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Genomic analysis of archival tissues fixed in formalin
is of fundamental importance in biomedical research,
and numerous studies have used such material. Al-
though the possibility of polymerase chain reaction
(PCR)-introduced artifacts is known, the use of direct
sequencing has been thought to overcome such prob-
lems. Here we report the results from a controlled
study, performed in parallel on frozen and formalin-
fixed material, where a high frequency of nonrepro-
ducible sequence alterations was detected with the
use of formalin-fixed tissues. Defined numbers of
well-characterized tumor cells were amplified and an-
alyzed by direct DNA sequencing. No nonreproduc-
ible sequence alterations were found in frozen tis-
sues. In formalin-fixed material up to one mutation
artifact per 500 bases was recorded. The chance of
such artificial mutations in formalin-fixed material
was inversely correlated with the number of cells
used in the PCR—the fewer cells, the more artifacts. A
total of 28 artificial mutations were recorded, of
which 27 were C-T or G-A transitions. Through con-
firmational sequencing of independent amplification
products artifacts can be distinguished from true mu-
tations. However, because this problem was not ac-
knowledged earlier, the presence of artifacts may
have profoundly influenced previously reported mu-
tations in formalin-fixed material, including those
inserted into mutation databases. (Am_J Patbol 1999,
155:1467-1471)

Analysis of nucleic acids from paraffin-embedded tissue
blocks is crucial in today’s clinical research. It is known
that the formalin fixation procedure lowers the success of
polymerase chain reaction (PCR) amplification’ because

of cross-linking between protein and DNA.? Neverthe-
less, a great number of reports based on formalin-fixed
paraffin-embedded tissues used for amplification and
subsequent analysis have been published, and the re-
sults have been incorporated into databases. Use of the
PCR has permitted the analysis of decreasing amounts of
template, allowing genetic analysis of single cells in tis-
sue sections.® The use of amplification techniques makes
the analysis vulnerable for several reasons. Randomly
scattered nucleotide substitutions due to misincorpora-
tion by the Tag DNA polymerase® are observed after
cloning of PCR products and are well documented.*®
Direct sequencing of the amplified PCR product theoret-
ically overcomes this problem, because the effect of such
randomly distributed mutations should be masked by the
consensus sequence. Mutations detected by direct se-
quencing are therefore generally considered as true, es-
pecially when nonambiguous, and the need for indepen-
dent confirmation (starting from new amplification of the
original sample lysate) may be overlooked. Nevertheless,
we have previously noted a disturbing occurrence of
nonreproducible mutations in studies involving amplifica-
tion and direct DNA sequence analysis of the p53 gene in
formalin-fixed samples of lung, breast, bladder, and skin
cancer (data not published). To determine the exact
presence and frequency of these artifacts we compared
PCR amplification and direct sequencing analysis of fro-
zen and formalin-fixed parallel tumor tissue, from one
well-characterized tumor, under controlled conditions.

Materials and Methods

Sample Preparation

Clinical samples from a basal cell cancer containing
known mutations® were used in this study. Biopsies were
sliced immediately after excision; one part was snap-
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Table 1. Amplification Efficiency and Frequency of Artificial Mutations in Relation to Tissue Material and Number of Cells per

Analysis
No. of Bases No. of Frequency of
Tissue cells Amplification sequenced artifacts artifacts (%)
Frozen 200 OK 3600 0 —
64 OK 3600 0 —
20 OK 3600 0 —
10 OK 3600 0 —
Formalin fixed 300 OK 3600 0 —
150 OK 3600 1 0.03
80 OK 3600 3 0.08
40 OK 4100 6 0.14
20 Not exon 4 4300 9 0.2
10 Not exon 4 4300 9 0.2

