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Polymerase chain reaction (PCR)-based loss of het-
erozygosity (LOH) studies of archival formalin-fixed,
paraffin-embedded (FFPE) tumor tissues have become
an important tool in the search for tumor suppressor
genes and oncogenes and are also used increasingly
in clinical practice. However, FFPE tissue samples
may contain little amplifiable DNA, resulting in fre-
quent reaction failures and unreliable LOH data. Us-
ing pairs of serial dilutions of reference DNA, we
determined the minimum amplifiable DNA concen-
tration necessary for reliable microsatellite-PCR LOH
analysis. We then measured the amplifiable DNA con-
tent of a selection of frozen and FFPE-derived tumor
specimens by real-time quantitative PCR. A minimum
input of 600 pg of 100% amplifiable DNA per PCR was
required for reliable LOH analysis. While the total
DNA concentrations of all samples exceeded this fig-
ure, most FFPE-sample-derived DNA was non-ampli-
fiable, with ratios of actually amplifiable DNA to total
DNA as low as 1 to 3625. Many FFPE samples therefore
contained substantially less than 600 pg/�l of actually
amplifiable DNA, making them potentially unsuitable
for LOH studies. Real-time quantitative PCR before
LOH studies of FFPE tissues allows: identification of
samples, which will fail microsatellite-PCR; exclusion
of samples, which will yield unreliable results; and
optimal adjustment of template input for the remain-
der. Amplification reactions undertaken without this
precaution can result in unreliable LOH data. (J Mol
Diagn 2002, 4:150–158)

Loss of heterozygosity (LOH) studies are used to identify
genomic imbalance in tumors, indicating possible sites of
tumor suppressor gene (TSG) deletion or oncogene am-
plification. In particular, LOH analysis is frequently used

to search for novel TSGs. Also, LOH studies, and the
related technique of microsatellite instability analysis, are
increasingly used in clinical molecular diagnosis, includ-
ing tumor diagnosis, classification/staging, and detection
of residual or recurrent disease.1–7

LOH studies were originally based on restriction frag-
ment polymorphism analysis (RFLP), but this approach
has been superseded by microsatellite polymerase chain
reaction (PCR)-based methods, requiring much less
DNA. This has greatly increased the utility and popularity
of LOH studies, and has permitted analysis of archival
tissues. During the last decade about 100 medline-listed
papers have been published per year that have used
microsatellite PCR to identify genomic imbalance in for-
malin-fixed and paraffin-embedded (FFPE) archival tu-
mor samples. However, DNA derived from FFPE samples
may be difficult or impossible to amplify, particularly with
long microsatellite markers, rendering 10 to 50% of FFPE
samples unsuitable for LOH analysis.8–10 Even samples
that amplify and yield copious amounts of PCR product,
may exhibit poor reproducibility of observed allele ratios
or even random allele drop-outs. Consequently, re-
searchers must use conservative LOH detection thresh-
olds, which will fail to detect a significant proportion of
allelic imbalances, or risk detecting spurious LOH. The
latter produces confusing and unreliable LOH mapping
data, making the detection of accurate minimal common
regions of allelic imbalance, that are critical for detecting
TSGs or amplified oncogenes, impossible. Similar prob-
lems can arise in clinical applications. It is essential to
have well established, functioning protocols for obtaining
both patients’ germline DNA and surgical specimens.
Also, portions of the surgical specimens should be snap-
frozen and excluded from FFPE treatment. Without such
precautions, microsatellite PCR on clinical samples may
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result in significant diagnostic errors. For example, if
random allele drop-out has occurred in the DNA derived
from non-tumorous portions of specimens, serving as
“germline-controls,” this may lead to the erroneous diag-
nosis of microsatellite instability and assignment of pa-
tients to low tumor recurrence and tumor death risk
groups.7

The factors leading to poor PCR amplification with
FFPE specimen-derived DNA include: sequestration of
DNA in protein-DNA complexes, DNA-strand breakage
and degradation, DNA-cross-linking or other chemical
modification, and co-purification of PCR inhibitors con-
tained in the fixatives.8–14 As a result, DNA extracted
from FFPE archival samples contains low numbers of
amplifiable DNA molecules, especially for fragments
�300 base pairs (bp). Depending on the number of
amplifiable microsatellite targets remaining in a given
FFPE tissue-derived DNA sample, results can vary from
complete PCR failure to variable allele ratios and random
allele drop-outs at slightly higher copy number inputs.

