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Abstract

Most cancer genomes are characterized by the gain or loss of copies of some sequences
through deletion, amplification or unbalanced translocations. Delineating and quantifying
these changes is important in understanding the initiation and progression of cancer, in
identifying novel therapeutic targets, and in the diagnosis and prognosis of individual
patients. Conventional methods for measuring copy-number are limited in their ability to
analyse large numbers of loci, in their dynamic range and accuracy, or in their ability
to analyse small or degraded samples. This latter limitation makes it difficult to access
the wealth of fixed, archived material present in clinical collections, and also impairs our
ability to analyse small numbers of selected cells from biopsies. Molecular copy-number
counting (MCC), a digital PCR technique, has been used to delineate a non-reciprocal
translocation using good quality DNA from a renal carcinoma cell line. We now demonstrate
uMCC, an adaptation of MCC which allows the precise assessment of copy number variation
over a significant dynamic range, in template DNA extracted from formalin-fixed paraffin-
embedded clinical biopsies. Further, uMCC can accurately measure copy number variation
at multiple loci, even when applied to picogram quantities of grossly degraded DNA extracted
after laser capture microdissection of fixed specimens. Finally, we demonstrate the power
of uMCC to precisely interrogate cancer genomes, in a way not currently feasible with
other methodologies, by defining the position of a junction between an amplified and non-
amplified genomic segment in a bronchial carcinoma. This has tremendous potential for the
exploitation of archived resources for high-resolution targeted cancer genomics and in the
future for interrogating multiple loci in cancer diagnostics or prognostics.

Copyright © 2008 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

clinical biopsies. However, the assessment of archived
FFPE specimens using existing methods presents a
challenge. The quantity of DNA may be severely

It has long been appreciated that the genome is
grossly abnormal in cancer, being characterized by
major aberrations, such as deletions, amplifications
and translocations [1,2]. Established cancers of the
same organ and cell type in different patients often
share similar genomic changes or signatures, a finding
which has directed efforts towards defining the key
‘driver’ genes that are amplified, lost or altered [3,4].

The vast majority of cancer specimens that could
be exploited to investigate these genomic events
are formalin-fixed paraffin-embedded (FFPE) archived

limited, due to the small size of some clinical biop-
sies. Further, many tumours are heterogeneous, neces-
sitating microdissection to isolate a pure malignant
cell population, further reducing the quantity of DNA
available [5]. Moreover, the duration of both for-
malin fixation [6] and archiving [7] has a profound
effect on the quality and integrity of DNA extracted
from these specimens. This leads to a much reduced
effective yield from biopsies and to the DNA often
being inadequate for standard downstream molecular
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biology applications, including the polymerase chain
reaction (PCR) [6,8—10].

Many technologies are available to assess copy
number alteration in cancer and their relative merits
have recently been reviewed [11]. Quantitative PCR
and fluorescence in situ hybridization (FISH) are lim-
ited by the number of loci that can be assessed, whilst
FISH and metaphase comparative genomic hybridiza-
tion (CGH) are limited in their resolution. Array exper-
iments can assess copy number at high resolution
across the entire genome, and have transformed our
knowledge of structural variation in cancer genomes
[5,12] (http://www.sanger.ac.uk/genetics/CGP). How-
ever, they are prone to experimental bias, such as
variations in hybridization efficiency and specificity
[5]. Raw array data, particularly from FFPE biop-
sies, is usually noisy, requiring normalization, smooth-
ing and segmentation to reveal copy-number changes
[5,13,14]. Critically, array-based methods often fail
to produce results when a limited amount of DNA
is available, particularly if it is of poor quality, as
is often the case with fixed archival clinical biopsy
material [5,8,9]. To overcome the problem of limited
template DNA, array protocols often include a whole-
genome amplification (WGA) step [9,15], but this may
introduce representational bias, particularly of GC-rich
regions [15]. Furthermore, the efficacy of WGA can
be reduced by DNA cross-linking and degradation as
a result of formalin fixation, causing a high proportion
of such samples to fail [8,9].

