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Despite recent advances in linear whole genome amplification of intact DNA/RNA, amplification of degraded nucleic
acids in an unbiased fashion remains a serious challenge for genetic diagnosis. We describe a new whole genome
amplification procedure, RCA–RCA (Restriction and Circularization-Aided Rolling Circle Amplification), which
retains the allelic differences among degraded amplified genomes while achieving almost complete genome coverage.
RCA–RCA utilizes restriction digestion and whole genome circularization to generate genomic sequences amenable
to rolling circle amplification. When intact genomic DNA is used, RCA–RCA retains gene-amplification differences
(twofold or higher) between complex genomes on a genome-wide scale providing highly improved concordance with
unamplified material as compared with other amplification methodologies including multiple displacement
amplification. Using RCA–RCA, formalin-fixed samples of modest or substantial DNA degradation were successfully
amplified and screened via array-CGH or Taqman PCR that displayed retention of the principal gene amplification
features of the original material. Microsatellite analysis revealed that RCA–RCA amplified genomic DNA is
representative of the original material at the nucleotide level. Amplification of cDNA is successfully performed via
RCA–RCA and results to unbiased gene expression analysis (R2 = 0.99). The simplicity and universal applicability of
RCA–RCA make it a powerful new tool for genome analysis with unique advantages over previous amplification
technologies.

Formalin-fixed, paraffin-embedded (FFPE) specimens in the ar-
chives of departments of pathology represent a unique source of
histologically classified material derived from normal and dis-
eased tissues for which extensive clinical data are available. Ex-
traction of DNA and RNA from these specimens provides an op-
portunity for retrospective analysis using microarray-based ge-
nomic or gene expression profiling that may accelerate the
discovery of associations between gene-expression signatures and
the biology and outcome of disease (Perou et al. 1999; Alizadeh
and Staudt 2000; Alizadeh et al. 2000, 2001; Perou et al. 2000;
Ross and Perou 2001; Sorlie et al. 2001; West et al. 2001; Pomeroy
et al. 2002; van’t Veer et al. 2002).

However, technical hurdles persist. First, DNA and RNA in
FFPE biopsies are often moderately to highly degraded (Lewis et
al. 2001) and second, many specimens have very small amounts
of tissue, necessitating a whole genome amplification step, often
performed via PCR (Nelson et al. 1989; Telenius et al. 1992;
Zhang et al. 1992; Klein et al. 1999). However, the introduction
of genetic bias during PCR amplification is a serious concern
since the quantitative relation among alleles before and after PCR
amplification is usually different. In an effort to overcome PCR-
introduced bias during whole genome or transcriptome amplifi-
cation, we recently developed balanced-PCR (Makrigiorgos et al.
2002), a whole genome amplification method that eliminates the
effect of saturation and impurities. Balanced PCR has allowed for
unbiased gene expression (Makrigiorgos et al. 2002) and genomic

analyses (Wang et al. 2004). Because DNA is digested with a re-
striction enzyme during balanced-PCR, the method enables
whole genome amplification when the starting DNA material is
modestly degraded (Wang et al. 2004). On the other hand, be-
cause of the inefficiency of thermostable polymerases in ampli-
fying DNA fragments >1 kb, balanced-PCR usually amplifies only
a minor portion of the entire genome, a genomic representation
(Lucito et al. 1998). This incomplete genome coverage may result
in the loss of vital genetic information. Lizardi and co-workers
introduced rolling circle amplification (Lizardi et al. 1998), an
approach that subsequently led to an isothermal whole genome
amplification method known as Multiple Displacement Amplifi-
cation (MDA) (Dean et al. 2002; Lage et al. 2003). MDA operates
on very long DNA templates (>10 kb), thereby allowing an al-
most complete genome coverage (Dean et al. 2002; Lage et al.
2003). MDA produces linearly amplified genomic DNA when
starting from intact genomes obtained from cells or fresh tissue
and is widely used for genomic profiling and large-scale geno-
typing (Lovmar et al. 2003; Paez et al. 2004; Rook et al. 2004;
Wong et al. 2004). However, the amplification efficiency of MDA
rapidly diminishes as the molecular weight of the starting mate-
rial decreases, thus making it unsuitable for amplification of FFPE
DNA or low molecular weight DNA from deteriorated forensic
samples (Lage et al. 2003). In addition, MDA may not be applied
on cDNA.

Here we describe RCA–RCA (Restriction and Circularization-
Aided Rolling Circle Amplification), a new amplification meth-
odology that overcomes problems associated with nucleic acid
degradation and retains the allelic differences among amplified
genomes while simultaneously achieving almost complete ge-
nome coverage. Formalin fixation of tissue results in DNA strand
breaks, base damage, and DNA–protein crosslinks, all of which
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inhibit amplification (Lehmann and Kreipe 2001; Lewis et al.
2001). The principle of RCA–RCA is that fragmentation of the
genome with an appropriate restriction enzyme that cuts at least
twice between successive DNA damage sites in FFPE samples gen-
erates intact DNA fragments that can be circularized (Fig. 1A).
Following circularization and elimination of noncircular DNA
via exonuclease, the circles are denatured to enable initiation of
exponential, hyper-branched rolling circle amplification using
random primers and phi29 polymerase, as described by Dean
(Dean et al. 2001). Exponential amplification is enabled even if
one of the two circularized DNA strands remains intact (Fig. 1).
Our data demonstrate that this new adaptation of isothermal
rolling circle amplification is simple, robust, and reproducible,
allowing unbiased amplification of degraded FFPE samples by
several thousandfold without production of primer-associated ar-
tifacts. RCA–RCA is superior to other amplification methods
when either fresh or degraded FFPE samples are used and pro-
vides a general protocol for complex nucleic acid amplification
from intact or degraded genomic DNA, as well as from cDNA.

