacement amplification, use of
branched (or dendrimeric) probes, invasive signal ampli-
fication, or loop-mediated amplification, the RCA-based
assays are less complicated and in many cases do not
require any substantial preoptimization of an experimental
protocol, thus being readily used by a beginner. RCA is
the most flexible and adaptable amplification methodol-
ogy featuring merely few drawbacks. The shortcoming of
supersensitive RCA assays is that they require certain
caution to avoid possible contamination/false positives. In
some cases, release of probes from the hybridized targets
and removal of the nontargeted DNA strands by additional
treatment with endo- and exonucleases are also necessary
to reach the requisite sensitivity of detection.!'*'"!

CLINICALLY RELEVANT
PILOT APPLICATIONS

The practical RCA potential to identify nucleic acid
targets, antibodies, and antigens in clinical samples has
recently been demonstrated in several feasibility studies.
Specifically, the RCA-based protocol for an automated
scoring of single nucleotide polymorphisms (SNPs) in a
set of human genomic DNA samples with the nanogram
sensitivity was developed.!'>?°! Highly sensitive multi-
plex detection of hotspot somatic mutations present at
very low abundance was also reported.””!! The RCA
capability for pathogen diagnosis was convincingly
proved by comparative study of RCA vs. PCR and ligase
chain reaction (LCR) in detection of Chlamydia tracho-
matis in cervical specimens.”””! The workability of
immuno-RCA for identification of allergen-specific
immunoglobulins in samples from patients was shown
in a microarray format.”**! In addition, RCA has been
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adapted to immunohistochemistry, flow cytometry, and in
situ hybridization to significantly improve their sensitivity
without compromising cellular and tissue morpholo-
gy.?**! RCA-mediated multiplex profiling of cytokines
on microarrays with femtomolar sensitivity offers an
advantageous approach for proteomic surveys.!'® All
these pilot applications establish the firm basis for future
clinical use of RCA methodology in a range of diagnostic
applications, enabling the integration of genomic and
proteomic information into cell- and tissue-based tests.

CONCLUSION

The RCA methodology represents a powerful and sim-
ple procedure for signal amplification that may serve
as universal platform for in vitro diagnosis of a variety
of biomarkers based on either nucleic acid sequence or
antigenicity. Consequently, this technology should
soon provide the laboratory researchers and clinical
diagnosticians with highly sensitive and efficient cus-
tomary diagnostic assays to expedite and to facilitate
testing of miscellaneous analytes.

ACKNOWLEDGMENTS

I would like to thank my colleagues Heiko Kuhn and
Natasha Broude from Boston University for comments on
the manuscript and suggestions.

ARTICLE OF FURTHER INTEREST

Padlock Probes, p. 962

REFERENCES

1. Fire, A.; Xu, S.Q. Rolling replication of short DNA cir-
cles. Proc. Natl. Acad. Sci. U. S. A. 1995, 92 (10), 4641—
4645.

2. Liu, D.; Daubendiek, S.L.; Zillman, M.A.; Ryan, K.; Kool,
E.T. Rolling circle DNA synthesis: Small circular
oligonucleotides as efficient templates for DNA poly-
merases. J. Am. Chem. Soc. 1996, 118 (7), 1587-1594.

3. Daubendiek, S.L.; Ryan, K.; Kool, E.T. Rolling-circle
RNA synthesis: Circular oligonucleotides as efficient
substrates for T7 RNA polymerase. J. Am. Chem. Soc.
1995, 117 (29), 7818-7819.

4. Lizardi, P.M.; Huang, X.; Zhu, Z.; Bray-Ward, P.; Thomas,
D.C.; Ward, D.C. Mutation detection and single-molecule
counting using isothermal rolling-circle amplification. Nat.

10.

11.

12.

13.

14.

15.

16.

17.

18.

REPRINTS

Rolling-Circle Amplification (RCA)

Genet. 1998, 19 (3), 225-232.

Zhang, D.Y.; Brandwein, M.; Hsuih, T.C.H.; Li, H.
Amplification of target-specific, ligation-dependent circu-
lar probe. Gene 1998, 211 (2), 277-285.

