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Analysis of Nonspecific DNA Synthesis
during In Situ PCR and Solution-phase PCR

Gerard J. Nuovo, Phyllis MacConnell, and Frances Gallery

Department of Pathology, State University of New York at Stony Brook, New York

In this study we examine the factors
that lead to nonspecific DNA synthe-
sis during in situ PCR and solution-
phase PCR. It was shown that primer-
independent DNA synthesis can
produce an intense signal during in
situ PCR. This primer-independent
pathway was apparently the result of
the repair of DNA gaps induced by
the heat treatment of the paraffin
embedded tissue sections. This non-
specific signal could be eliminated by
blocking gap repair with dideoxy-
TTP, avoiding heat treatment, or
DNase pretreatment. The primer-in-
dependent signal was also influenced
by the length and mode of fixation
and the sample tissue itself. Elimina-
tion of the primer-independent sig-
nal and the use of viral primers in tis-
sues that did not contain the virus
showed that nonspecific DNA synthe-
sis could be eliminated by the hot
start modification. Primer oligomer-
ization did not produce a signal dur-
ing in situ PCR, even when it oc-
curred robustly in the amplifying
solution. Generation of the primer-
independent signal in solution-phase
PCR with purified DNA required a
cross-linking fixative, heating, the
addition of bovine serum albumin,
and intact protein—DNA cross-links.

The PCR methodology has had an
enormous impact on molecular biology.
However, the prerequisite DNA extrac-
tion precludes direct cellular localization
of the amplified product. Although DNA
can be localized by in situ hybridization,
the relatively high detection threshold
of ~10 copies per cell limits its util-
ity.""®) PCR in situ hybridization, a pro-
cess by which DNA is amplified in intact
cells and then detected by in situ hybrid-
ization with an internal, labeled probe,
permits the cellular localization of one
target copy per cell.'=* Although it is an
effective tool, the need for a hybridiza-
tion step makes PCR in situ hybridiza-
tion a relatively time-consuming and
technically demanding procedure. Al-
though direct incorporation of a re-
porter molecule has been reported with
in situ PCR,*® to assure target-specific
DNA amplification it is essential to un-
derstand the potential pathways for non-
specific DNA synthesis that may occur in
the cell.

Prior work has demonstrated several
important differences in the optimal
conditions and dynamics of in situ PCR
versus solution-phase PCR. Ethanol and
acetone fixation, which are successfully
used for solution-phase PCR, do not al-
low for optimal in situ PCR because of
migration of the amplified product out
of the cell.®” Prolonged formalin fixa-
tion appears to create a migration barrier
that prevents this problem. Target-spe-
cific amplification with in situ PCR con-
sistently required higher concentrations
of MgCl, than for solution-phase PCR.
Bovine serum albumin (BSA) enhances
DNA synthesis during in situ PCR be-
cause it blocks adsorption of the enzyme
Taq polymerase to the microscopic
slide.®® However, it is apparent that as in
solution-phase PCR, in situ PCR is sub-
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ject to side reactions that compete with
target-specific amplification. Nonspe-
cific incorporation of digoxigenin dUTP
has been reported with in situ PCR using
unheated cytospin preparations.®® This
nonspecific incorporation was blocked
by the hot start modification to PCR and
presumably reflects mispriming. 3
Previous work has documented non-
specific DNA synthesis during in situ
PCR in tissue sections. It was demon-
strated that unlike cytospin prepara-
tions, the nonspecific DNA synthesis
during in situ PCR in tissue sections was
not eradicated by the hot start maneu-
ver.?> The basis for this difference is
unclear. Nonspecific DNA synthesis in
tissue sections can be blocked by over-
night digestion in RNase-free DNase,
which permits target-specific incorpora-
tion of the reporter molecule into ampli-
fied cDNA with reverse transcriptase (RT)
in situ PCR.*® A better understanding
of the nonspecific pathways for DNA
synthesis during in situ PCR is needed to
assure target-specific DNA and cDNA am-
plification in tissue sections. The pur-
pose of this study was to determine the
causes of nonspecific DNA synthesis dur-
ing in situ PCR and solution-phase PCR.

MATERIALS AND METHODS
Tissue Preparation

Four-micron sections of paraffin-embed-
ded human liver, vulvar, tonsilar, and
lymph node tissues was placed on silane-
coated glass slides (ONCOR, Gaithers-
burg, MD). Tissue samples were fixed in
10% neutral buffered formalin for 4 hr, 6
hr, 8 hr, 15 hr, 48 hr, or 1 week. Protease
digestion was done using pepsin at 2 mg/
ml (Life Technologies, Gaithersburg,
MD) in 0.01 N~ HCI at room temperature.
Three serial sections were placed on each
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slide so that adjustments to a given vari-
able could be compared under identical
reaction conditions. Sections were de-
paraffinized in xylene for 5 min, washed
in 100% ethanol for 5 min, and air-dried.