Several approaches have been used to address these
problems, including limiting PCR cycle numbers, requir-
ing relatively high minimal PCR product yields and mul-
tiple replicate reactions, with or without statistical evalu-
ation of obtained allele ratios.15 In addition, the DNA
concentration of FFPE tissue-derived samples can be
measured before PCR. While this is modestly helpful, it
fails to identify samples containing degraded DNA or
PCR inhibitors. Template degradation can be crudely
assessed by visualizing DNA damage using agarose gel
electrophoresis or the number of DNA strand breaks can
be quantified more precisely by terminal transferase-
mediated end-labeling of free DNA ends.12 However,
only the direct determination of amplifiable DNA concen-
trations addresses all variables related to FFPE-derived
PCR template quality and quantity. This has been
achieved using PCR amplification of a 110-bp fragment
of the N-ras single-copy gene on serial dilutions of FFPE
tissue-derived DNA samples.16 Unfortunately, this tech-
nique is too labor intensive and time consuming for rou-
tine allelotyping and the results are only applicable to
PCR targets of similar size to the studied N-ras target.

To address these shortcomings, we developed a rapid
real-time PCR method for the quantification of amplifiable
copy numbers in FFPE tissue-derived DNA samples. We
also determined the minimal amplifiable copy number
input required for reproducible allelic imbalance ratios
following microsatellite PCR. These two measures have
allowed us to predict which FFPE tissue-derived DNA
samples will be unsuitable for LOH analysis, as well as to
determine the minimal sample input required per PCR to
assure reliable LOH analysis for those samples with suf-
ficient amplifiable copy numbers.

Materials and Methods

Samples and DNA Extraction

We extracted DNA from the following groups of samples:
freshly collected blood samples from a healthy volunteer

(screened for being informative at the markers used in this
study), five snap-frozen thyroid tumor and matching blood
samples, and 10 FFPE archival thyroid tumor samples
(manually microdissected by an anatomical pathologist into
tumor and non-tumor portions). We assumed that the high
quality reference DNA extracted from the healthy volun-
teer’s blood samples was 100% amplifiable and used this
as the standard in all experiments. Frozen tumor samples
and FFPE archival samples had been examined previously
for LOH at several 17p loci. In these studies, we had found
that all frozen tumor DNA samples and five of the 10 FFPE
samples amplified without problems. For the remaining five
FFPE archival samples amplification of the tumor-derived
and/or non-tumor-derived DNA had required several PCR
attempts or had failed completely.

We extracted DNA from whole blood samples using
proteinase K (Roche Diagnostics NZ, Auckland, New
Zealand) digestion and ionic detergent lysis,17 followed
by two phenol-chloroform and two chloroform extrac-
tions, ethanol precipitation, and re-suspension in 1X TE
buffer (10 mmol/L Tris-HCl, 1 mmol/L EDTA, pH 7.6). For
frozen tumor DNA extraction, we wrapped snap-frozen
thyroid tumor tissue fragments in sterile aluminum foil and
pulverized them with a hammer. DNA was extracted and
purified from the powdered tissues as described above.
We extracted matching control DNA from buffy coat
preparations from the same patients, again using the
same purification method. The DNA samples were ali-
quoted and stored at �80°C.

We extracted DNA from archival FFPE thyroid tumor
samples following manual microdissection (by an ana-
tomical pathologist) of 10-�m thick unstained sections
into neoplastic compartments, containing at least 80%
tumor cells, and control compartments, containing no
microscopically identifiable tumor tissue. The slides we
chose for microdissection all contained approximately
equal portions of tumor and control tissue and slides from
different specimens were selected so that they also con-
tained similar overall cell numbers. The microdissected
tissue fragments were de-waxed through successive xy-
lene and ethanol washes, dried, weighed, and then re-
suspended in DNA-extraction buffer (20 �l per 10 mg
tissue of 100 mmol/L Tris-HCl, 2 mmol/L EDTA, 2.7 �g/�l
proteinase K, pH 8; average total extraction buffer vol-
ume used 150 �l) and incubated at 55°C for 24 hours. We
then added an additional 2.7 �g/�l proteinase K, and
incubated for a further 24 hours at 55°C. The proteinase
K was heat-inactivated through 10-minute boiling, and
the samples were aliquoted and stored at �80°C.

DNA Quantification following Extraction

We determined the DNA concentrations of all samples on a
fluorometer (TD-700, Turner Design, Sunnyvale, CA) using
the PicoGreen nucleic acid quantification kit (PicoGreen,
Molecular Probes, Eugene, OR), following the manufac-
turer’s instructions (http://www.probes.com/handbook/
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sections/0803.html and http://www.probes.com/media/pis/
mp07581.pdf). This assay allows accurate and reprodu-
cible quantification of dsDNA at very low concentra-
tions, including DNA derived from archival FFPE tissue
samples.14

Markers

We selected three microsatellite markers mapping to the
short arm of chromosome 17, covering an approximate size
range of 100 to 300 bp. Table 1 lists the makers, their
characteristics and the primers used for PCR amplification.
Both 5�-flurophore labeled (with FAM or TET for GeneScan
LOH analysis) and unlabeled versions (for LightCycler
quantitative PCR) of each forward primer were used.