Results

RCA–RCA amplification product

Figure 1B demonstrates the amplification products obtained fol-
lowing whole genome amplification via RCA–RCA or MDA, using
intact reference DNA (lanes 2,5) or DNA obtained from a forma-
lin-fixed, paraffin-embedded sample (paraffin #19, lanes 3,6).
High molecular weight DNA is generated as a result of isothermal
strand displacement amplification in both cases. However, MDA
produces nonspecific amplification artifacts (lane 1) in the ab-
sence of input genomic DNA, as was also previously reported
(Lage et al. 2003). Therefore the MDA electropherogram is not
indicative of successful whole genome amplification. In contrast,
RCA–RCA is free of such nonspecific amplification products (lane
4) and the presence of high molecular weight DNA is a clear
indication of template-specific amplification (vide infra). Fur-

thermore, in comparison to MDA, the RCA–RCA amplification
product is more viscous and produces no evidence of low DNA
fragment sizes (Fig. 1B, cf. lanes 5,6 and lanes 2,3). Figure 1C
depicts genomic DNA undigested (lane 1) or Nla-III-digested
(lane 2) prior to RCA–RCA amplification.

Real-time PCR examination of RCA–RCA amplified, intact
genomic DNA

To estimate the extent of amplification obtained following RCA–
RCA of BT474 genomic DNA, a copy number comparison was
made between unamplified and RCA–RCA-amplified DNA. To
enable a direct comparison, 4 µL containing a total of 3 ng ge-

Figure 1. (A) Outline of whole genome amplification of partially degraded FFPE samples via RCA–RCA (Restriction and Circularization-Aided Rolling
Circle Amplification). DNA damage sites (●) are indicated. The same approach may also be used to amplify intact or degraded genomic DNA or cDNA.
(B) Comparison of RCA–RCA amplification products with MDA amplification products. MDA amplification products from H2O—no template present—
(lane 1), 50 ng intact reference (lane 2), or FFPE #19 (lane 3) genomic DNA; RCA–RCA amplification products from H2O—no template present—(lane
4), 50 ng intact reference (lane 5) or FFPE #19 genomic DNA (lane 6). No Nla-III digestion has been applied at this stage following RCA–RCA. (C)
Reference genomic DNA undigested (lane 1) or Nla-III-digested (lane 2) prior to RCA–RCA amplification.

Figure 2. (A) Quantification of RCA–RCA amplification-fold in genomic
DNA. QRT-PCR was performed either directly from unamplified BT474
genomic DNA or from the RCA–RCA-amplified product for three single
copy genes. Curves 1–3 GAPDH, IL9R, and CYC respectively, using RCA–
RCA-amplified DNA as starting material. Curves 4–6 GAPDH, IL9R, and
CYC respectively, using unamplified DNA as starting material. (B) Deter-
mining the lower limit of starting material for which RCA–RCA is possible.
A comparison of QRT-PCR for HER2 performed directly from unamplified
BT474 genomic DNA or from the RCA–RCA-amplified product is de-
picted, following serial dilution of the DNA. Curves 1–3: 0.3, 0.03, and
0.003 ng respectively, using RCA–RCA-amplified DNA as starting mate-
rial. Curves 4–6: 0.3, 0.03, and 0.003 ng respectively, using unamplified
DNA as starting material. HER2 is amplified in BT474 genomic DNA and
3 pg genomic DNA (curves 3 and 6) are expected to contain ∼15–30
HER2 molecules.
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nomic DNA were diluted to 100 µL and directly tested via Taq-
man QRT-PCR using 2 µL per reaction. A further 4 µL containing
a total of 3 ng DNA were processed for RCA–RCA amplification,
diluted to 100 µL and again tested via Taqman QRT-PCR using 2
µL per reaction. Figure 2A depicts real-time PCR profiles starting
from unamplified or amplified genomic DNA for three genes
(GAPDH, IL9R and CYC). The resulting PCR threshold is about
10–13 cycles different between amplified and non-amplified ma-
terial for all three genes, which corresponds to a genomic DNA
amplification of ∼1,000–8,000 times. A first principles calculation
of the maximum amount of DNA that one could make given the
amount of components in the RCA–RCA reaction yields about 10
µg DNA, assuming that the dNTPs are the limiting factor. Given
the DNA amplification derived from the data in Figure 2A from
an initial material was ∼3 ng, it appears that the RCA–RCA reac-
tion approached the theoretical maximum amplification in these
reactions.