In Situ PCR

In situ PCR refers to the technique
whereby a (digoxigenin) labeled nucle-
otide is directly incorporated into the
amplified product in intact cells. After
deparaffinization and protease diges-
tion, the following reaction mixture (25
wl) was added to each slide: 2.5 pl of PCR
buffer II (GeneAmp Kit, Perkin-Elmer
Corporation), 4.5 pl of 25 mm MgCl, (4.5
muM final concentration), 4.0 wl of ANTP
solution (final concentration of 200 pm
each of dATP, dCTP, dGTP, and dTTP),
1.0 wl of 2% BSA, 0.4 pl of 1 mwm digoxi-
genin dUTP solution (10 pwm final con-
centration; Boehringer Mannheim, Indi-
anapolis, IN)x1 ul of primer 1 and
primer 2 (a variety of primers were used
as stated in other parts of the text; the
stock solution of each primer was 20
pM), 11 pl (or 13 ul if the primers were
omitted) of water, and 0.6 pl of Taq poly-
merase (Perkin-Elmer Corporation, S
U/ul). The solution was added to the
slide, covered with one large polypropy-
lene coverslip (Oncor Corporation), an-
chored with 2 small drops of nail polish,
and placed in an aluminum foil ‘“‘boat.”
This was placed on the block of the ther-
mal cycler (TC 1, Perkin-Elmer Corpora-
tion), which was ramped to 80°C. At this
temperature, the coverslip was overlaid
with 1 ml of heated mineral oil. The
DNA was denatured at 94°C for 3 min,
followed by 20 cycles at 55°C for 2 min
and 94°C for 1 min. After removal of the
coverslip, sequential 5-min washes in xy-
lene and 100% ethanol were done, and
the slides air-dried. Detection of digoxi-
genin incorporated into the PCR product
was done with the alkaline phosphatase-
conjugated antidigoxigenin-labeled anti-
body (Boehringer Mannheim) at a 1:200
dilution as described previously.®3>9
The alkaline phosphatase-based colori-
metric detection method used the chro-
mogen nitroblue tetrazolium (NBT)
which, in the presence of 5-bromo-4-
chloro-3-indolylphosphate (BCIP),
yields a dark blue precipitate as the
marker for positive cells. The counter-
stain, nuclear fast red (ONCOR, Gaith-
ersburg, MD), stains nuclei and cyto-
plasm pale pink. Tests were done in
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triplicate, and the scoring system for the
signal was as follows: 0, 1+ (<25% of
cells positive), 2+ (25-50% of cells pos-
itive), and 3+ (>50% of cells positive).
Signal measurements were made with-
out knowledge of the reaction condi-
tions.

Dideoxy-TTP Blockage

To determine whether the nonspecific
signal could be influenced by pretreat-
ment with a solution that contained a
dideoxynucleotide and Tag DNA poly-
merase, implying a DNA repair mecha-
nism, tissues were incubated after pro-
tease digestion and prior to in situ PCR
in a solution that contained 2.5 ul of
PCR buffer, 4.5 pl of 25 mm MgCl, (4.5
mM final concentration), 4.0 pl of ANTP
solution (final concentration of 50 pMm
each of dATP, dCTP, dGTP, and dTTP),
2.5 pl of a 10 mm dideoxy-TTP (final con-
centration of 1000 pm), 1.0 wl of 2% BSA,
9.7 ul of water, and 0.8 ul of Tag poly-
merase (Perkin-Elmer Corporation, §
U/ul) for 30 min at 55°C. The dideoxy-
TTP and other reagents were removed by
sequential 5-min washes in xylene and
ethanol and were then air-dried. In situ
PCR was performed next using the con-
ditions listed in the preceding para-
graph.

DNase Digestion

To determine whether the nonspecific
signal could be influenced by pretreat-
ment with a solution that contained
DNase, tissues were incubated after pro-
tease digestion and prior to in situ PCR
in a solution that contained 1.0 wl of
buffer (which contained 5 mm MgSO,
and 100 mm sodium acetate), 8.0 pl of
DEPC-treated water, and 1.0 ul of RNase-
free DNase (10 U/pl, Boehringer Man-
nheim). To prevent drying, the solution
was overlaid with a coverslip and the
slides were placed in a humidity cham-
ber at 37°C overnight. The DNase was
removed by successive washes of 2 min
in DEPC-treated water and 100% etha-
nol.