All labeled forward primers and all reverse primers
were synthesized at the Mayo Clinic oligonucleotide core
facility. The unlabelled forward primers were obtained
from Invitrogen (Invitrogen NZ, Auckland, New Zealand).

PCR

We performed all PCR using the LightCycler real-time
PCR system (Roche Diagnostics NZ, Auckland, New
Zealand). We used the labeled primer sets for reactions
destined for GeneScan analysis and performed quantita-
tive PCR using the unlabeled primers. Quantitative PCR
contained PicoGreen or SybrGreen (Molecular Probes)
as reporter dyes (details, see below).

Reactions contained 1X PCR-buffer, 0.2 mmol/L dNTPs,
0.5 �mol/L each primer, 1 mmol/L MgCl2, 0.05 units/�l
TaqDNA polymerase (all Roche Diagnostics NZ), 0.05
units/�l Platinum Taq antibody (Invitrogen NZ), 0.025 �g/�l
bovine serum albumin (BSA) (New England Biolabs, Bev-
erly, MA) and 1 �l of template DNA (at various concentra-
tions, see below) in a total reaction volume of 10 �l.

The amplification protocol consisted of an initial denatur-
ation step at 94°C for 1 minute, followed by 45 cycles at
95°C (ramp rate 20°C/second) for 0 seconds, 61°C (ramp
rate 20°C/second) for 0 seconds (66°C for 0 seconds for
D17S678) and 74°C (ramp rate 20°C/second) for 6 sec-
onds, measuring fluorescence at each extension stage. At
completion of PCR amplification, we performed a melting
curve analysis; 94°C (ramp rate 20°C/second) for 0 sec-
onds, 40°C (ramp rate 20°C/second) for 20 seconds, 94°C
(ramp rate 0.1°C/second) for 0 seconds, collecting fluores-
cence continuously at each step. Since we used intercalat-
ing dyes for PCR product detection, rather than sequence
specific probes, the final melting curve step was crucial to

allow us to confirm that the PCR had yielded genuine am-
plification products rather than primer-multimers.

LOH Reliability Analysis

To determine the minimal amplifiable DNA input neces-
sary for reproducible allelic imbalance/LOH analysis we
assumed that our high quality reference DNA samples
were 100% amplifiable (see above). We then set up
several duplicate PCR reactions of reference DNA at
different DNA-template inputs and calculated allelic im-
balance ratios for each matched template input pair. As
the same DNA at the same input concentration was used
in each matched template input pair, one would expect
that the allele ratios of the two reactions would be very
similar, resulting in an allelic imbalance ratio of approxi-
mately 1 for each matched sample pair.

We conducted all these experiments in quadruplicate.
For each marker, we PCR-amplified matched pairs of
samples of 100% amplifiable reference DNA at the fol-
lowing template inputs per reaction: 6 ng, 600 pg, 420
pg, 240 pg, 60 pg, 42 pg, 24 pg, and 6 pg.

Following PCR, we mixed 1.5 �l of each PCR product
with 2.5 �l formamide, 0.3 �l loading dye, and 0.3 �l
TAMRA-500 size standard (Applied Biosystems, Foster
City, CA). The mixture was denatured at 95°C for 3 min-
utes, quenched on ice, loaded onto a 4% polyacryl-
amide/6 mol/L urea gel, and electrophoresed on a 377
Automated Sequencer (Applied Biosystems).

We analyzed the gel data using the GeneScan 3.1
software package (Applied Biosystems). For each pair of
matched duplicate samples we calculated an allelic im-
balance ratio from the maximum allele peak heights:

duplicate_allele1/duplicate1_allele2
duplicate2_allele1/duplicate2_allele2

.

We defined an arbitrary normal range of 0.6 to 1.67 for the
allelic imbalance ratios. In a tumor sample, allelic imbal-
ance ratios outside this range would correspond to
greater than 50% of tumor cells in an 80% “pure” tumor
sample displaying allelic imbalance. For each combina-
tion of markers and DNA concentrations we recorded the
number of replicate experiments yielding ratios outside
this normal range as well as all complete allelic drop-outs
and complete reaction failures. The average allelic imbal-
ance ratios and the coefficients of variation (CV) of the
allelic imbalance ratios in each group were calculated
from the four replicate sets of experiments.