frozen and cryosectioned, and the other part was fixed in
formalin and paraffin embedded. The 12-16-um-thick
sections were microdissected with a small scalpel (Alcon
Ophthalmic knife 15°). The number of microdissected
cells was estimated at a minimum of 1500 for the frozen
sample and 2000 for the formalin-fixed sample. The num-
ber of microdissected cells available per PCR is based
on this first estimation. The samples were transferred to
tubes containing 50 ul PCR buffer (10 mM Tris-HCI (pH
8.3), 50 mM KCI). Cells were lysed by the addition of 2 ul
freshly prepared proteinase K solution (25 mg/ml, dis-
solved in redistilled water) at 56°C for 1 hour, incubated
with 0.5 volume Chelex slurry (1:1 w/v Chelex 100 resin/
redistilled water) for 10 minutes at room temperature,
followed by heat inactivation (95°C for 5 minutes). The
mixture was centrifuged (5000 rpm for 5 minutes) and
carefully removed by aspiration to a clean microcentri-
fuge tube. Dilution series were made to correspond to
300 to 10 cells per 2 pul.

PCR Amplification

Aliquots of the different dilutions were amplified into six
shorter fragments in an outer multiplex PCR (covering
900 bp of exons 4-9 of the p53 gene), followed by inner
specific PCRs for each exon. This technique’ has been
developed especially to facilitate analysis of small sam-
ples, down to a single microdissected cell.®* The outer
amplification was performed for 35 cycles, using Ampli-
Taq and Stoffel Fragment AmpliTag polymerases (Perkin-
Elmer, Norwalk, CT). After dilution (25-fold for exons 4, 5,
and 7-9 and 100-fold for exon 6), inner region specific
amplifications for exons 4-9 were performed (35 cycles).
One of the inner primers for each fragment was labeled
with biotin to permit solid-phase sequencing of PCR tem-
plates. Several PCR amplifications were made for each
dilution.

Sequence Analysis

Solid-phase direct DNA sequencing was essentially per-
formed, according to the methods described in refs. 7
and 8, with the use of Streptavidin-coated combs (Auto-
Load Solid Phase Sequencing Kit; Amersham Pharmacia
Biotech, Uppsala, Sweden) and automated laser fluores-

cent analysis (ALFExpress; Amersham Pharmacia Bio-
tech). A total of 3600 bases (four repeats of 900 bases)
per dilution were analyzed, except for the highest dilu-
tions of formalin-fixed samples, where 4300 bases cov-
ering exons 5-9 were analyzed (because exon 4 did not
amplify).

Recording of Sequence Alterations

The reference basal cell cancer was known to harbor two
mutations (codons 130 and 285) in all of its parts.® These
were here considered elements of the “correct” prototype
nucleotide sequence. The sequences recorded (from di-
lutions of frozen and formalin-fixed parts of the tumor)
were compared to the prototype sequence for the detec-
tion of additional alterations. All dilutions originated from
the same microdissected frozen or formalin sample, and
each dilution was amplified in several different outer
PCRs. Additional alterations were considered artifacts
when they did not appear in amplicons of different outer
PCRs. All artifacts could be “confirmed,” however, by
repeated analyses of amplicons of the same outer PCR
product (by a new inner PCR and sequencing). The ratios
between the total number of confirmed artifacts and num-
ber of bases sequenced for the respective dilutions were
tabulated (Table 1). The detection limit for mutations in
this assay requires at least 20% of the amplified product
to harbor the alteration.

Results

PCR Amplification

All dilutions of the frozen cells (200, 64, 20, and 10 cells
per PCR) were amplified successfully for all exons (Table
1). For formalin-fixed cells the higher dilutions (10 and 20
cells per PCR) did not amplify exon 4 (which is the
longest fragment, 350 bp), whereas dilutions corre-
sponding to 40, 80, 150, and 300 cells amplified all exons
(Table 1). To control the accuracy of cell concentrations
in the dilutions, additional amplifications of microdis-
sected samples with the exact number of cells known
were performed. These experiments confirmed the re-
sults above.
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Figure 1. Direct sequencing data of exon 5 of the p53 gene from two independent PCR amplifications, each using 10 cells from, respectively, a frozen (top) and
a formalin-fixed (bottom) part of the same tumor. The frozen sample displays the wild-type sequence, whereas the formalin-fixed sample exhibits two artificial

mutations in codons 149 and 159.