Solution-phase PCR

Nonspecific primer-independent DNA
synthesis in solution-phase PCR was
studied three ways. First, DNA was ex-
tracted and purified as described previ-
ously® from tonsilar tissues that were

fixed for 1S hr in formalin either after
freezing or embedding in paraffin. Sec-
ond, purified salmon sperm DNA (Oncor
Corporation) was fixed either in acetone,
formalin, or 95% ethanol at times in the
presence of 2.5 pg of BSA. After fixation
for 4 hr, the DNA was purified using so-
dium acetate/ethanol precipitation.®
Third, DNA was extracted from periph-
eral blood mononuclear cells isolated
with a Ficoll gradient,® and treated with
formalin, heat (68°C) and formalin, or
heat, formalin, and BSA for 3 hr, and
then precipitated. In each case, solution-
phase PCR was done using 2.5 pg of
DNA, 1.5 mm MgCl,, 200 pMm of each
dATP, dCTP, dGTP, and dTTP, buffer
(PCR buffer II, GeneAmp kit, Perkin-
Elmer Corporation), and 1 pm [*?P]dCTP
for 25 cycles. PCR-amplified DNA was
separated by electrophoresis on a 1.5%
agarose gel, transferred to a nitrocellu-
lose filter, and analyzed by autoradiogra-
phy as described previously.>®

RESULTS

In Situ PCR: Primer-independent
DNA Synthesis

To determine if primer-independent
DNA synthesis was operative during in
situ PCR, the procedure was done using
paraffin-embedded liver, tonsilar, vul-
var, and lymph node tissues with omis-
sion of the primers. Initial experiments
were done using tissues fixed for 15 hr.
For each tissue, an optimal (3 +) signal
was obtainable after 60—90 min of pep-
sin digestion.

Primer-independent Signal and
Fixation Plus Protease Digestion
Times

Protease digestion is needed after forma-
lin fixation to create channels in the re-
sultant protein—DNA cross-linked matrix
to allow penetration of the PCR reagents.
The effect of times of fixation and pro-
tease digestion on the primer-indepen-
dent signal with in situ PCR was exam-
ined for the vulvar tissues. These data are
compiled in Table 1. Note that no signal
was evident after any fixation time if the
protease digestion step was omitted. Fur-
thermore, note the strong correlation
between the times of formalin fixation
and protease digestion needed to pro-
duce an optimal signal. Each of the trip-
licate results yielded the same data using
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TABLE 1
Time in 10% Buffered Formalin

Effect of Protease Digestion Time on the Primer-independent Signal during In Situ PCR as a Function of the Fixation

Protease digestion time (min)?

Fixation time 0 S 10 15 30 45 60 75 20

4 hr 0 1+ 3+ 2+ overdigested

6 hr 0 0 1+ 3+ 2+ overdigested

8 hr 0 0 0 0 1+ 3+ — - —
15 hr 0 0 0 0 0 1+ 1+ 2+ 3+
48 hr 0 0 0 0 0 0 1+ 2+ 3+

1 week 0 0 0 0 0 0 1+ 1+ 2-3+P

The signal was scored as follows: 0, 1+ (<25% of cells positive), 2+ (25-50% cells positive), and 3+ (>50% of cells positive). Signal measurements
were made without knowledge of the reaction conditions.
3(Protease) Pepsin (2 mg/ml) at room temperature. Overdigested refers to loss of tissue morphology with a concomitant loss of the in situ PCR signal.
"The 2+ signal was with pepsin, the 3+ signal with proteinase K digestion (1 mg/ml).

the broad 0-3 + categories (see Materials
and Methods).

DNase Digestion and the
Primer-independent Signal

To determine whether the primer-inde-
pendent signal required an intact DNA
template, the tissue sections were treated
overnight in a solution that contained
RNase-free DNase. The primer-indepen-
dent signal could be eliminated under
these conditions, but this loss of signal
was also highly related to the times of
fixation and protease digestion (Table 2).
Note that for a given fixation time the
protease time that resulted in an optimal
signal yielded no signal after the DNase
predigestion (data not shown). However,
for less than optimal protease times,
there was at times an enhanced signal
for the DNase-digested section when
compared with the other serial section
present on the same glass slide that was
not digested with DNase.