Table 1. Marker Characteristics and Primer Sequences

Locus Marker type
Forward primer sequence

(5�-3�)
Reverse primer sequence

(5�-3�)
PCR-product

size range (bp)

ABR dinucleotide repeat FAM*-cga aaa caa aac gca tac acc tgt gag agg ggt cag agt agg 80–120
D17s695 tetranucleotide repeat FAM*-ctg ggc aac aag agc aaa att c ttt gtt gtt gtt cat tga ctt cag tct 175–215
D17s678 dinucleotide repeat TET*-cag ctt ggc aac aca gcg aaa tat tct gct cgg cac ata gtg caa 280–322

*, Only forward primers used for LOH experiments were labeled. Unlabeled versions of the same primers were used for the real-time quantitative
PCR experiments.
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Quantification of Amplifiable Copy Numbers

We used PicoGreen (final concentration 1:5000) or
SybrGreen (Molecular Probes; final concentration
1:200,000) as reporter dyes in all LightCycler real-time
quantitative PCR. Assay reproducibility was assessed
through quantitation runs of 10 replicates of the same
reference DNA at three different concentrations for each
primer pair.

For the quantification assays of frozen and FFPE tissue-
derived tumor DNA, serial dilutions (10 ng, 4 ng, 400 pg,
and 40 pg per reaction) of PicoGreen-quantitated high
quality (100% amplifiable) reference DNA served as exter-
nal standards. For each experiment, we diluted frozen tu-
mor-derived DNA and matching white blood cell DNA into
the concentration range covered by the standard curve,
and added 1 �l of each to the PCR reagent mix. For DNA
extracted from FFPE samples, we added 1 �l undiluted to
each reaction, as the raw DNA content of these samples
was significantly lower compared with that of the frozen
samples.

We performed all data analysis using the LightCycler
data analysis software. To minimize experimental variability,
we used the automated second derivative maximum esti-
mation method to determine amplification crossing-points,
both to generate the standard curve and to determine the
amplifiable copy numbers of the samples. For each sample,
melting curve analysis was also performed to confirm that

the amplification curves represented specific PCR products
rather than primer-multimers.

Statistical Analysis

We compared continuous data between groups by anal-
ysis of variance, using the Bonferroni/Dunn post-hoc test
to determine significant differences between groups, cor-
rected for multiple comparisons.

Results

DNA Quantification following DNA Extraction

For DNA extracted from frozen tumors and matched buffy
coat samples, concentrations averaged 112.28 ng/�l,
which is significantly higher than the averages for both
the easily amplifiable FFPE DNA samples (12.62 ng/�l;
P � 0.0033), and the difficult to amplify FFPE DNA sam-
ples (3.52 ng/�l, P � 0.0016). The difference between the
means of the two groups of FFPE tissue-derived samples
was not significant (Table 2).

LOH Reliability Analysis

Figure 1 shows a typical example of allele patterns ob-
served in duplicate reactions at different DNA-input con-

Table 2. Sample Raw DNA Concentrations and Proportion of Amplifiable DNA

DNA samples

Raw DNA
concentration

(ng/�l)

Amplifiable fraction of raw DNA input

ABR D17S695 D17S678

DNA derived from frozen tumors and matching
buffy coat samples

Frozen-1-normal 170.4 1:1 1:3 1:2
Frozen-1-tumor 327.8 1:1 1:5 1:2
Frozen-2-normal 21 1:1 1:3 1:2
Frozen-2-tumor 41.2 1:1 1:3 1:1
Frozen-3-normal 1.8 1:1 1:1 1:2
Frozen-3-tumor 5.4 1:1 1:3 1:2
Frozen-4-normal 54.8 1:1 1:1 1:2
Frozen-4-tumor 305.8 1:1 1:3 1:2
Frozen-5-normal 79 1:2 1:1 1:2
Frozen-5-tumor 115.6 1:1 1:3 1:1

FFPE-derived samples without PCR-amplification
problems in previous LOH studies

FFPE-1-normal 29 1:2,417 1:3,625 FTA*
FFPE-1-tumor 12.6 1:20 1:325 FTA*
FFPE-2-normal 2.6 1:6 1:25 1:78
FFPE-2-tumor 28.2 1:46 1:243 FTA*
FFPE-3-normal 5.6 1:40 1:58 1:199
FFPE-3-tumor 13.4 1:16 1:77 1:353
FFPE-4-normal 7.2 1:1,800 1:153 FTA*
FFPE-4-tumor 9.4 1:58 1:41 1:855
FFPE-5-normal 7.4 1:12 1:31 1:58
FFPE-5-tumor 10.8 1:14 1:46 1:77