A technical advance would therefore have the ability
to assess copy-number changes over a wide dynamic
range at multiple loci in a single experiment, start-
ing from minute quantities of grossly degraded DNA
and avoiding the use of a WGA step. Molecular copy-
number counting (MCC; Figure 1) has previously been
presented as a simple digital PCR technique for defin-
ing a non-reciprocal translocation by finding the asso-
ciated two-fold transition in copy number, exemplified
in a renal cell carcinoma cell-line [16]. In this paper,
we demonstrate the utility of MCC and of a modi-
fied protocol (UMCC) to enable analysis of minute,
degraded samples in a series of progressively more
challenging contexts. First, we demonstrate the capac-
ity of MCC to distinguish not only the 2:1 varia-
tion seen in non-reciprocal translocations, but also the
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wider copy number variation seen in a nasopharyn-
geal epithelial cell line. Second, we show that the
modified uMCC protocol can derive reproducible data
on regional genomic amplification, using grossly frag-
mented DNA extracted from formalin-fixed paraffin-
embedded biopsy specimens. Third, we show that
reproducible results can be obtained from picogram
quantities of laser-captured material from 7 year-old
archived FFPE specimens. Finally, we demonstrate
the flexibility and potency of uMCC by using it to
precisely resolve an amplicon border — the transition
between low and high copy — and to resolve internal
variation in copy number within the amplicon. Use
of uMCC should allow researchers to readily interro-
gate somatic aberrations in cancer genomes in existing
clinical and research archives.

Materials and methods

Patients and samples

All samples were from patients enrolled in the Uni-
versity College London Hospital Early Lung Cancer
Project. Ethical approval was obtained for the study
(UCLH MREC 01/0148) [17]. The protocols for DNA
extraction, including from microdissected epithelium,
are available in Appendix A (see Supporting Infor-
mation). HONE-1 is a nasopharyngeal cell line [18].
DNA was extracted as described previously [19].

Markers and PCR primers (Table 1)

Repeat-masked Homo sapiens genomic sequence was
downloaded from the Ensembl ftp site (ftp://ftp.
ensembl.org/pub/current_homo_sapiens/data/fasta/

dna/). NCBI Build 35 was used for primer sets
1 and 2; Build 36 for other primers. Hemi-nested
primer sets were designed using custom software
(PHD, unpublished). Primer parameters for MCC
were as described previously [16], and external
amplimer lengths (between the forward-external and
reverse primers) were typically 100-300 bp. For
uMCC, we only selected amplimers falling within
a narrowly defined size range. Optimum internal
amplimer length was 80—95 bp with external amplimer
length of 100—120 bp. Typical oligonucleotide length
was 18-23 bp and calculated melting temperature

Table |. Characteristics of primer sets used. Further details of primer sets (specific loci and sequences) are in Supporting

Information, Appendix B

Primer set Characteristics

| 80 markers at regular intervals (average 2.3 Mb) along chromosome 3. Set also has five reference markers on chromosomes |, 2,
6, 10 (multicopy) and | |. Phase | external amplimers vary in length from 113 to 271 bp

2 95 markers at regular intervals (average 189 kb) along 3q between 165.04 and 182.96 Mb. Phase | external amplimers vary in
length from 104 to 277

[.1 81 markers at regular intervals (average 2.3 Mb) along chromosome 3. Set also has five reference markers on chromosomes 1, 2,
6 (x2), 10 (multicopy) and | I. All phase | external amplimers are in the range 100—120 bp

3 21 markers along chromosome 3 between 16595 and 170.87 Mb. All phase | external amplimers are in the range 100—120 bp