Dideoxy-TTP Pretreatment and the
Pprimer-independent Signal

The primer-independent signal could

represent repair of single-stranded gaps
or nicks. Incorporation of a dideoxynu-
cleotide in regions of DNA gaps could
render such areas unavailable to digoxi-
genin incorporation during the PCR
phase of the procedure. To test this hy-
pothesis, we pretreated the sections after
protease digestion in a solution that con-
tained dideoxy-TTP (in a ratio of 20:1
with respect to dTTP as well as dATP,
dCTP, and dGTP) and Tagq polymerase
(see Materials and Methods). After this
pretreatment and removal of the
dideoxy-TTP by washing, in situ PCR was
performed in the absence of any prim-
ers. The results are compiled in Table 3.
Two similarities with the data for the
DNase pretreatment are evident: (1) At
the protease time optimal for the primer-
independent signal, the dideoxy pre-
treatment eliminated the nonspecific
signal; (2) at suboptimal protease times
(suboptimal defined by a signal <3+
with no pretreatment step), the dideoxy
pretreatment at times enhanced the sig-
nal relative to the serial section on the
same glass slide that was not pretreated
with dideoxy-TTP (Fig. 1). Note that un-
like the DNase experiments, a signal re-
emerges after dideoxy pretreatment with

TABLE 2 The Effect of Protease Digestion Time on the Primer-independent Signal
during In Situ PCR with and without Overnight Digestion in RNase-free DNase

Protease digestion time (min)

Fixation time 15 30 45 60 90
8 hr
no DNase digestion 0 1+ 3+ 2+ —
DNase digestion 2+ 0 0 0 -
1S hr
no DNase digestion 0 0 1+ 1+ 3+
DNase digestion 2+ 2+ 1+ 0 0

supraoptimal protease digestion times
(supraoptimal defined by digestion
times greater than that required to pro-
duce a 3+ signal with no pretreatment
step). An alternative explanation for the
elimination of the primer-independent
signal with dideoxy pretreatment under
the conditions defined above is that the
polymerase activity of the Tag poly-
merase during the pretreatment step
filled in the putative gaps and that this
rather than dideoxy termination was re-
sponsible for the loss of the signal dur-
ing the subsequent in situ PCR. To test
this hypothesis, direct comparisons on
the same glass slide were done of the pre-
treatment step with and without the
1000 uM of dideoxy-TTP under the opti-
mal protease digestion conditions de-
fined in Materials and Methods. The sig-
nal during in situ PCR that was
completely blocked with dideoxy pre-
treatment was 3+ if the dideoxy-TTP
was omitted from the pretreatment solu-
tion and replaced with 150 pm dTTP
(data not shown), demonstrating that
presence of the dideoxy nucleotide in
the pretreatment step was crucial for the
subsequent elimination of the primer-
independent signal during in situ PCR.

Exonuclease Activity and
Enhancement of Signal with
Dideoxy Blockage

To address whether the signal evident
with dideoxy pretreatment at sub- and
supraoptimal protease digestion times
was related to the 5’ and 3’ exonuclease
activity of Taq polymerase during the
pretreatment step, the experiments were
repeated substituting the Stoffel frag-
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TABLE 3 The Effect of Protease Digestion Time on the Primer-independent Signal
during In Situ PCR with and without Pretreatment in Dideoxy-TTP

Protease digestion time (min)

Fixation time S 10 15 20
6 hr
no dideoxy treatment 0+ 1+ 3+ 2+
dideoxy pretreatment 2+* 1+ 0 3+
Protease digestion time (min)
15 30 45 60
8 hr
no dideoxy treatment 0 1+ 3+ 2+
dideoxy pretreatment 2+ 1+ 0 2+

The range of the signal under these conditions varied from 1+ to 3+ in the triplicate experi-
ments, whereas each result was O for the tissue section not pretreated with the dideoxy nucle-

otide.

ment, which lacks the exonuclease func-
tion, for the Taq enzyme. The pretreat-
ment conditions with the Stoffel
fragment were identical to the Taq poly-
merase dideoxy pretreatment, except the
Stoffel buffer was substituted for PCR
buffer II (each from Perkin-Elmer). No
signal was evident during in situ PCR af-
ter the dideoxy pretreatment when the
Taq polymerase was substituted by the
Stoffel enzyme at optimal or suboptimal
protease digestion times. However, a sig-
nal during in situ PCR equivalent with
the Stoffel fragment to that noted with
Taq polymerase-mediated dideoxy pre-
treatment was noted at supraoptimal
protease digestion times (data not
shown).