FFPE-derived samples with PCR-amplification
problems in previous LOH studies

FFPE-6-normal 0.8 FTA* FTA* FTA*
FFPE-6-tumor 2.6 FTA* FTA* FTA*
FFPE-7-normal 2 FTA* FTA* FTA*
FFPE-7-tumor 2.8 1:7 1:110 FTA*
FFPE-8-normal 2.4 1:27 FTA* FTA*
FFPE-8-tumor 7.6 FTA* FTA* FTA*
FFPE-9-normal 5.2 1:28 1:166 FTA*
FFPE-9-tumor 1 1:5 1:56 FTA*
FFPE-10-normal 4.2 1:6 1:500 FTA*
FFPE-10-tumor 6.6 1:1,031 FTA* FTA*

*, FTA � failed to amplify.
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centrations. With decreasing DNA inputs, an increasing
number of duplicate reactions displayed abnormal allelic
imbalance ratios and complete allelic drop-outs and PCR
reaction failures occurred. If we had used control-tumor

pairs of reactions instead of identical template-input con-
trol-control pairs of reactions, these reactions might have
been interpreted as LOH or even homozygous allele loss.

At DNA-template inputs of at least 600 pg of 100%
amplifiable, high quality reference DNA per reaction, no
allelic imbalance ratios outside the defined normal range
were observed. At 420 pg per reaction DNA input,
D17S695 displayed a ratio outside this range for one of
the four replicate reaction pairs. At 240 pg DNA input,
one of the ABR duplicate pairs yielded an abnormal ratio,
and at 60 pg DNA input or less, ratios outside the normal
range, allele drop-outs, and complete reaction failures
were observed for all three markers. The replicate aver-
ages and CVs mirrored these results. Table 3 summa-
rizes the results of the LOH reliability analysis. Interest-
ingly, as shown in Figure 1, for those samples which did
not suffer complete PCR failure, fluorescent signal
strength remained high (greater than 1000 arbitrary fluo-
rescent units), even when complete allele drop-outs oc-
curred.

Quantification of Amplifiable Copy Numbers

In initial experiments we used both SybrGreen and Pico-
Green as reporter dyes in the quantitative real-time PCR
experiments. At the commonly used LightCycler SybrGreen
concentrations between 1:10,000 and 1:80,000 a significant
number of FFPE tissue-derived DNA samples displayed
high baseline fluorescence, making accurate quantification
of amplifiable targets impossible. Using lower SybrGreen
concentrations of 1:200,000 overcame these problems, but
resulted in lesser sensitivity when compared with Pico-
Green at a 1:5000 final concentration (data not shown).
Therefore, PicoGreen was used for all further experiments.
Real-time PCR data obtained with PicoGreen as reporter
dye were in agreement with PCR data from previous LOH
experiments (data not shown), and allowed reliable detec-
tion of specific targets in less than 40 pg total of 100%
amplifiable genomic DNA input. Over the assayed genomic
DNA input range of 40 pg to 10 ng, the CVs for real-time

Figure 1. GeneScan electropherograms of three duplicate microsatellite PCR
(D17S695) of the same, 100% amplifiable reference DNA sample at template
inputs of 600 pg (top), 240 pg (middle) and 42 pg (bottom). Alleles are
indicated by shading, other peaks represent stutter and a-tails. The abscissas
of each panel show the allele sizes in bp, the ordinates show the allele peak
heights in arbitrary fluorescence units. Allele peak heights fall slightly with
decreasing template input, but remain satisfactory in all three experiments.
However, only the 600 pg template input samples display no differences in
allele height between the two duplicate samples. At 240 pg DNA input,
significant allelic imbalance is evident with the peak height of the shorter
allele in duplicate 2 being decreased. At 42 pg template input, a complete
allelic drop-out of the longer allele of duplicate 1 is observed.

Table 3. Reproducibility* of Microsatellite PCRs of Identical Duplicate High Quality DNA Samples at different Input
Concentrations: Average Allelic Imbalance Ratio (AIR), Coefficient of Variation (CV), N of AIRs Outside the Normal
Range (NR)† and N of Allelic Drop-Outs or PCR Failures

DNA
input

Av.
AIR CV (%)

ABR
AIR outside

NR† (N)
Drop-outs or
PCR-fail. (N) Av.AIR CV (%)

Markers
D17S695

AIR outside
NR† (N)

Drop-outs or
PCR-fail. (N)

Av.
AIR CV (%)

D17S678
AIR outside

NR† (N)
Drop-outs or
PCR-fail. (N)