4 21 markers along chromosome 3 between 166.35 and 170.87 Mb. All phase | external amplimers are in the range 100—120 bp
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Figure 1. Principles of uMCC. Starting with a fixed, stained biopsy section (a), laser-capture microdissection is used to harvest
cells (b). In this example, the blue band represents a reference locus present at two copies/cell; the red band represents a locus
which has undergone amplification and is present at six copies/cell. Genomic DNA (c) is extracted and aliquoted into the wells of
a microtitre plate (d), with about 2 pg DNA (about 0.7 haploid genomes)/well (for simplicity, only 24 wells are shown). A multiplex
PCR is used to amplify both the red and blue sequences simultaneously (e). The products of this reaction are split into replica
plates, one of which is amplified in a monoplex PCR for the red sequence (f, upper) and the other for the blue sequence (f, lower).
PCR products are analysed by either gel (g) or melting-curve (not shown). In this example, the ‘blue’ (reference) locus is detected
in 6/24 wells and the ‘red’ locus in 14/24 wells. A Poisson calculation converts these numbers into copies per aliquot (cpa; h), and
the ratio between these gives the relative copy number of the amplified locus (in this case, three copies/haploid genome, or six

copies/cell, or three times normal copy (i)

[Tm; 2x(A 4+ T) 4+ 4x(G + C)] was 55-62 °C. Primers
were tested by in silico PCR, mainly using the
National Centre for Biotechnology Information elec-
tronic PCR [20]. In general, primer sets where the
forward-internal and reverse primers gave more than
one predicted product (settings: two mismatches and
two gaps) were discarded, with the exception of
primer sets deliberately designed against known multi-
copy sequences. All primers were supplied by Operon
Biotechnologies Gmbh.

MCC, uMCC and dilution assays

MCC (Figure 1) has been described in detail [16];
uMCC differs from MCC not only in the use of
laser microdissection to obtain a pure population of
cancer cells, but also in the selection parameters
for PCR primers (above). Briefly, extracted DNA is
diluted to approximately 0.4 pg/ul and 88 5 ul aliquots
(each containing approximately 2 pg or 0.7 haploid
genomes of DNA, plus eight 5 ul aliquots water)
are dispensed into a microtitre plate. All aliquots are
tested using PCR to score the presence or absence
of each of the marker sequences. PCRs consist of an
initial multiplex PCR, using the forward-external and
reverse primers for all markers in a single reaction.
Standard thermocycling conditions were: 93 °C for
9 min, followed by 28 cycles of 20s at 94°C,
30s at 50°C and 1 min at 72°C. Products were
diluted and used as template in monoplex PCRs
with the forward-internal and reverse primer for each

marker in turn. Standard thermocycling conditions
for phase 2 were: 93°C for 9 min, followed by 33
cycles of 20 s at 94°C, 30 s at 56°C and 1 min at
72°C. Results were scored either by electrophoresis
on 96-well 6% polyacrylamide gels, or by melting-
curve analysis with SyBrGreenl (Invitrogen, UK) or
EvaGreen (Biotium Inc, USA) dye included in the
monoplex PCR reactions.

The correct template dilution can in principle be
determined prior to pPMCC by a dilution assay in
which 16 aliquots at each of six serial two-fold DNA
dilutions are tested for four markers, using the same
protocol as for uMCC. The dilution returning approx-
imately 8/16 positive aliquots for each of the markers
(corresponding to about 0.7 haploid genomes/aliquot)
is used.

Analysis of results

From the proportion (P) of aliquots (out of 88,
excluding the eight negative controls) scoring positive
for a given marker, the average number of copies per
aliquot (cpa) is calculated using the Poisson equation
(cpa = —In (1 — P); see reference 15). cpa values
for each marker are normalized against the average
of reference loci believed to be present at normal
copy (ie, one copy per haploid genome) to give the
absolute number of copies of each marker sequence
per haploid genome. Reference loci used in these
experiments were chosen on the basis of previous
CGH experiments on the same clinical specimens [21]
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and because these loci were within regions generally
at normal copy in squamous lung cancer specimens
assessed by CGH [22].

Fluorescence in situ hybridization (FISH)

Standard methods were used and the protocol is
described in Appendix A.