The Primer-independent Signal and
Tissue Heating

The primer-independent pathway prob-
ably reflects repair of DNA gaps/nicks
based, in part, on its elimination with
dideoxy pretreatment. For embedding in
paraffin, the tissue was treated in graded
ethanol and xylene, and heated in paraf-
fin wax at 65°C for 4 hr. We studied
whether the heating and/or ethanol and
xylene washes during paraffin embed-
ding might induce formation of the pu-
tative gaps/nicks. Tissue sections from
frozen vulvar and tonsilar biopsies were
placed on silane slides and fixed for 4 or
15 hr in 10% buffered formalin. No
primer-independent signal was evident

in either tissue during in situ PCR (Fig.
2), even if the tissues were washed prior
to PCR in ethanol and xylene (data not
shown). However, all of the cells showed
a signal when primers specific for
B-globulin, present as two copies per
cell, were used in the PCR step under op-
timal protease digestion conditions (data
not shown). To determine whether the 4
hr heating at 65°C could induce the
primer-independent signal in these fro-
zen and then formalin-fixed tissues, the
sections were heated in a dry oven at
65°C for 4 hr after fixation. A primer-in-
dependent signal was evident at optimal
protease digestion time for each tissue
after this heating step was performed
(Fig. 2). This signal was evident even af-
ter 1 hr of heating (data not shown).

Primer-independent Signal in
Solution-phase PCR

To determine whether the primer-inde-
pendent pathway was operative during
solution-phase PCR, total cellular DNA
was extracted from fresh peripheral
blood mononuclear cells isolated from a
Ficoll gradient as identified previ-
ously,® and treated with 10% buffered
formalin for 3 hr either at room temper-
ature or at 68°C. The effect of BSA was
also tested by adding 2 ng/ul of the pro-
tein to a sample of the DNA treated with
formalin and heat. The DNA was then
ethanol precipitated and subjected to
PCR with direct incorporation of
[32P]dCTP (see Materials and Methods).
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FIGURE 1 Effect of pretreatment with a dideoxy nucleotide on the primer-independent signal during in situ PCR. An intense signal was seen in most
cells in this liver biopsy fixed in formalin for 8 hr with in situ PCR after 30 min of protease digestion (A). The signal was not evident if the protease
digestion time was decreased to 10 min (B). The signal evident after 30 min of protease digestion was eliminated by pretreatment in a solution which
contained dideoxy-TTP (C). However, a strong signal was seen after 10 min digestion if the in situ PCR was preceded by the dideoxy pretreatment

(D).
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FIGURE 2 Temperature dependency of the primer-independent signal during in situ PCR. No
primer-independent signal was noted after in situ PCR in this skin biopsy that was frozen,
sectioned, and fixed in formalin (A). A signal was evident if the tissue section was heated at 65°C

for 4 hr prior to in situ PCR (B).

As is evident from Fig. 3, a primer-inde-
pendent signal required that the DNA be
fixed in formalin at 68°C in the presence
of BSA. Similarly, the DNA was extracted
from the frozen, fixed, or paraffin-em-
bedded formalin-fixed lymphoid tissues,
ethanol precipitated, and also subjected
to solution-phase PCR with [3?P]dCTP
incorporation. A primer-independent
signal was evident in the DNA extracted
from the paraffin-embedded, fixed tissue
but not the frozen, fixed tissue (data not
shown).

To determine whether DNA-protein
cross-linking by formalin was required
for the primer-independent signal dur-
ing solution-phase PCR, we used highly
purified salmon-sperm DNA. The
salmon sperm DNA (2.5 pg) was sub-
jected to fixation for 4 hr in 95% etha-
nol, acetone (neither cross-link), or 10%
buffered formalin; the addition of 2.5 pg
of BSA with each fixative was also tested.
The purified DNA, which according to
the manufacturer is ~800 bp in size and
was heated at 121°C during the process-
ing, was subjected to solution-phase PCR
in the absence of primers (Fig. 4). Note
that a primer-independent signal at the
expected size of 800 bp was only evident
for the DNA fixed in formalin in the
presence of BSA. Also note how the sig-
nal was lost from the DNA fixed in for-
malin with BSA after postdigestion in 1
mg/ml of proteinase K for 3 hr at 55°C;
the protease was degraded prior to PCR

by heating at 95°C for 10 min. Interest-
ingly, formalin fixation prevented the
nonspecific binding of the [*?P]dCTP to
the BSA, presumably because of removal
of the positive charged moieties on the
protein.