6 ng 0.99 7.37 0 0 1.02 10.04 0 0 0.94 14.18 0 0
600 pg 1.34 10.4 0 0 0.98 7.64 0 0 1.13 15.77 0 0
420 pg 1.07 22.9 0 0 1.57 69.52 1 0 1.13 19.69 0 0
240 pg 1.3 45.83 1 0 1.99 68.61 2 0 1.02 5.57 0 0
60 pg 1.64 43.96 2 0 0.2‡ �‡ 1‡ 3‡ 1.78 68.97 2 0
42 pg 2.18 115.33 3 0 42.86‡ �‡ 1‡ 3‡ 1.68 150.44 4 0
24 pg 0.95‡ �‡ 0‡ 3‡ 1.45‡ �‡ 0‡ 3‡ 3.14 130.49 3 0
6 pg �§ �§ �§ 4§ �§ �§ �§ 4§ �§ �§ �§ 4§

*, Based on four independent replicate experiments.
†, NR � normal range for allelic imbalance ratios: 0.6–1.67 (see main text for details)
‡, All but one of the four duplicate reactions suffered at least one allelic drop-out or PCR failure in at least one of the reactions of a duplicate pair.
§, All four duplicate reactions suffered at least one allelic drop-out or PCR failure in at least one of the reactions of a duplicate pair.
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PCR determination of amplifiable copy numbers of the three
examined markers were between 1.3% and 2.9%.

Figure 2 shows the results of a typical PicoGreen real-
time PCR reaction. Melting curves confirmed that all am-
plification curves represented specific PCR products
(data not shown). There was wide variability between
samples in the proportion of input DNA that was amplifi-
able. In the DNA samples derived from frozen tumors and
matched buffy coat DNA, most input DNA was amplifi-
able with the ratios ranging from 1:1 to 1:5 (Table 2). By
contrast, in the two groups of FFPE tissue-derived DNA
samples only a much smaller proportion of input DNA
molecules could be amplified with the ratios ranging from
1:5 to 1:3625. For the longer markers, many samples
failed to amplify, particularly in the group of FFPE tissue-
derived DNA samples that had previously been problem-
atic during a LOH project (Table 2). As demonstrated in
Figure 2, most samples which could be amplified com-
pleted the exponential PCR amplification phase within 30
to 35 cycles, by which time they had generally achieved
more than 50% of their final total product yield.

Discussion

We determined that the DNA template input of 100%
amplifiable DNA for LOH experiments has to be greater
than 600 pg per reaction for reproducible results. We
then developed a rapid, highly reproducible assay to
determine the amplifiable DNA fraction of FFPE tissue-
derived DNA samples. Using this method before micro-
satellite PCR analysis identifies samples that are likely to
fail PCR amplification or yield unreliable results and al-
lows optimization of input DNA concentrations for the
remaining samples. For example, if the raw DNA concen-
tration of a FFPE tissue sample is determined at 10 ng/�l
but only 1 in 100 DNA molecules is amplifiable, then at
least 6 �l of template input per reaction are required for
reliable LOH results

LOH analysis of tumors was introduced as a technique
to identify genomic regions of allelic imbalance using
comparative RFLP-Southern blots of tumor and corre-
sponding normal tissues.18 Allelic imbalance scoring in
these assays relies on the relative hybridization intensity

Figure 2. Figure 2 shows the data analysis screen of a typical LightCycler experiment to determine the amplifiable DNA content of thyroid tumor samples. The
uppermost portion shows the analysis settings. The table on the left, below the settings, contains the input DNA standards (10 ng, 4 ng, 400 pg, and 40 pg
of 100% amplifiable reference DNA), the calculated amplifiable DNA content of the standards and of 10 unknown samples (based on the generated standard
curve) and the crossing points (PCR cycle number when the exponential phase was reached) for all standards and samples. The last row contains a negative
control sample. The actual PCR fluorescence profiles for the standards and samples are depicted in the panel to the right of the table. Beneath the fluorescence
profiles, the standard curve and its associated parameters are shown.
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of the individual alleles. The main drawbacks of the
method are that it requires large quantities of high quality
DNA, excludes the use of archival paraffin-embedded
specimens, and limits the number of markers that can be
tested simultaneously. While PCR-based microsatellite
LOH analysis has overcome these limitations ,19 this ap-
proach also has significant problems. Because PCR re-
actions are easily saturable, accurate LOH scoring can-
not be performed by comparison of band intensities, but
relies on comparison of allele ratios of tumor and corre-
sponding normal control samples.20 With sufficient high
quality DNA inputs, these allelic imbalance ratios are
usually highly reproducible.21,22 However, even relatively
large quantities of high quality DNA samples may some-
times display significant variation in allele ratios.15 This
problem is magnified in FFPE tissue samples, where DNA
recoveries are often low and DNA quality is poor, leading
to low amplifiable copy numbers. Based on our dilution
studies of duplicate pairs of identical reference DNA
samples, allelic imbalance ratios become increasingly
irreproducible with falling DNA-template inputs. A mini-
mum template input of 600 pg of 100% amplifiable DNA
is necessary to ensure reliable allelic imbalance ratios for
all markers. Lesser inputs may result in artifactually ab-
normal allelic imbalance ratios, mimicking LOH.