Results

MCC can be used to accurately assess regional
genomic copy number variation over a wide
dynamic range

MCC uses a digital PCR approach to assess the rela-
tive copy number of genomic markers (loci) of interest.
The results presented reflect the variation in copy num-
ber as assessed by the number of aliquots which were
positive for each marker. In most of the presented
experiments, DNA was diluted to give approximately
0.7 haploid genomes (about 2 pg) per aliquot. In this
case, a ‘normal’ copy marker (present once per hap-
loid genome) will score positive in about 50% of the
aliquots (Poisson distribution). A marker lost from one
chromosomal copy (present once per cell, or 0.5 copies
per haploid genome) will score positive in about 30%
of the aliquots, whereas a ‘double copy’ marker (2
copies per haploid genome) will be present in about
75% of the aliquots, a ‘triple copy’ marker in about
88% of the aliquots, etc. We first wanted to demon-
strate that MCC can distinguish copy number varia-
tion over a wide dynamic range, in a nasopharyngeal
epithelial cell line (HONE1) known to bear a regional
amplification on chromosome 3 [19,23]. We designed
hemi-nested primer sets at 88 loci along chromosome
3 at approximately 2.2 megabase (Mb) intervals. We
also chose ‘reference loci’ on other chromosomes,
and two multicopy sequences present at more than 10
copies in the reference genome sequence (see Mate-
rials and methods; see also Supporting Information,
Appendix B).

Primer set 1 was used in a standard MCC protocol
[16] to assess the copy number of these loci both on
normal genomic DNA from peripheral blood lympho-
cytes and on HONE-1 DNA. On normal DNA, all loci
showed similar copy number, with the exception of
the known multicopy markers (Figure 2a). MCC (like
most methods) measures relative rather than absolute
copy-numbers. The raw data give the average num-
ber of copies per aliquot in the MCC panel, and these
values must be normalized against a value for ‘nor-
mal’ copy taken either from reference loci or (depend-
ing on the context) from the ‘background’ majority
of markers in a region believed to be punctuated by
local aberrations. Analysis of HONE-1 DNA using the
same primer set revealed a clear amplicon in distal 3q
(Figure 2b).

We then designed a second primer set (primer set
2, Appendix B) to amplify loci at approximately

J Pathol 2008; 216: 307—-316 DOI: 10.1002/path
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125 kb intervals within and adjacent to the ampli-
con delineated by primer set 1. MCC using this
primer set revealed a complex internal structure to
the amplicon, with 1.5-4-fold amplification relative
to ‘normal’ copy (Figure 2c). Reproducibility is illus-
trated by comparing results from primer sets 1 and
2 over the same region. The MCC results are almost
completely concordant with the integer copy number
assignments obtained by FISH analysis (Figure 2c).
This detailed assessment of intra-amplicon variation
by MCC detected a second intra-amplicon peak,
missed using FISH (Figure 2c, a four-fold amplifi-
cation at approximately 180 Mb). These experiments
also demonstrate that multiple loci can be interrogated
accurately in one experiment, using minute quantities
of DNA. Each experiment used approximately 60—70
haploid genome equivalents (180—210 pg) of DNA,
equating to about 30—35 diploid cells or about 15-20
of the hypotetraploid HONE-1 cells [19,23].

Analysis of degraded DNA from fixed specimens
using MCC and uMCC

We next evaluated the performance of MCC on the
degraded DNA typically recovered from FFPE biopsy
specimens. Two lung biopsies (lesions A and B) from
the same lung-cancer patient were used, dating from
1998 and 1999, respectively — they had previously
been analysed at low resolution using metaphase CGH
to reveal amplification of part of 3q [21].