Next, we attempted to determine the
relative contribution of the nonspecific
primer-dependent pathways (misprim-
ing and primer oligomerization) to the
signal evident with in situ PCR. The basis
of these analyses included skin and ton-
sil tissues and primers that that amplify
regions of the measles virus, cytomega-
lovirus, and Epstein-Barr virus. The tis-
sues were not infected by these viruses
based on the lack of the characteristic
histologic changes and the negative re-
sults obtained with solution-phase PCR.
Thus, any signal generated during in situ
PCR with these primers would be non-
specific. Demonstration that nonspecific
signal was eliminated completely with
overnight DNase digestion, presuppos-
ing optimal protease pretreatment, al-
lowed for the study of the contribution
of primer oligomerization, as the DNase
digestion should eliminate the possibil-
ity of mispriming. The use of any of the
viral primer pairs listed above in tissues
digested by DNase under optimal pro-
tease conditions did not allow for a sig-
nal in the cells. The experiments were
done under cold start conditions to en-
hance the production of the primer
dimers. To demonstrate that primer oli-

gomerization-mediated DNA synthesis
was occurring in the amplifying solu-
tion, it was retrieved and electro-
phoresed on a 1.5% agarose gel, and the
DNA was transferred to a filter. DNA syn-
thesis was demonstrated after detection
of the incorporated digoxigenin, which
revealed a smear from 50 to ~500 bp
(data not shown). It was determined that
a migration barrier may inhibit entry
into the cell of the relatively small dou-
ble-stranded primer—dimers but not of

010J0,

FIGURE 3 Primer-independent DNA synthesis
during solution-phase PCR. The DNA was ex-
tracted from peripheral blood mononuclear
cells and fixed for 3 hr in formalin at room
temperature (lane a), in formalin and BSA at
68°C (lane b), or in formalin at 68°C for 3 hr
(lane ), precipitated, and subjected to PCR
with direct incorporation using [*2P]dCTP
without primers. Note that primer-indepen-
dent DNA synthesis is evident only after for-
malin fixation and heat in the presence of
BSA. The arrows mark 700 (top) and 300 bp
(bottom) as detected on the ethidium gel us-
ing a 100-bp ladder (Research Genetics).
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FIGURE 4 Variables necessary for primer-in-
dependent DNA synthesis during solution-
phase PCR. Solution-phase PCR was done
without primers using direct incorporation of
[*?P]dCTP and salmon sperm DNA that was
treated under the following conditions: no
treatment (lane 1), mixed with BSA (lane 2),
fixed in ethanol (lane 3), fixed in acetone
with BSA (lane 4), fixed in ethanol with BSA
(lane 5), fixed in formalin with BSA (lane 6),
fixed in formalin with BSA but digested in
proteinase K prior to PCR (lane 7), and fixed
in formalin (lane 8). The arrow marks 800 bp
as evident on the ethidium gel with the
marker DNA. Note that a signal is evident at
the expected size of the salmon sperm DNA
(800 bp) if the salmon sperm DNA was fixed
in formalin with BSA (lane 6). This signal is
lost with proteinase K treatment (lane 7).

the individual single-stranded primers.
Primer oligomerization also appears to
be severely limited within the confines
of the DNA-protein meshwork present
in the formalin-fixed cell.

To test the role of mispriming during
in situ PCR it was necessary to eliminate
the nonspecific primer-independent sig-
nal without compromising the integrity
of the DNA to permit annealing of the
viral primers with the nontarget human
DNA. This could be achieved either by
using frozen, fixed tissue or paraffin-em-
bedded tissue that was pretreated with
optimal protease digestion time and
dideoxy-TTP blockage. Both series of ex-
periments were performed with human
papillomavirus (HPV) primers and HPV
DNA-negative tissues and yielded equiv-
alent results. Specifically, if the hot start
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PCR reaction conditions were employed
where the Taq polymerase was not
added until the block of the thermal cy-
cler reached 55°C, then no signal was ev-
ident. However, when the Taq poly-
merase was added at room temperature
at the onset of PCR, a 2+ to 3+ signal
was evident in the skin and tonsil tissues
(Fig. 5).

The final issue addressed was whether
target-specific direct incorporation of
digoxigenin dUTP into DNA could be ac-
complished in the tissue sections using
the in situ PCR mechanism. This would
presuppose conditions that would per-
mit neither the primer-independent nor
the nonspecific primer-dependent path-
ways. We used both frozen, fixed tissues
and paraffin-embedded tissues success-
fully blocked with dideoxy-TTP pretreat-
ment under hot start conditions. These
experiments were done with vulvar
warts and yielded equivalent results.
These tissues contain HPV DNA that is
present in the granular cell layer of the
epithelium but not the basal epithelial
layer or in cells in the dermis as de-
scribed previously.®7~* It was demon-
strated that under hot start conditions
the digoxigenin dUTP incorporated only
in the granular layer cells when HPV-
specific primers were employed with fro-
zen, fixed tissue or paraffin-embedded
tissue successfully blocked with the
dideoxy-TTP treatment. Note that in the
latter tissue the signal was seen in cells in
the dermis if no dideoxy treatment was
employed (Fig. 6), or if the dideoxy
blockage was done under sub- or su-
praoptimal protease digestion (not
shown), or if hot start was not employed
after successful dideoxy blockage (not

shown). Positivity in the dermis or in the
basal epithelia layer must represent non-
specific signal.