To examine RCA–RCA amplification of limiting starting ma-
terial, serial dilution of the DNA was performed prior to the am-
plification. The HER2 gene copy number was examined via QRT-
PCR and compared to QRT-PCR from an equal amount of unam-
plified DNA using the same experimental approach described
above. Figure 2B demonstrates the ability of RCA–RCA to amplify
from ∼3 pg of DNA, which is of the same order as a single cell.
Because of HER2 amplification in BT474 cells, HER2 is expected

to have an abundance of 15–30 molecules at the lowest dilution
of ∼3 pg (Forozan et al. 2000). The amplified oncogene was
clearly detectable following RCA–RCA amplification from ∼3 pg
genomic DNA (Fig. 2B). In contrast, QRT-PCR performed directly
from unamplified DNA yields PCR thresholds 10–13 units higher
than RCA–RCA-amplified DNA, and did not yield a signal for the
lowest dilution.

Real-time PCR examination of RCA–RCA amplified, FFPE
genomic DNA

DNA extracted from formalin-fixed, paraffin-embedded tissue
was used for amplification via RCA–RCA or alternatively via
MDA. The electropherograms in Figure 3A depict an increasing
degree of DNA degradation in three FFPE samples, #19, #56, and
#31, respectively. Following RCA–RCA (alternatively: MDA) of
the reference and FFPE samples, a gene copy number comparison
was made between unamplified and amplified DNA in order to
estimate the overall amplification obtained. The design of this
experiment was similar to the one described in Figure 2 that
employed Taqman QRT-PCR. Figure 3B depicts the increase in
relative copy number obtained between unamplified and RCA–
RCA-amplified genomic DNA for seven genes (E2F, HBEGF,
GAPDH, HER2, IL9R, TOP, and CYC). For reference DNA, with a
starting material of ∼50 ng, both RCA–RCA and MDA demon-

Figure 3. (A) Agarose gel electrophoresis profiles of DNA extracted from reference DNA or from three FFPE samples. The first lane in each gel is a
nucleic acid ladder. The reduction in average fragment size indicates that DNA degradation is progressively higher for FFPE samples #19, #56, and #31,
respectively. (B) Fold-amplification obtained following whole genome amplification of reference DNA or FFPE tissue-extracted DNA, using RCA–RCA or
MDA. QRT-PCR (Taqman assay) was applied to seven genes before and after amplification and the fold-amplification relative to unamplified DNA was
determined by threshold comparison. MDA yielded practically no amplification for the three FFPE samples.
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strated significant amplification, ranging from ∼200–800 times
(MDA) to ∼600–4,000 times (RCA–RCA). RCA–RCA was also able
to amplify most of the genomic regions in the FFPE samples,
depending on the degree of degradation. In contrast, the ampli-
fication via MDA was unsuccessful for all three paraffin samples
(starting material = 20–50 ng for #19, #56 and 50–100 ng for
#31). As the degradation of the samples increases, per Figure 3A,
the amplification obtained for elected genes becomes smaller.
Sample #31, which has the highest degradation among the three
samples, yields significant amplification for three out of seven
genes for 50 ng starting material and for five out of seven genes
for 100 ng starting material. The data indicate that, unlike MDA,
which produces no template-specific amplification, RCA–RCA
can readily amplify FFPE samples of modest degradation and can
also recover information from highly degraded samples.

Examination of RCA–RCA amplification bias using
Taqman QRT-PCR

To examine the ability of RCA–RCA to generate unbiased whole
genome amplification, we utilized DNA from BT474 cells, which
is known to contain well-characterized genetic amplifications
and deletions (Forozan et al. 2000; Wang et al. 2004), to compare
with DNA from normal cells after amplification in parallel. Figure
4 demonstrates that RCA–RCA retains the previously described
(Forozan et al. 2000) HER2 amplification in BT474 cells well rela-
tive to reference DNA when amplified and unamplified samples
are compared (R2 = 0.98). The relative ratios for the same genes in
DNA from FFPE samples #19 and #56 relative to reference DNA
are also in concordance (R2 = 0.56–0.65) when amplified and un-
amplified samples are compared. Concordance in gene dosage
from amplified and unamplified samples was low (R2 < 0.1) for
the highly degraded paraffin #31 sample (not shown). The error
bars in these figures represent real-time PCR performed from
three independent RCA–RCA experiments.

Array-CGH screening of RCA–RCA amplified genomic DNA

Microarray technology provides an efficient means for identify-
ing gene-dosage alterations across the human genome. To vali-
date the application of RCA–RCA amplified DNA for array-CGH
studies, out of an initial 50 ng starting DNA material extracted

from BT-474 cells, we used 20 ng for amplification. We then
screened the product against reference genomic DNA that had
been similarly amplified. The RCA–RCA products were screened
in two duplicate independent experiments using the Agilent Hu-
man 1 cDNA microarrays. Unamplified BT-474 DNA (4 µg) was
also directly screened on microarrays versus unamplified refer-
ence DNA. The genomic profiles from the duplicate RCA–RCA
amplification products showed a pattern very similar to that
from unamplified samples (Fig. 5A). BT-474 cancer cells contain
well-known multiple amplification regions in chromosomes 17
and 20, which are depicted in more detail in Figure 5, B and C.
For both chromosomes, genetic amplification regions observed
in unamplifed BT-474 DNA were also observed in the duplicate
amplified samples. The CGH from unamplified samples appears
somewhat noisy relative to the RCA–RCA-amplified samples. We
consider this a reflection of the relative success of Cy3/Cy5 la-
beling for the two cases, which was done at different days, that is,
for the unamplified samples labeling resulted in lower fluores-
cent signals, which lead to the observed noise.