MCC analysis on archived DNA from lesion A
showed significant marker-to-marker variation
(Figure 3a) and was disappointing when compared
to those obtained from lymphocyte or cell line
DNA (Figure 2). Even the reference markers showed
extreme variation in apparent copy-number, making
the setting of the reference level arbitrary. Neverthe-
less, the results appeared to show a region of amplifi-
cation on 3q and partial loss of 3p. Higher resolution
analysis of the 3q amplicon using primer set 2 showed
pronounced and chaotic marker-to-marker variation
(Figure 3b), which we felt was biologically implau-
sible and likely to be artefactual.

Given that the amplimer lengths of the markers var-
ied considerably (103-273 bp), we postulated that the
template DNA was so degraded that longer amplimers
were likely to be underrepresented, since they would
suffer more from instances of DNA breakage within
the target amplicon. Comparison of the apparent copy
number of each marker in primer set 2 with its
amplimer length (Figure 3c) shows that this is indeed
the case, and analysis of the results suggests that the
DNA has either a break or a polymerase-blocking
modification about every 50 bp. Gel electrophoresis of
double-stranded DNA from another part of the same
surgical specimen showed an average fragment size
of about 300—400 bp (not shown), but this does not
take into account single-stranded nicks, cross-links or
other modifications that would block amplification [8].
Further experiments showed that, when loci in the

Copyright © 2008 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Figure 2. Assessment of regional genomic amplification. (a) MCC results from normal genomic DNA extracted from peripheral
blood leukocytes using primer set |, consisting of markers at approximately 2 Mb intervals across chromosome 3 and reference
markers located on other chromosomes. Results were normalized against the average of four reference loci (open circles; there
was one failed reference locus). M indicates known multicopy sequences. (b) MCC of DNA extracted from HONEI cells. Normal
copy is based on the average of four reference loci (open circles; one failed reference locus, and two reference loci from the
X-chromosome were not used as references in this male-derived DNA). The dashed rectangle on 3q indicates a region of
amplification. The grey bars indicate the copy number (per haploid genome) inferred from FISH analysis of the same cell line.
(c) High-resolution MCC of the HONEI 3q amplicon using primer set 2, containing loci at approximately 189 kb intervals (circles
and solid line), as well as selected loci from primer set | (squares and dashed line). In this case, normal copy is based on 3q loci
known, from the results shown in (b), to lie to the left of the amplicon (open circles). The grey bars again represent copy number
(per haploid genome) inferred from FISH data. The second intra-amplicon peak at approximately 180 Mb was not detected by
FISH

lesion-derived DNA were queried in parallel exper-
iments using either longer (106—120 bp) or shorter
(65-73 bp) amplimers, the shorter amplimers gave a
much higher apparent copy number; this was not true
of the less damaged DNA extracted from fresh, frozen
tissue or recently-fixed biopsies (data not shown).
We therefore designed a new set of primers (primer
set 1.1) covering almost precisely the same chromo-
some 3-wide loci as primer set 1, but with shorter
and more uniform (100—120 bp) amplimer length.
The results from lesion A DNA using this primer set
(Figure 3d) showed much less chaotic variation and
more clearly revealed a biologically plausible ampli-
con on 3q and partial loss of 3p, consistent with
previous CGH results [21], but affording far higher

resolution. Primer set 1.1 was also applied to pooled
normal DNA from 18 individuals and produced a
flat profile, with each marker giving a very similar
copy number except for the known multicopy markers
(Figure 3e). Indeed, marker-to-marker variation was
even less than that seen when the same DNA was
analysed using primer set 1, suggesting that standard-
ization of amplimer length may be advantageous even
when analysing DNA of relatively good quality.