Thomas, D.C.; Nardone, G.A.; Randall, S.K. Amplification
of padlock probes for DNA diagnostics by cascade rolling
circle amplification or the polymerase chain reaction.
Arch. Pathol. Lab. Med. 1999, 123 (12), 1170-1176.
Schweitzer, B.; Wiltshire, S.; Lambert, J.; O’Malley, S.;
Kukanskis, K.; Zhu, Z.; Kingsmore, S.F.; Lizardi, P.M.;
Ward, D.C. Immunoassays with rolling circle DNA
amplification: A versatile platform for ultrasensitive
antigen detection. Proc. Natl. Acad. Sci. U. S. A. 2000,
97 (18), 10113-10119.

Zhong, X.B.; Lizardi, P.M.; Huang, X.H.; Bray-Ward,
P.L.; Ward, D.C. Visualization of oligonucleotide probes
and point mutations in interphase nuclei and DNA fibers
using rolling circle DNA amplification. Proc. Natl. Acad.
Sci. U. S. A. 2001, 98 (7), 3940—3945.

Nilsson, M.; Malmgren, H.; Samiotaki, M.; Kwiatkowski,
M.; Chowdhary, B.P.; Landegren, U. Padlock probes:
Circularizing oligonucleotides for localized DNA detec-
tion. Science 1994, 265 (5181), 2085-2088.

Banér, J.; Nilsson, M.; Mendel-Hartvig, M.; Landegren,
U. Signal amplification of padlock probes by rolling cir-
cle replication. Nucleic Acids Res. 1998, 26 (22), 5073 -
5078.

Kuhn, H.; Demidov, V.V.; Frank-Kamenetskii, M.D.
Topological links between duplex DNA and a circular
DNA single strand. Angew. Chem. Int. Ed. 1999, 38 (10),
1446-1449.

Kuhn, H.; Demidov, V.V.; Frank-Kamenetskii, M.D.
Rolling-circle amplification under topological constraints.
Nucleic Acids Res. 2002, 30 (2), 574-580.

Demidov, V.V. Earrings and padlocks for the double helix:
Topological labeling of duplex DNA. Trends Biotechnol.
2003, 271 (4), 148—-151.

Kuhn, H.; Hu, Y.; Frank-Kamenetskii, M.D.; Demidov,
V.V. Attificial site-specific DNA-nicking system based on
common restriction enzymes assisted by PNA openers.
Biochemistry 2003, 42 (17), 4985-4992.

Faruqi, A.F.; Hosono, S.; Driscoll, M.D.; Dean, F.B.;
Alsmadi, O.; Bandaru, R.; Kumar, G.; Grimwade, B.;
Zong, Q.; Sun, Z.; Du, Y.; Kingsmore, S.; Knott, T.;
Lasken, R.S. High-throughput genotyping of single
nucleotide polymorphisms with rolling circle amplifica-
tion. BMC Genomics 2001, 2 (1), 4.

Schweitzer, B.; Roberts, S.; Grimwade, B.; Shao, W.; Wang,
M.; Fu, Q.; Shu, Q.; Laroche, 1.; Zhou, Z.; Tchernev, V.T.;
Christiansen, J.; Velleca, M.; Kingsmore, S.F. Multiplexed
protein profiling on microarrays by rolling-circle amplifica-
tion. Nat. Biotechnol. 2002, 20 (4), 359-365.

Demidov, V.V. Rolling-circle amplification in DNA
diagnostics—The power of simplicity. Expert Rev. Mol.
Diagn. 2002, 2 (6), 542-548.

Zhang, D.Y.; Liu, B. Detection of target nucleic acids and
proteins by amplification of circularizable probes. Expert
Rev. Mol. Diagn. 2003, 3 (2), 237-248.

Marcer DekkER, Inc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 1



Rolling-Circle Amplification (RCA)

19.

20.

21.

22.

ORDER |

Christian, A.T.; Pattee, M.S.; Attix, C.M.; Reed, B.E.;
Sorensen, K.J.; Tucker, J.D. Detection of DNA point
mutations and mRNA expression levels by rolling circle
amplification in individual cells. Proc. Natl. Acad. Sci.
U. S. A. 2001, 98 (25), 14238—14243.