There are several reasons why minimum template inputs
are necessary. At very low concentrations of DNA-template,
there is an increased likelihood that a PCR reaction will lack
sufficient starting material for amplification.16,23 In the case
of a semi-quantitative method, such as microsatellite PCR-
based LOH analysis, the problem is exacerbated because
the template input has to accurately represent the allele
ratios in the starting material. At high template dilutions,
random deviations from this ideal will be magnified by the
exponential PCR amplification process, resulting in artifac-
tual allelic imbalances. For most informative microsatellite
markers amplification of the longer allele is less efficient
than amplification of the shorter allele, a fact reflected in our
data, which show largely allelic imbalance ratios greater
than one. The observed degree of this bias exceeds the
theoretical predictions for two nearly identical DNA se-
quences, which differ by only a few bp.24 As a result,
microsatellite PCR-based LOH analysis requires compara-
tively large DNA inputs for accurate and reproducible re-
sults, even under optimal PCR conditions. Our data show
that some markers are more tolerant of low template inputs
than others, but unless all markers are tested in advance, it
seems prudent to maintain minimal PCR-template inputs of
600 pg of 100% amplifiable DNA per marker. The less
efficient multiplex reactions, often used to allow detection of
homozygous deletions, may require even higher inputs.

LOH studies using fresh or frozen tumor tissues should
not have problems meeting the minimal template input
requirements, as essentially all their DNA is amplifiable.
By contrast, our data indicate that FFPE tissue-derived
samples typically contain lower concentrations of DNA of
which only a fraction is amplifiable, resulting in partial or
complete PCR failure. Moreover, even for many samples
without obvious amplification problems, allelic imbalance
ratios may be unreliable, due to low amplifiable DNA
input. Similar difficulties may also be encountered in ap-

plications that analyze very small numbers of fresh or
frozen cells, including clinical diagnosis of malignancy
based on small cytological samples, minimal residual
disease screening in solid malignancies using microsat-
ellite LOH analysis, and prenatal diagnosis of numerical
chromosome aberrations using microsatellite PCR.4,5,25

While many investigators are aware of these problems,
review of published LOH studies reveals that these prob-
lems are frequently ignored. Often investigators trust their
data as long as relatively unbiased amplification of two
alleles is achieved in FFPE-derived non-tumorous DNA
and amplification of FFPE-derived tumor DNA does not
fail completely. Based on our dilution studies this ap-
proach is false and will likely result in poor quality, unre-
liable, or confusing LOH data. Even using increased
numbers of markers from the same chromosomal region
does not overcome this problem. If the starting amplifi-
able DNA input is too low the result of such an approach
will simply be the creation of poorly reproducible, patchy
interstitial LOH patterns. A lack of appreciation of the
problem of inadequate amplifiable DNA input into micro-
satellite PCR reactions may therefore well be one of the
factors leading to the commonly observed phenomenon
of contradictory LOH results in different papers analyzing
the same tumor types.