UWMCC applied to microdissected FFPE biopsy
samples

Having modified the MCC protocol to cope with
degraded templates, we tested the uMCC protocol

J Pathol 2008; 216: 307316 DOI: 10.1002/path
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Figure 3. Effect of amplimer length variation. (a) MCC of lesion A biopsy-derived DNA using primer set |, showing apparently
random variation in copy number but also indicating regional amplification of part of 3q. Normal copy was taken from the average
of four reference loci (open circles). (b) High-resolution analysis of the same DNA using primer set 2, covering the region bounded
by the dashed rectangle in (a); results were normalized against markers believed to lie outside the amplicon (open circles).
(c) Non-normalized MCC data (copies per aliquot) plotted against amplimer length, showing that the apparent copy number in
this heavily-degraded DNA is strongly dependent on amplimer length. (d) utMCC of lesion A biopsy-derived DNA using primer
set |.1, in which amplimer length was standardized. Results were normalized to the average of five reference loci (white circles)
(e) uMCC analysis of pooled normal genomic DNA using primer set |.|. Results were normalized to the mean of three reference
loci (open circles). In (a), (d) and (e), ‘M’ indicates a known multicopy marker
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on the most challenging of templates: small numbers
of cells microdissected from fixed biopsy material.
For this, we used two DNA samples from a sec-
ond FFPE biopsy (lesion B). The first (Bulk Sam-
ple 2001) had been extracted from epithelial cancer
cells microdissected from multiple sections soon after
surgical resection in 1999, and stored frozen since
then. The second (Limited Sample 2007) was extracted
in 2007 from laser-capture microdissected epithelium
(Figure 4b) from two 6 pm sections of the same FFPE
block after 6 years of storage at room temperature.
This latter sample more accurately reflects a typical sit-
uation in which only small amounts of archive material
may be available from a diagnostic biopsy.

The DNA from Limited Sample 2007 was first
quantified using a dilution assay using amplimers of
100-120 bp. From these results (not shown) it was
estimated that a total of about 160 haploid genome
equivalents (480 pg, or 80 ‘normal cells’-worth) of
effective genomic DNA (ie, DNA sufficiently intact to
support amplification of 100—120 bp amplicons) had
been recovered from the microdissected regions of the
two 6 um sections.

Despite the minute quantity of DNA available,
analysis of the equivalent Limited Sample 2007 using
uMCC with primer set 1.1 (Figure 4c) gave closely
similar results to that of the better-preserved Bulk
Sample 2001 (Figure 4a). There is more marker-
to-marker variation in the Limited Sample results,
possibly due to the greater level of degradation of
the DNA, but the results illustrate that uyMCC can be
used to generate robust assessments of copy number
variation at multiple loci, using picogram quantities
of degraded DNA from fixed, microdissected archival
tissue.

Fine junctional mapping of amplicons in fixed
specimens by uMCC

Finally, we sought to illustrate how powerful a tool
UMCC can be in precisely analysing cancer genomes
in fixed material — in this case by delineating the
boundaries of a copy-number variation (an amplifi-
cation) in degraded DNA from archived FFPE speci-
mens, using Bulk Sample 2001 (see above). The bor-
ders of the amplicon had previously been delineated
to within 2 Mb using primer set 1.1 (above; Figure 4).
In a similar iterative process to that employed previ-
ously using high quality DNA extracted from a cell
line [16], repeated rounds of MCC were carried out
using two further primer sets (primer sets 3 and 4,
Appendix B) in order to finely map the copy num-
ber transition between normal and high copy at the
centromeric border of the amplicon. We were able to
pinpoint the copy-number transition to intron 17-18
of the gene NP_078963.2; DNA from histologically
normal tissue from the same surgical resection spec-
imen showed no apparent copy-number transition in
this region (Figure 5).
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Figure 4. uMCC analysis is effective on microdissected archived
specimens. (a) uMCC results using primer set .| on DNA
extracted in 2001 from a biopsy of a resected invasive lung
cancer taken in 2000 (lesion B; Bulk Sample 2001). (b) One of
two 6 pum sections cut in 2007 from the same biopsy from 2000.
The section is shown before (left) and after (right) laser capture
microdissection of cancerous cells. (c) uUMCC results using
primer set |.I on DNA recovered from the microdissected
cells. These results were not normalized. In (a) and (c), ‘M’
indicates known multicopy loci