Data analysis demonstrated that the concordance of gene-
dosage profiling between amplified and unamplified DNA in-
creases if nearest-neighbor averaging is employed for data
smoothing. We found that increased data smoothing improves
R2 but also results in a loss of genome-wide resolution. For ex-
ample, for chromosome 17, R2 improves from 0.86 to 0.95 when
averaging by 2 or 12 nearest neighbors is applied, respectively;
concomitantly, the array-CGH resolution decreases from 100 kbp
to 1.2 Mbp average spacing along a chromosome. The same ob-
servations are valid when MDA is employed instead of RCA–RCA
for DNA amplification and array-CGH screening. However, the
concordance (R2) between MDA amplified and unamplified DNA
is lower relative to RCA–RCA amplified DNA, for example for
chromosome 17, R2 ranges from 0.80 to 0.90 when averaging by
2 or 12 nearest neighbors is applied, respectively. Next, array-
CGH experiments were performed for the FFPE samples #19 and
#56. Array-CGH data obtained for unamplified paraffin #19 or
#56 versus reference genomic DNA (4 µg) were compared to that
obtained for RCA–RCA-amplified paraffin #19 or #56 versus ref-
erence genomic DNA (20 ng DNA used for amplification). Alter-
natively, MDA-amplified DNA from paraffin #19 or #56 (20 ng
DNA used for amplification) was screened. Array-CGH using

Figure 4. QRT-PCR (Taqman assay)-based comparison of gene copy number ratios before and after RCA–RCA amplification for DNA extracted from
BT474, paraffin #19, and paraffin #56 and from reference DNA. The relative (��Ct) threshold method was used to compare relative gene copy number
before amplification and after RCA–RCA amplification using the GAPDH housekeeping gene for normalization. The results are presented as copy number
ratio relative to co-amplified reference DNA.
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MDA-amplified DNA produced practically no specific hybridiza-
tion signals, presumably because of inadequate template-specific
amplification for FFPE samples. RCA–RCA amplification of DNA
from paraffin #19 and #56 generated array-CGH profiles similar
to those obtained when unamplified FFPE samples were directly
screened on cDNA microarrays. Figure 6, A–D, demonstrates that
RCA–RCA, performed in duplicate independent experiments, re-
produced the main amplification (>2 fold) regions in paraffin
#19 and #56. In Figure 6, B and D, the main amplified regions on
chromosomes 4 and 12 for paraffin #19 and #56 are respectively
presented, and a correlation coefficient R2 = 0.59 and 0.49, re-
spectively, was calculated for these data using five nearest neigh-
bor smoothing. The observed concordance of the data for FFPE
samples is worse than the one obtained by using intact BT474
DNA (Fig. 5), presumably because of excessive site-specific DNA
degradation by the formalin fixation process. Nevertheless, the
data indicate that RCA–RCA is capable of successfully identifying

the major genetic amplifications occurring in the genome of the
FFPE samples by array-CGH. DNA from the highly degraded FFPE
sample #31 failed the quality control test for Cy3/Cy5 labeling
and was not screened on microarrays.

Another evaluation of the concordance of the CGH data in
Figures 5 and 6 is depicted in Table 1, where the fraction of
significant genomic amplifications (log2 > 1.5 or, alternatively,
log2 > 2) in the unamplified samples, which results in an ampli-
fication of at least log2 > 1 in the RCA–RCA-amplified samples, is
derived. Log2 > 1 is considered the lowest amplification that can
be reliably detected given the average noise (log2 ≅ 0.35) in the
CGH profiles. The majority (>76%) of amplifications in the un-
amplified sample was also detected in the RCA–RCA-amplified
samples. Similarly, the paraffin samples demonstrated amplifica-
tions in chromosomes 4 and 12 that were efficiently detected in
the amplified samples.

Microsatellite instability analysis for RCA–RCA-amplified
genomic DNA

To examine the retention of the ability to detect microsatellite
instability (MSI) following RCA–RCA amplification, DNA from
two colon cancer cell lines, HCT116 and SW480, with known
MSI status (Bhattacharyya et al. 1995) was analyzed before and
after RCA–RCA amplification. The dHPLC-based methodology
(Kim et al. 2003; Pan et al. 2003) described in detail in our recent
work (Liu et al. 2004) was employed to identify MSI as chromato-
gram shifts between MSI-Stable (SW480) and MSI-High (HCT116)
DNA, using the five microsatellite markers recommended by the
Bethesda guidelines (Boland et al. 1998). Figure 7 demonstrates
that the MSI chromatogram changes detected for HCT116 cells
prior to amplification are also detectable after RCA–RCA ampli-
fication, demonstrating the fidelity of whole genome amplifica-
tion at the single nucleotide level. Therefore, RCA–RCA enables
MSI examination from limited starting material using a wide ar-
ray of microsatellite markers.