DISCUSSION

This study analyzed the various path-
ways for DNA synthesis that could occur
in the nucleus during in situ PCR as well
as in solution-phase PCR. It was demon-
strated that a major source of nonspe-
cific DNA synthesis during in situ PCR
was through a primer-independent
mechanism. Prior heating of the tissue at
65°C was prerequisite for the manifesta-
tion of primer-independent DNA synthe-
sis during in situ PCR. This pathway pre-
sumably reflects Taq polymerase-
mediated repair of DNA gaps or nicks.
Supporting this statement was the ability
of a pretreatment DNA synthesis step,
which included a dideoxynucleotide to
block the primer-independent signal
with in situ PCR. The requirement that
the DNA be exposed to heat in the pres-
ence of a protein and a cross-linking fix-
ative for the primer-independent signal
was demonstrated for solution-phase
PCR both with human DNA and highly
purified salmon sperm DNA.
Elimination of the primer-indepen-
dent and mispriming pathways by
DNase digestion revealed that DNA syn-
thesis secondary to primer oligomeriza-
tion does not produce a detectable signal
in the cell during in situ PCR. Further-
more, misprimed mediated DNA synthe-
sis may occur in the nucleus during in
situ PCR but could be eliminated by in-
creasing the annealing temperature of

FIGURE 5 Effect of mispriming on the signal durmg in situ PCR. A 51gna1 was noted in this tonsil
biopsy that was frozen, sectioned, and fixed in formalin during in situ PCR if nonspecific (HPV-
specific) primers were used and the Tag polymerase was added at room temperature (@). The
signal was lost if the Taq polymerase was not added until the reaction temperature reached 55°C

(b).
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the PCR reaction above that of the
primer-non-target melting through the
hot start maneuver.

DNase activity in paraffin-embedded
tissues that were suboptimally proteased
enhanced the primer-independent sig-
nal with in situ PCR. Interestingly, this
enhancement after suboptimal protease
digestion was also seen in the dideoxy
pretreatment reaction. In the latter case,
the loss of the enhancement with substi-
tution of the Taq polymerase by the St-
offel enzyme in the dideoxy-TTP pre-
treatment step suggests that the 5’ — 3’
exonuclease activity of the Tag poly-
merase may have been a factor in that
enhancement. If one assumes that the
primer-independent signal during in
situ PCR represents repair of DNA gaps/
nicks, this enhancement with subopti-
mal protease digestion and DNase diges-
tion may represent enlargement of these
gaps. This may be possible with subopti-

signal (c).

mal protease digestion, as the persisting
protein—DNA cross-links prevents the to-
tal degradation of the DNA template by
the DNase or complete blocking of the
single-stranded gaps by dideoxy-TTP in-
corporation, respectively. The basis of
the unexpected inability of the dideoxy-
TTP pretreatment to block the primer-
independent signal at supraoptimal
protease conditions is not clear. This su-
praoptimal enhancement with dideoxy
pretreatment is not related to the 5’ ex-
onuclease activity of Tagq, as it was also
evident when the Stoffel enzyme was
employed in the pretreatment step. If
the enhancement reflects the exposure
of regions of single-stranded DNA that
exceed the amount that can be blocked
with dideoxy-TTP pretreatment, it is fea-
sible that increased time of dideoxy
blockage could eliminate the signal seen
with supraoptimal protease digestion.
However, the signal was still evident un-

FIGURE 6 Differential DNA synthesis during in situ PCR in tissues pre-
treated with a dideoxy nucleotide in a vulvar wart that contained HPV 6.
A signal was noted after in situ PCR in this paraffin-embedded vulvar wart
fixed for 4 hr after 10 min of protease digestion (a). Note that the signal,
evident without primers, is present in the epithelium (short arrows) and
stromal cells (long arrows); HPV DNA is not present in stromal cells. The
signal was lost if the tissue was blocked with dideoxy-TTP (b). After
dideoxy blockage, the signal localized to the granular cells during in situ
PCR if HPV 6-specific primers were used; note the absence of the stromal

der these conditions when the dideoxy-
TTP pretreatment was increased from 30
to 60 min (GJ. Nuovo, unpubl.).
Whether this reflects continual inability
to block all potential sites of primer-in-
dependent DNA synthesis or some other
mechanism requires further study.