Discussion

Molecular copy-number counting (MCC) has been
established as a technically simple and robust method
for identifying copy-number changes of the order of
2:1 in good-quality genomic DNA [16] but, as we
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Figure 5. High-resolution analysis of amplicon junction.
(2) tMCC results on DNA from Bulk Sample 2001 (filled circles,
solid line; see text) and from Normal Lung 2001 (extracted from
histologically normal lung tissue from the same surgical resection
specimen as bulk sample | — open circles, dashed line) using
sets of loci (primer sets 3 and 4) spaced more closely around the
proximal border of the amplicon identified in Figure 4a; results
are not normalized. (b) uMCC results on the same DNAs, using
markers spaced more closely still around the amplicon border;
results are not normalized. (c) Genes in the same region of
chromosome 3 represented in (b). (d) Expanded view showing
the exons of gene NP_078963.2; the results shown in (b) locate
the proximal border of the amplicon to the region indicated by
the upper double-ended arrow. A further round of uMCC with
just two markers within this region (results not shown) defines
the boundary to within a repeat element within intron 17—-18
of NP_078963.2 (lower double-headed arrow)

have shown, is less effective on badly degraded sam-
ples. uMCC is a modification of MCC which, by
ensuring that all amplimers are of comparable (and,
preferably, short) length, gives robust results even
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from heavily fragmented DNA. We have shown here
that uMCC can operate over a wide range of copy
numbers, accurately resolving intra-amplicon varia-
tion, and can yield good results even from the minute
amounts of degraded DNA obtained by microdis-
section of archived formalin-fixed paraffin-embedded
biopsy samples.

The wide dynamic range of pMCC is a key advan-
tage. We have demonstrated a useful dynamic range
of about eight-fold (0.5—4 copies/haploid genome), as
seen in the cancer specimens which show both loss
of 3p and amplification of parts of 3q. In the case of
the HONE-1 amplicon (Figure 3c), we measured copy
number changes in the range of 1.5 to the greatest
amplification at 3.5-4-fold; this compares well with
FISH data, which reveals 5, 6, 8, 10 and 13 copies of
the corresponding loci per cell or (since HONE-1 is a
hypotetraploid cell line [19,23]) approximately 1.5, 2
and 3—4 copies/ genome.

When DNA is loaded at approximately 0.7 haploid
genomes/aliquot, the assay ‘saturates’ at >4 copies/
haploid genome. However, the range of uMCC can
be extended considerably by choosing higher or lower
amounts of DNA per aliquot. For example, by load-
ing about 0.2 haploid genomes (0.7 pg) of DNA per
aliquot, ‘normal’ copy reference markers give approx-
imately 18% positives (enough to serve as a robust
baseline in a panel of 80—90 aliquots), and the assay
will not saturate until about 14-fold amplification is
reached. The use of greater numbers of aliquots, or
of sets of aliquots covering a range of DNA con-
centrations, can further extend the dynamic range of
the assay. The ability to resolve extremes of ampli-
fication may be important in distinguishing ‘driver
genes’, which one might expect to be the most highly
amplified sequences in some cancers, from ‘passenger
genes’, which may be co-amplified but whose ampli-
fication confers no selective advantage on the cell [4].

MCC assumes that all loci tested are amplified
with approximately the same efficiency. Clearly this
is not the case when badly degraded DNA is tested
for amplicons of widely varying length: the longer
targets in the template are more likely to have been
broken than the shorter ones. However, by selecting
short amplimers of approximately uniform length,
UMCC largely overcomes this limitation. This in turn
relies on the assumption that DNA degradation in
fixed, embedded samples is approximately uniform
throughout the genome — an assumption which we
have not completely validated. Indeed, the residual
‘noise’ seen in the analysis of badly degraded DNA,
even when using standardized amplimers (Figure 4c),
may reflect non-uniform degradation or protection of
the DNA at sporadic locations. As in any PCR assay,
a proportion of markers do ‘fail’, consistently giving
few or no (or very faint) positives; these usually occur
sporadically, and are readily identified (eg because
they suggest a copy-number of <0.5 copies/haploid
genome, and behave similarly on all templates). In a
few other cases, some markers give low but plausible
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numbers of positives (data not shown); such apparent
localized copy-number losses can be checked against
a reference sample of normal genomic DNA. The
standardized criteria developed for primer design keep
such cases to a minimum.