Application of RCA–RCA to cDNA amplification

To examine whether RCA–RCA can be used for the unbiased
amplification of cDNA, we generated double stranded cDNA
from 25 ng total RNA from reference mammary epithelial cells
and from the breast cancer cell line BT474. The cDNA was used
either directly in a Taqman QRT-PCR reaction to examine gene
dosage for seven genes or was first amplified via RCA–RCA and
then examined via QRT-PCR. Figure 8A compares copy numbers
prior to and after RCA–RCA amplification for three genes. Similar
to the results obtained with genomic DNA in Figure 2A, the re-
sulting PCR threshold is about 10–12 cycles different between
amplified and non-amplified material. Figure 8B (average of three
independent RCA–RCA experiments) demonstrates the upregu-
lation in the HER2 and PCK1 genes as well as a very good reten-
tion (R2 = 0.99) of the relative gene expression between reference
and BT474 cells following RCA–RCA amplification of total cDNA.
It should be noted that with the present approach end-fragments
of cDNA sequences will be lost, as only sequences between two
restriction sites will be amplified. Nevertheless, the data indicate
that a single RCA–RCA protocol can be used for the unbiased
amplification of intact or fragmented genomic DNA as well as
cDNA.

Figure 5. Array-CGH screening for RCA–RCA-amplified BT-474 ge-
nomic DNA versus reference DNA. Unamplified represents the array-CGH
results from unamplified BT-474 genomic DNA versus reference DNA.
RCA–RCA-1 and RCA–RCA-2 are duplicate RCA–RCA amplifications per-
formed in two separate experiments. (A) Comparison for all 23 chromo-
somes. (B) Comparison for chromosome 17. (C) Comparison for chro-
mosome 20. Five nearest neighbor smoothing was used for these data.

DNA amplification tolerant to sample degradation

Genome Research 2361
www.genome.org



Discussion

The need for developing RCA–RCA was precipitated by several
observations: (1) Ligation-mediated PCR approaches for whole
genome amplification, such as SCOMP (Nelson et al. 1989; Klein
et al. 1999) or balanced-PCR (Makrigiorgos et al. 2002; Wang et
al. 2004), are efficient in amplification of modestly degraded
DNA and balanced PCR can also retain the gene-dosage relation
among two genomes. However, because of the fragment size
limit dictated by the PCR process, these methods result in incom-
plete genome coverage (Lucito et al. 1998) and potential loss of
informative genomic regions for subsequent genetic analysis. (2)
Isothermal multiple displacement amplification using random
primers produces linearly amplified DNA and almost complete
genome coverage (Dean et al. 2002; Hosono et al. 2003). How-
ever, as also demonstrated in the present investigation, MDA fails
to amplify efficiently fragmented DNA (Lage et al. 2003). (3) Ran-
dom-primer-based displacement amplification from circular
DNA is highly efficient for a much wider range of fragment sizes
than conventional PCR (Dean et al. 2001). Accordingly, the cur-
rent RCA–RCA method was conceived to combine all the advan-
tages of these methods.

RCA–RCA employs restriction enzymes to dissect the ge-
nome into smaller fragments and a ligase to circularize these
fragments into DNA circles via self-ligation thus generating a

complex population of DNA templates of
small and big circles that is amenable to ex-
ponential rolling circle amplification. Self-
circularization of DNA fragments <250 bp
has been known to be inefficient (Dallman
and Porter 1996). However, in previous
studies (Liu et al. 2004) we found that, dur-
ing whole genome circularization, small
DNA fragments (<200 bp) could cross-ligate
to form larger fragments that subsequently
circularize. At the same time, during the
subsequent amplification step, a signifi-
cantly higher amplification could be ex-
pected for the small fragments relative to
large fragments as the polymerase com-
pletes replication of a smaller circle faster
given a constant incorporation of nucleo-
tides per second. Overall, however, this
variability is smaller than one would ex-
pect, that is, small fragments like the HER2
(92 bp) result in amplification comparable
to that of fragments >200 bp long (Fig. 3B).
Accordingly, a possible explanation is that
the ligation step evens out to some extent
the distribution of circular DNA fragments
and balances out the resulting RCA–RCA
amplification. Furthermore, the data indi-
cate that when a control genome is
co-amplified using the same RCA–RCA
m e t h o d o l o g y , t h e r e s u l t i n g g e n e
amplifications tends to cancel out residual
biases related to ligation and uneven roll-
ing-circle replication (Fig. 4). The ability of
RCA–RCA to generate an array-CGH profile
representative of the original starting mate-
rial was found to be superior to that of MDA
when starting from intact genomic DNA. In

a previous report, we showed that balanced-PCR amplification
followed by array-CGH provides concordance (R2) similar to that
obtained with MDA (Wang et al. 2004). Therefore at the present
time the concordance of RCA–RCA products to unamplified
samples clearly exceeds that of all other available methods.