In those cases where reliability problems of allelic im-
balance analysis are acknowledged, the main problem-
solving approaches have been the use of larger numbers
of markers from the same chromosomal region, limitation
of PCR cycle numbers coupled with the requirement for
certain minimal PCR yields/signal strengths, experimen-
tal replication, and utilization of alternative techniques to
confirm LOH results. The first and second approach both
seem simple and uncomplicated, but our experiments
suggest that they are flawed. As indicated above, in-
creased marker density simply increases the complexity
of the data and is only helpful if all that is needed is
exclusion or confirmation of any LOH; in that case it
represents a form of experimental replication. As to limi-
tation of cycle number and requirements for minimal PCR
yield, we observed high PCR product yields even at very
low template input concentrations, when artifactual allelic
imbalances occurred. At the same time, our real-time
PCR data suggest that 50% or more of this yield was
achieved within 30 to 35 cycles. Therefore, limiting cycle
numbers will still result in strong GeneScan signals. The
signal strength threshold for accepting results as valid
would therefore have to be set very high with attendant
rejection of many legitimate results. While experimental
replication is not fundamentally flawed, it may result in
exclusion of data from the analysis and increases work-
load and costs. Unless every experiment is repeated
several times, apparently reproducible allelic imbalance
ratios may still be observed by chance. Using very con-
servative allelic imbalance criteria for LOH diagnosis
solves this problem only partly, since allelic drop-outs
may still be misclassified as LOH, and cases of legitimate
LOH may be excluded if they fall outside the defined LOH
range. Finally, while using alternative techniques such as
fluorescence in situ hybridization (FISH) will help in con-
firming LOH data, this again results in additional work.
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Accurate quantification of amplifiable copy numbers is
the most reliable way to address the problem of sufficient
template input. As outlined in the introduction, all other
methods have serious shortcomings. In particular, our
data show that although simple measurement of DNA
concentrations is somewhat helpful, the wide variation in
amplifiable DNA fraction makes this a very unreliable
means of ensuring adequate amplifiable template input.
Provided an accurately quantified high quality DNA stan-
dard is available, quantitative PCR is the most direct way
to determine the concentration of amplifiable copies in
DNA samples. However, traditional quantitative PCR
methods suffer from several draw-backs. Because of the
sensitivity of PCR to minor variations in starting condi-
tions, quantitative PCR requires multiple replicates per
sample, each containing an internal standard at different
concentrations. To cover the wide range of amplifiable
DNA-input concentrations expected with FFPE tissue-
derived DNA samples, a large number of combinations of
different input and internal standard concentrations
would be required. In this context, the design of suitable
internal standards can be challenging, as even minor
variations in target length or sequence may result in
differences in amplification efficiency.26 Finally, PCR re-
flects accurately DNA-target inputs only during the expo-
nential phase of amplification.27 This increases the error
of endpoint-based quantification, which is used in most
conventional quantitative PCR assays. Alternative solu-
tions, using serial dilutions of samples and Poisson sta-
tistics of failed versus successful PCR to estimate copy
numbers, overcome some of these problems, but require
very large replicate numbers per sample to generate
accurate statistical estimates.23 Consequently, quantita-
tive PCR methods have not been used widely to assess
amplifiability of FFPE-derived DNA samples.

Real-time PCR overcomes these problems, as it monitors
PCR-product amplification continuously during the reaction,
either through hydrolysis of fluorophore-quencher probes,
fluorescence resonance energy transfer between neighbor-
ing reporter probes, or through fluorescence increase of
dsDNA binding dyes. Quantification is achieved by com-
paring PCR cycle numbers at which unknown samples
enter the exponential PCR phase with corresponding PCR
cycle numbers of external standards of a range of DNA-
input concentrations, run in separate tubes in the same
PCR. On a capillary thermal cycler, accurate and reproduc-
ible quantification can be achieved within 30 to 40 minutes.
Using dsDNA binding dyes rather than probes makes the
assay versatile, cheap, and applicable to all markers. By
using PicoGreen even relatively crude, non-purified, FFPE
tissue-derived DNA samples can be analyzed. By contrast,
the usually used dye, SybrGreen, displays too much back-
ground fluorescence with such crude samples when used
at concentrations which allow good sensitivity. As an alter-
native to PicoGreen, consensus probes for di-, tri- and
tetranucleotide repeats can be used,28 but this may add
experimental complexity and increase cost. For either ap-
proach, it is necessary to examine amplifiability across the
entire size range of markers, which are to be used in the
LOH studies. The use of microsatellite markers, which are
actually going to be used in the LOH experiments, rather

than other genomic targets, may give the best assurance
that the results will be valid for LOH experiments.

In conclusion, quality and productivity of microsatellite
PCR-based LOH analysis of FFPE tissue-derived sam-
ples can be improved if amplifiable DNA reaction inputs
are increased above the threshold for reproducible allele
ratios. Using a forced air-driven capillary thermal cycler
for amplification and an automated sequencer for frag-
ment detection, this threshold appears to lie at about 600
pg of 100% amplifiable DNA per reaction. We found that
real-time quantitative PCR on the LightCycler is a rapid
and reliable means of determining, whether the actually
amplifiable DNA concentration (versus total DNA concen-
tration) of FFPE tissue-derived DNA samples exceeds
this threshold. This permits the exclusion of unsuitable
samples from subsequent LOH analysis and allows the
DNA input of suitable samples to be optimized. While
quantitative PCR before LOH-PCR adds some additional
work, it is probably sufficient to determine the amplifiable
DNA fraction of each sample by using no more than three
or four markers covering the size-range of the probes
which are going to be used in subsequent LOH experi-
ments. For all but the smallest LOH studies, and certainly
most relevant clinical applications where accurate diag-
nosis is paramount, this seems a minimal effort for the
downstream increases in efficiencies and productivity
and the improved data quality and reliability.
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