Compared to other methods for analysing copy num-
ber variation [11], pMCC has relatively few technical
requirements and, as it depends largely on PCR, is
amenable to automation. It represents a step-change in
the ability to assess multiple markers in one clinical
biopsy when compared to other target-driven tech-
niques such as FISH; we typically analyse up to 96 loci
in a single experiment, but up to 1200 markers have
been successfully amplified using a similar protocol
(Justin Pachebat, personal communication). Although
arrays are capable of analysing far larger numbers of
loci in a single experiment, UMCC gives cleaner data
(especially when compared to array performance on
degraded DNA), requiring no smoothing or segmen-
tation. It has also been reported that arrays tend to
underestimate extremes of amplification [24], but this
does not appear to be a problem in uMCC.

The key advantage of uMCC, however, is its
applicability to formaldehyde-fixed and embedded
archived clinical specimens. There has been great
interest in recovering information from such archives
[5-9,13-15,25,26]. Formalin causes cross-linking of
DNA, both to proteins and between nucleotides [10],
and there is evidence that the duration of both formalin
fixation and storage can impact on subsequent analysis
[6—8]. While there are reports of improved recovery of
longer DNA molecules from such samples [8,15,25],
and of successful array-based assessment of copy num-
ber variation using FFPE specimens [9,13-15,26], it
remains the case that array platforms are often intol-
erant of the quality and quantity of template avail-
able from fixed material [5,8,9]. For example, in a
recent series of 93 breast cancers, 42 failed to pro-
duce an acceptable array CGH profile despite an opti-
mized protocol [8]. Furthermore, the noisier data gen-
erated on FFPE specimens means that more smoothing
is required, leading to lower resolution mapping of
genomic events [14]. In our extended experience with
uMCC (not shown), we have successfully applied the
protocol to microdissected epithelium from 23 prein-
vasive bronchoscopic biopsies, and to six lung cancer
resection specimens. For a further five preinvasive
lesions, we were unable to extract the equivalent of
160 haploid genomes and so had insufficient DNA to
quantify and then perform an experiment. It is antic-
ipated that sufficient DNA could be extracted from
almost all invasive cancer specimens, whether bron-
choscopic biopsy or surgical resection specimens.

UMCC is very flexible, and can be readily adapted
to regions of particular interest, making it well suited
to the screening of candidate regions, or of a set of
scattered candidate loci. In this study we have demon-
strated analysis of the 3q amplicon in an epithelial
cell line and a squamous cell carcinoma of the lung.

315

We have shown how specific questions, such as intra-
amplicon variation and the precise localization of an
amplicon junction, can be addressed by the simple
design of new targeted primer sets. A similar approach
could be used in a clinical context to examine, in small
formalin-fixed diagnostic biopsies, multiple selected
loci anywhere in the genome for diagnosis, prognosis
and treatment stratification. A number of single loci
are already assessed for amplification, and the results
used to guide clinical decisions [27,28]. We believe
that uMCC will also prove complementary to success-
ful array-based analyses, allowing the rapid, accurate
and ultra-fine resolution of structural variation detected
by array platforms.

We have demonstrated clearly that uMCC, using
amplimers of a consistent length, is tolerant of minute
quantities of grossly degraded DNA from FFPE spec-
imens, and even from cells microdissected from such
specimens. This not only permits finer selection of
the subpopulation of cells to be analysed, but also
conserves valuable biopsy material for other analyses,
such as immunohistochemistry or expression profiling.
We expect this approach will be useful to biomedical
researchers and clinicians hoping to unlock the secrets
of the cancer genomes held in archives world-wide.
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