There are numerous occasions where the starting DNA ma-
terial requiring whole genome amplification is degraded to vari-
ous extents, such as DNA in fluids from cancer patients, DNA in
FFPE samples, DNA in forensic applications, and in other in-
stances. RCA–RCA is uniquely suited for high fidelity amplifica-
tion of such DNA. For example, FFPE samples of low (#19), me-
dium (#56) or high (#31) degradation can be efficiently amplified
using RCA–RCA and produce material amenable to PCR-based
analysis (Taqman PCR, microsatellite/mutation detection analy-
sis). However, for the sample of highest degradation #31, gene
copy ratios relative to reference DNA were not retained, indicat-
ing that DNA damages caused by harsh formalin fixation condi-
tions may have impeded the maintenance of gene copy number
relations. The success of RCA–RCA relies on generating a double
cut by the restriction enzyme between the average spacing of
formalin-caused damages (Fig. 1A). Accordingly, it can be ex-
pected that, for highly degraded FFPE samples, a more frequent
cutter must be chosen in order to achieve maximum sample re-
covery and amplification. The design of the RCA–RCA protocol
allows any single enzyme or combination of enzymes to be sub-

Figure 6. Array-CGH screening for RCA–RCA-amplified genomic DNA from FFPE samples #19 or
#56 versus reference DNA. Five-nearest-neighbor smoothing has been applied to these data. Un-
amplified represents the array-CGH results from sample paraffin #19 or #56 versus reference DNA.
RCA–RCA-1 and RCA–RCA-2 are duplicate RCA–RCA amplifications performed in two separate
experiments. (A,C) Comparison for all 23 chromosomes. (B,D) Comparison for chromosome 4
(#19) or chromosome 12 (#56). Five nearest neighbor smoothing was used for these data.
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stituted in place of Nla-III with no further modification. There-
fore, by substituting the restriction enzyme in the first RCA–RCA
step it may be possible to recover samples of very high degrada-
tion. Array-CGH using RCA–RCA amplified FFPE samples of low
and medium degradation (#19 and #56) reliably revealed signifi-
cant gene copy amplifications. On the other hand, array-CGH
data of sample #56 erroneously indicated deletions within 2
chromosomal regions (Fig. 6A). A working hypothesis is that
such false chromosomal losses are the consequences of site-
specific DNA damage caused by formalin fixation. Therefore
when FFPE samples are used, the confidence level in detecting
chromosomal losses is low compared to scoring chromosomal
amplifications that generally are true positives.

Another significant feature of RCA–RCA is that, by using
Phi29 polymerase, which has a very low error rate of
∼3 � 5 � 10�6 (Nelson et al. 2002) it is possible to utilize the
amplified material for performing error-sensitive assays such as
microsatellite instability analysis or mutation detection. As Fig-
ure 7 demonstrates, the size of five microsatellite markers com-
monly used for colon cancer diagnosis was unchanged at the
single nucleotide level before and after RCA–RCA amplification.

There are additional practical advantages to RCA–RCA am-
plification. The success or failure of amplification can be easily
determined through measurement of DNA concentration via
PicoGreen or alternatively by simple inspection of the viscosity
of the reaction mixture because without input DNA virtually no
product is detectable by gel electrophoresis. In contrast, conven-
tional PCR often produces primer–dimer artifacts and MDA gen-
erates well-documented, primer-mediated, nonspecific amplifi-
cation products. The presence of nonspecific amplification in
MDA-amplified DNA becomes particularly troublesome when
starting amounts of less than 1–5 ng DNA are to be used for
array-CGH as the percentage of primer-induced artifacts in-
creases as the starting material decreases. Methods that produce
primer-mediated nonspecific amplification artifacts (e.g., MDA;
random primer labeling) necessitate further downstream charac-
terization of the product, for example via real-time PCR, prior to
expensive applications like microarray screening. It is not clear
why RCA–RCA does not produce the same primer-artifacts as
MDA since both processes utilize random primers and strand
displacement for amplification. A potential explanation lies with

the difference in buffers employed as in order to achieve optimal
amplification we included DMSO and T4 gene 32 in the RCA–
RCA reaction. Finally, RCA–RCA is simple, inexpensive to per-
form, and does not require a thermal cycler.

In summary, we have developed a powerful whole genome
amplification method, that has superior features over current
technology and is tolerant to degradation of the starting mate-
rial. A single RCA–RCA protocol can be used for gene copy analy-
sis (genomic DNA), gene expression analysis (cDNA), or genotyp-
ing. The simplicity, robustness, and versatility of the procedure
will help unveil large amounts of valuable genetic information,
especially those locked in archived FFPE samples.

Methods

Cell lines, genomic DNA and cDNA
The breast cancer cell line BT-474 and the colon cancer cell lines
HCT116 and SW480 were obtained from the American Type Cul-
ture Collection. Total genomic DNA was isolated from cultured
cells using the QIAamp DNA Mini Kit (QIAGEN). Human male
genomic DNA was obtained from Promega and human mam-
mary epithelial cells were purchased from Cambrex and used as
controls (reference DNA). Genomic DNA was prepared from for-
malin-fixed paraffin-embedded high grade glioma specimens
(FFPE#19, #56, and #31) obtained from the Department of Pa-
thology, Brigham and Women’s Hospital by modification of
standard Qiagen methods. For fixation, a standard procedure was
followed. Briefly, tissue samples were harvested, placed in 10%
buffered formalin for not longer than 7 h, processed by standard
methods and embedded in paraffin. DNA was extracted from
paraffin blocks over a range of months after fixation, specifically
17 mo for sample #19, 20 mo for sample #56, and 29 mo for
sample #31. Double stranded cDNA was obtained from RNA ex-
tracted from reference breast epithelial cells (Stratagene) or from
BT-474 cells using the Strategene kit.