Pickering, J.; Bamford, A.; Godbole, V.; Briggs, J.;
Scozzafava, G.; Roe, P.; Wheeler, C.; Ghouze, F.; Cuss, S.
Integration of DNA ligation and rolling circle amplifica-
tion for the homogeneous, end-point detection of single
nucleotide polymorphisms. Nucleic Acids Res. 2002, 30
(12), e60.

Ladner, D.P.; Leamon, J.H.; Hamann, S.; Tarafa, G.;
Strugnell, T.; Dillon, D.; Lizardi, P.; Costa, J. Multiplex de-
tection of hotspot mutations by rolling circle-enabled uni-
versal microarrays. Lab. Invest. 2001, 87 (8), 1079-1086.
Zhang, W.; Cohenford, M.; Lentrichia, B.; Isenberg, H.D.;
Simson, E.; Li, H.; Yi, J.; Zhang, D.Y. Detection of
Chlamydia trachomatis by isothermal ramification ampli-

REPRINTS

23.

24.

25.

1179

fication method: A feasibility study. J. Clin. Microbiol.
2002, 4 (1), 128-132.

Wiltshire, S.; O’Malley, S.; Lambert, J.; Kukanskis, K.;
Edgar, D.; Kingsmore, S.F.; Schweitzer, B. Detection of
multiple allergen-specific IgEs on microarrays by immu-
noassay with rolling circle amplification. Clin. Chem.
2000, 46 (12), 1990—1993.

Gusev, Y.; Sparkowski, J.; Raghunathan, A.; Ferguson, H.,
Jr.; Montano, J.; Bogdan, N.; Schweitzer, B.; Wiltshire, S.;
Kingsmore, S.F.; Maltzman, W.; Wheeler, V. Rolling
circle amplification: A new approach to increase sensitiv-
ity for immunohistochemistry and flow cytometry. Am. J.
Pathol. 2001, 759 (1), 63-69.

Zhou, Y.; Calciano, M.; Hamann, S.; Leamon, J.H.;
Strugnell, T.; Christian, M.W.; Lizardi, P.M. In situ
detection of messenger RNA using digoxigenin-labeled
oligonucleotides and rolling circle amplification. Exp.
Mol. Pathol. 2001, 70 (3), 281-288.

Marcer DekkER, Inc. ﬂ
270 Madison Avenue, New York, New York 10016 6

Copyright © Marcel Dekker, Inc. All rights reserved.



Request Permission or Order Reprints|nstantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’ s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or itslicensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request Permission/
Order Reprints' link below and follow the instructions. Visit the

U.S. Copyright Office for information on Fair Use limitations of U.S,
copyright law. Please refer to The Association of American Publishers
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materiasis also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, ater or enhance the Materials. Please refer to our Website

User Agreement for more details.

Request Permission/Order Reprints

Reprints of this article can also be ordered at
http://www.dekker.com/servlet/product/DOI/101081EEDGP120020704


http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=CNV&title=Nerve+Growth+Factor+Receptor+Immunoreactivity+in+Breast+Cancer+Patients&offerIDValue=18&volumeNum=19&startPage=692&isn=0735-7907&chapterNum=&publicationDate=09%2F30%2F2001&endPage=697&contentID=10.1081%2FCNV-100106144&issueNum=7&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+10%3A04%3A49&publisherName=dekker&orderBeanReset=true&author=Marcello+Aragona%2C+Stefania+Panetta%2C+Anna+Maria+Silipigni%2C+Domenico+Leo+Romeo%2C+Giuseppe+Pastura%2C+Mario+Mesiti%2C+Stefano+Cascinu%2C+Francesco+La+Torre&mac=KOc5%jLbXeGnmCkxsN2GaA--
http://s400.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=SPI&publication=Encyclopedia&title=RollingCircle+Amplification+RCA&offerIDValue=18&volumeNum=&startPage=1175&isn=0-8247-5502-2&chapterNum=&publicationDate=&endPage=1179&contentID=10.1081%2FE-EDGP-120020704&issueNum=&colorPagesNum=0&pdfStampDate=11%2F16%2F2004+08%3A27%3A08&publisherName=dekker&orderBeanReset=true&author=Vadim+V.+Demidov&mac=D3YRB%OJnPukNmndG0pufw--