Sequence Analysis

Among the frozen samples, no sequence alterations
other than the two known mutations were detected in any
of the dilutions (from 200 cells to 10 cells per PCR).
Among formalin-fixed samples, a number of nonrepro-
ducible sequence alterations (ie, artificial mutations) ap-
peared. The higher dilutions, 10 and 20 cells per PCR,
showed one nonreproducible mutation for every 500
bases, whereas 40, 80, and 150 cells showed a lower but
still important error rate. The results are shown in Table 1.
The known mutations in this tumor were always present,
confirming the origin of template. Additional sequence
alterations, however, were found only in the formalin-fixed
material and could not in any case be confirmed by
repeated analysis (starting from the original sample ly-
sate dilution), as exemplified in Figure 1. Independent
amplifications from the same pool of formalin-fixed cells

could show several different artificial mutations. In total,
28 artificial mutations were recorded in the formalin-fixed
part of the tumor, 27 (96%) occurred at guanosine or
cytosine positions and resulted in C-T or G-A transitions,
and the remaining one was an A-T transversion. Eight
artificial mutations (28%) were silent or were intron alter-
ations, and 20 (72%) coded for missense or nonsense
alterations.

Discussion

This study shows that as much as one artificial mutation
per 500 bases may be recorded in the analysis of forma-
lin-fixed material. Approximately one-third of the artificial
mutations coded for a silent amino acid change. Such a
mutation spectrum is expected if the mutations are dis-
tributed randomly, without biological selection. Silent mu-
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tations have not been observed by us before, in this or in
previous studies of frozen skin tumors,® ' including an
extensive analysis of a xeroderma pigmentosum patient,
in which we recorded 29 different mutations in various
lesions. ™"

Although the artificial mutations could never be con-
firmed by repeated analysis starting from the original
sample lysate dilution, a repeated inner PCR performed
on the same outer PCR showed the same artifact when
sequenced. This suggests that the artifacts occur in or
before the outer PCR and thus are not related to the
sequencing procedure.

For an error to show up as a detectable sequence
alteration (in direct sequence analysis) it is required to
occur in the first cycle of outer amplification, in the pres-
ence of very few templates. When only one template is
present (ie, only one strand of DNA) and an error occurs
in the first cycle, the theoretical amount of mutated frag-
ments should not be more than 50% of the final amplifi-
cation product, assuming that the original template is
amplified correctly in the second cycle. When one cell,
which contains four templates of DNA (two strands on two
alleles), is subjected to amplification the fragments con-
taining artifacts should not make up more than 12.5%.
This would place them below or, at best, at the limit of
detection in our sequencing method. In this study, where
10 cells per PCR was the lowest number of cells used, an
error should not be detectable. Nevertheless, 28 artificial
mutations were detected, and, as exemplified in Figure 1,
the fragments containing the artifact often made up ap-
proximately 50% of the sequence (which corresponds to
half of the final product of amplified DNA). In addition, a
few amplifications contained only the error sequence (as
determined by a 100% mutant DNA sequencing signal;
data not shown). Our conclusion is that only one or a few
of the theoretical templates were truly available for am-
plification.

The exact mechanism for modification of DNA in for-
malin-fixed samples is not known. DNase activity is not
believed to be the cause.' The rate of errors detected in
the formalin-fixed material is much higher than the re-
ported Tag DNA polymerase error frequency (2/10° to
1/9 x 10%).7314 Artifacts could be the consequence of
formalin damaging or cross-linking cytosine nucleotides,
on either strand, so that the Tag DNA polymerase would
not recognize them and instead of a guanosine incorpo-
rate an adenosine (because of the so-called A-rule).
Thereby an artificial C-T or G-A mutation would be cre-
ated. In addition, damaged DNA has been described to
promote jumping between templates during enzymatic
amplification.’® According to that theory, Tag DNA poly-
merase may insert an adenosine residue when it encoun-
ters the end of a template molecule (the same A-rule as
above), then jump to another template and continue the
extension. As a result, an artificial mutation may be pro-
duced and amplified. The actual frequency of errors
would correspond, in addition to the Tag DNA poly-
merase’s normal error frequency, to the degree of dam-
age and/or cross-linking of DNA. The detected frequency
of artificial mutations, however, would also depend on the
degree of “dilution” by correctly amplified fragments and,