RCA–RCA whole genome amplification
Genomic DNA or cDNA were digested with 0.5 µL Nla-III (10
units/µL, New England Biolabs) at 37°C for 2 h in 10 µL of 1� T4
DNA ligase buffer (New England Biolabs). Each sample was
heated at 65°C for 20 min to inactivate Nla-III. The fragmented

Table 1. Analysis of gene amplifications that are detectable (factor of 2 amplification or more)
following RCA–RCA and array-CGH: Comparison to unamplified DNA

CGH

log2 gene
amplifications:

Unamplified DNA

log2 gene
amplifications:
RCA–RCA DNA

Percent gene
amplifications

detected via CGH
after RCA–RCA

BT-474 DNA vs. Reference DNA >1.5 (189) >1 (144) 76
>2 (117) >1 (98) 84

BT-474 DNA vs. Reference DNA: >1.5 (85) >1 (74) 87
Chromosome 17 >2 (56) >1 (52) 93

BT-474 DNA vs. Reference DNA: >1.5 (60) >1 (54) 90
Chromosome 20 >2 (45) >1 (41) 91

Paraffin #19 DNA vs. Reference DNA: >1.5 (4) >1 (2) 50
Chromosome 4 >2 (2) >1 (2) 100

Paraffin #56 DNA vs. Reference DNA: >1.5 (3) >1 (3) 100
Chromosome 12 >2 (3) >1 (3) 100

Amplications are quoted as the log2 value. For example, for BT-474 DNA versus Reference, >1.5 (189) means
that there were 189 data points with an ampllification of more than 2.6-fold relative to reference. In the
corresponding CGH from RCA–RCA-amplified DNA there were 144 data points with an amplification of at least
two-fold.
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DNAs were circularized with 0.5 µL T4 DNA ligase (2000 units/
µL, New England Biolabs) in a volume of 15 µL at room tempera-
ture for 2 h. After inactivation of ligase at 65°C for 10 min, linear
DNAs were eliminated with 1.2 µL Lamda Exonuclease (5 units/
µL, New England Biolabs) and 0.3 µL Exonuclease I (20 units/µL,
New England Biolabs) in a volume of 25 µL at 37°C for 1 h. The
circularized DNAs were then purified using a QIAquick PCR Pu-
rification Kit (QIAGEN) and eluted in 35 µL of H2O. Four micro-
liters circular DNA was mixed with 0.5 µL hexamers (400 ng/µL,
Sigma) and 0.5 µL binding buffer (400 mM Tris-HCl at pH 8.0,
160 mM KCl) and denatured at 95°C for 4 min. Alternatively, the
denaturation step was omitted. The denatured DNA was ampli-
fied using 0.3 µL Phi29 DNA polymerase (10 units/µL, New En-
gland Biolabs) complemented with 2 µL of 10� Phi29 DNA poly-
merase buffer, 0.2µL of 100� BSA, 3.2µL of 2.5mM dNTP (Ap-
plied Biosystems), 1 µL of 20% DMSO (Sigma), and 1 µL of 20
ng/µL T4 gene32 (Amersham Biosciences) in a volume of 20 µL at
30°C for 16 h. The Phi29 DNA polymerase was inactivated at

65°C for 10 min and the amplification
product was digested with 2.5 µL of Nla-III
at 37°C for 3 h in a volume of 100 µL.

Multiple displacement
amplification (MDA)
MDA was performed for target (BT474) and
reference genomic DNAs using the Repli-g
whole genome amplification kit (Molecular
Staging) according to kit instructions.
Briefly, 5–20 ng of either BT474 or reference
genomic DNA was brought to a final vol-
ume of 2.5 µL with sterile, distilled water. A
reaction master mix was prepared by adding
12.5 ml of 4� mix, 0.5 ml of DNA polymer-
ase mix, and 34.5 µL of sterile, distilled wa-
ter. The reaction master mix was added to
the DNA, and samples were incubated at
30°C for 16 h, following which the enzyme
was heat-denatured at 65°C for 3 min. The
concentration of amplified samples was de-
termined using a PicoGreen DNA quanti-
fication assay (Molecular Probes). Alterna-
tively, the target DNA used for MDA ampli-
fication was DNA (10–50 ng) extracted from
paraffin-embedded tissue.

Genomic and gene expression analysis
using quantitative PCR
Real-time PCR TaqMan (Holland et al.
1991) assays were performed to determine
the relative copy number of specific genes
in target DNA (BT474 or DNA from paraf-
fin-embedded tissue) relative to reference
DNA for unamplified genomic DNA, RCA–
RCA amplified DNA, or MDA-amplified
DNA. TaqMan assays were performed as
previously described (Wang et al. 2004).
Briefly, amplification was performed using
AmpliTaq Gold (Applied Biosystems) in a
Smart-Cycler (Cepheid). Primers and probes
for exonic regions of these genes were ob-
tained from Bioresearch Technologies.
Three independent triplicates of quantita-
tive PCR experiments were performed for

each gene to generate an average relative copy number and stan-
dard deviation. For each triplicate, 3 ng of DNA was added to a
final volume of 70 µL with a final concentration of 1� ABI Taq-
Man master mix, 4 µM each primer, and 2 µM probe. This reac-
tion mix was split into three different 20 µL PCR reactions and
thermocycled. The cycling program was 50°C 2 min 1 cycle, 95°C
for 10 min 1 cycle, and 40 cycles at 95°C for 15 sec and 60°C for
1 min. The relative genomic copy number was calculated using
the comparative threshold (Ct) method (Heid 1996). Briefly,
the threshold cycle (CT) for each gene was determined using the
thermocycler software and the average of three independent
Cts/DNA was calculated. The copy number of the target gene
normalized to an endogenous reference and relative to calibrator
is given by the formula 2���CT. GAPDH was used as an endoge-
nous reference, and �CT was calculated by subtracting the
average GAPDH CT from the average CT of the gene of interest.
Reference DNA was used as a calibrator DNA to calculate ��CT

(�CT DNA of interest � �CT calibrator DNA).

Figure 7. dHPLC-based detection of microsatellite instability before and after RCA–RCA ampli-
fication. Genomic DNA from two colon cancer cell lines, HCT116 (MSI-H) and SW480 (MSI-S) is
examined for five microsatellite markers, BAT25, BAT26, D5S346, D17S250, and D2S123. The
chromatogram shifts are retained after RCA–RCA amplification.
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Similarly, for gene expression analysis from double stranded
cDNA obtained from BT474 and reference cells we utilized probes
and primers obtained from Applied Biosystems and analysis ap-
proaches similar to those used for gene copy number determina-
tion.

Array-CGH using cDNA microarrays
Array-based comparative genomic hybridization (Array-CGH)
was performed on Agilent Human 1 cDNA microarrays as previ-
ously described (Wang et al. 2004). Briefly, for each labeling re-
action, 2 µg of digested DNA (amplified or unamplified) was
used. Each sample pair was dye-swap labeled for hybridization.
DNA samples (2 µg) were denatured in the presence of Random
Primer and Reaction Buffer (Invitrogen BioPrime Labeling Kit) at
98°C for 5 min, and then cooled to 2°C for 5 min. The denatured
sample was incubated with Klenow Fragment, dNTP mix (2.0
mM dATP dGTP dTTP, 1.0 mM dCTP in 10 mM Tris at pH 8.0, 1
mM EDTA), and Cy3 or Cy5 dCTP nucleotides (1 mM, Perkin
Elmer) for 2 h at 37°C. Reactions were terminated using EDTA
(0.5 M, pH 8.0). Cy3 and Cy5 reaction pairs (labeled pair = Cy5-
sample:Cy3-reference) were pooled, precipitated, and resus-
pended in 18.5 µL of 0.514% SDS; the reversed labeled pair (Cy3-
sample:Cy5-reference) was also treated in the same manner.
Samples were mixed with blocking solution concentrated from
50 µL human Cot-1 DNA (Gibco, 1 mg/ml), 20 µL yeast tRNA
(Gibco, 5 mg/ml), and 4 µL (dA)-poly(dT) (Sigma 5 mg/ml). SSC
was added to a final concentration of 3.4� and 2.5 µL of Depo-
sition Control Target (Operon) was added to a final volume of 30
µL. For hybridization, samples are denatured at 98°C for 2 min
then cooled at 37°C for 30 min under light-protection with foil.
Labeled reactions in a volume of 27.5 µL were pipetted onto
Agilent Human 1 cDNA arrays. Hybridization was carried out for
18–20 h in a 65°C water bath. After hybridization was complete,
arrays were washed in 2� SSC–SDS (100 ml 20� SSC, 0.03% SDS
[10%; v/v]) at 65°C for 5 min, followed by additional 5-min wash
steps in 1� SSC, then 0.2� SSC, each at room temperature. After
drying, hybridized arrays are scanned on Axon scanner and spot
finding and flagging are accomplished using GenePix software.
The value of the two dye-swap hybridization experiments was
then combined to give the reported log2 ratios. Custom tools
developed at the Belfer Center for Cancer Genomics (C. Brennan
and L. Chin, in prep.) including cDNA-to-chromosome mapping,

exclusion of non-reporters, ratio calcula-
tion, normalization, and visualization were
used to compile the CGH profiles from
these array data points.

Microsatellite instability analysis
To examine retention of the ability to de-
tect microsatellite instability (MSI) follow-
ing RCA–RCA amplification, DNA from two
colon cancer cell lines, HCT116 and SW480,
known to be MSI-High and MSI-Stable, re-
spectively (Bhattacharyya et al. 1995; Liu et
al. 2004) was analyzed before and after
RCA–RCA amplification. The dHPLC-based
methodology (Kim et al. 2003; Pan et al.
2003) described in detail in our recent work
(Liu et al. 2004) was employed to identify
MSI as chromatogram shifts between MSI-
Stable (SW480) and MSI-High (HCT116)
DNA, for the five microsatellite markers rec-
ommended by the Bethesda guidelines (Bo-
land et al. 1998). As also observed in the

detection of MSI using denaturing gel electrophoresis, the dHPLC
chromatogram changes can be in either direction relative to the
stable cell line, corresponding to sequence repeat expansion or
contraction.
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