A PCR product

PCR product

Figure 2. Schematic view of a plausible explanation for formalin-mediated
artifacts. A: The results when intact target gene sequences (contiguous
line), present in the original sample, quantitatively dominate the amplifica-
tion process (bold line). /2 vitro repaired fragmented targets (broken line),
including those with introduced errors (not represented), will be masked in
the early cycles of the amplification process by the more efficiently copied
intact target. The majority of the fragmented targets will remain unrepaired
and will not be accessible for amplification (vertical bar). B: A case where
there are no intact copies of target present in the original sample. The
resulting amplicons will then originate from a repair event, leading to am-
plification of the wild-type sequence (sealed line) or a sequence with an
artifact mutation (sealed and dotted line) or a combination thereof.

thereby, on the number of target templates in the first
round of amplification. This corresponds well to the in-
crease in artifacts we observed when fewer cells were
used in the outer PCR. At a higher number of target cells
(>8300 in our study) there were enough nondamaged
templates to dominate the amplification process (Figure
2A). For smaller amounts of cells only fragmented DNA
may be present, requiring a few PCR cycles to achieve
an in vitro repaired template that would yield an exponen-
tial amplification. The artifact mutations may then repre-
sent errors in the early repair process (Figure 2B), by, for
example, the non-template-dependent addition of an A
residue. This interpretation is supported by the finding of
mutation signals on the order of 50-100% peak signals,
indicating amplification of a single DNA copy.

In a former study,'® formalin-fixed lung cancers were
analyzed for p53 mutations by both direct sequencing
and single-strand conformation polymorphism (SSCP). In
50 tumors, 13 true mutations and 47 artificial mutations
were found (a frequency of one artifact per 606 bases).
When direct sequencing was used, the artifacts were
easily distinguished from true mutations by confirmatory
sequencing of independent PCR products. With the use
of SSCP, many samples with artificial mutations also
showed shifts in the confirmatory analysis. DNA sequenc-



ing of both shifts was needed to rule out artifacts (where
the two shifts exhibited different nucleotide changes).
The normal procedure is to consider the mutation con-
firmed if a shift appears in two separate runs. However,
with an error rate of one artifact per 500 bases, a sample
may have artifacts in two separate PCRs, although differ-
ent ones. Hence artificial mutations may pose a problem
in direct DNA-sequencing strategies and in many other
molecular techniques (eg, SSCP, denaturant gradient gel
electrophoresis) that are based on PCR amplification. In
addition, we have noted a high frequency of artificial
mutations in other studies of (formalin-fixed) cancers of
different origins (data not published). When the Tag DNA
polymerase was used, the frequency of artifacts was one
per 683 bases in a study of endocrine samples and one
per 821 bases in a study of breast tumor samples. Fur-
thermore, one study of basal cell cancer samples was
performed with the Pfu DNA polymerase, where, in am-
plified samples, the error frequency was one per 2050
bases (data not published). Because samples were col-
lected from different pathology laboratories and different
preparations of DNA template were used (with and with-
out extraction, chelating agents, and proteinase K treat-
ment), the artifacts do not seem to be dependent on any
specific routine or treatment of the samples (other than
the use of formalin fixation). As a result of this, an un-
known number of incorrect mutations may have been
reported in various studies and inserted into various da-
tabases when DNA from tissues fixated in formalin was
analyzed. A significant part of the data in mutation data-
bases is based on analysis of formalin-fixed material. An
example of this is the IARC Database of somatic p53
mutations (http://www.iarc.fr/p53/homepage.htm), where
38% of reported somatic mutations (with information of
origin) are from formalin-fixed tumors (Dr. T. Hernandez-
Boussard, personal communication).

In conclusion, this study has highlighted concerns that
need to be dealt with when formalin-fixed archival spec-
imens are used. Although PCR amplification and subse-
quent analysis appear successful, artificial mutations can
be present at a high frequency. Thus our results emphasize
the importance of confirmation from the biological source,
which resolves the problem with artificial mutations.
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