PCR in situ hybridization differs from
in situ PCR in that the reporter molecule
is not directly incorporated during PCR.
Rather, the PCR product in the cell is de-
tected with an in situ hybridization step
that uses a labeled internal oligoprobe.
We have reported previously that the
hot start maneuver increases the sensi-
tivity of PCR in situ hybridization such
that one can detect one target copy per
cell using a single primer pair.>® The
hot start modification could either be
done manually or by the use of uracil
N-glycosylase or the single-stranded
binding protein of Escherichia coli.*®
Similar enhancement of the sensitivity
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of solution-phase PCR was reported with
the manual hot start maneuver.*!%'"
The observations in this study suggest
that this enhancement in sensitivity dur-
ing PCR in situ hybridization is attribut-
able to inhibition of mispriming as the
primer-independent mechanism is still
operative under hot start conditions. It
was also reported that target-specific in
situ PCR could be done in cytospins un-
der hot start conditions.®®>® This study
shows that this is possible because
cytospin preparations are not routinely
subjected to prolonged pretreatment at
65°C. When cytospin preparations of pe-
ripheral blood mononuclear cells were
heated for 4 hr at 65°C, a primer-inde-
pendent signal was seen after in situ PCR
even with hot start conditions (G.J.
Nuovo, unpubl.).

From the standpoint of one wishing
to perform in situ PCR, several impor-
tant points are evident from this study.
First, one may detect RNAs (cDNAs) with
direct incorporation (reverse transcrip-
tion in situ PCR), as predigestion with
RNase-free DNase eliminates the poten-
tial pathways for nonspecific DNA syn-
thesis. However, to remove the potential
for a false-positive result it is critical to
determine that the protease digestion
time is optimal for the length of time
that the tissue was fixed. This optimal
protease time is defined by achieving a
3+ signal with no DNase digestion and O
signal after DNase digestion. Second, tar-
get-specific in situ PCR for DNA can be
done on tissue sections under certain
strictly defined conditions. One such
condition is to use frozen tissue that is
fixed after cryostat sectioning. At times,
only fixed, paraffin-embedded tissue is
available. Under these conditions, it is
possible to obtain a target-specific signal
with in situ PCR using a pretreatment
with a dideoxynucleotide. However, it is
important to stress that the range of op-
timal protease conditions for such tis-
sues is narrow. Nonspecific DNA synthe-
sis will be evident at both above and
below the optimal protease digestion
times. It is recommended that one use
hot start PCR in situ hybridization, em-
ploying a labeled internal oligoprobe,
when analyzing paraffin-embedded tis-
sues for in situ PCR-amplified DNA tar-
gets. Additional studies are needed to
discover other more reliable methods to
eliminate the primer-independent DNA
synthesis in paraffin embedded tissue
sections during in situ PCR.

96 PCR Methods and Applications

ACKNOWLEDGMENTS

We greatly appreciate many helpful dis-
cussions with John Atwood and Dr.
Lawrence Haff from Perkin-Elmer Cor-
poration who suggested the utility of the
dideoxy-TTP pretreatment experiments.
Dr. Eric Spitzer is thanked for critical
comments, including his suggestion of
the experiments with the purified
salmon sperm DNA. Ms. Angella Forde,
Michelle Margiotta, Kim Rhatigan, and
Camille Kuschner provided excellent
technical assistance. Ms. Sandra Otera
provided expert photographic assis-
tance. We are especially appreciative of
Ms. Eileen Bolyston for her patience and
skill in processing the tissues at different
time points in paraffin. This work was
supported by grants from Perkin-Elmer
Corporation, Procter and Gamble Corpo-
ration, the Center for Biotechnology of
the State of New York, and the Lewis
Foundation (to G.J.N.).

REFERENCES

1. Nuovo, G.J., P. MacConnell, A. Forde, and
P. Delvenne. 1991. Detection of Human
Papillomavirus DNA in formalin fixed tis-
sues by in situ hybridization after ampli-
fication by the polymerase chain reac-
tion. Am. J. Pathol. 139: 847-854.

2. Nuovo, G.J. PCR in situ hybridization: Pro-
tocols and applications. Raven Press, New
York, New York, 1992.

3. Nuovo, GJ., F. Gallery, P. MacConnell, J.
Becker, and W. Bloch. 1991. An improved
technique for the detection of DNA by in
situ hybridization after PCR amplifica-
tion. Am. J. Pathol. 139: 1239-1244.

4. Haase, A.T., E.F. Retzel, and K.A. Staskus.
1990. Amplification and detection of len-
tiviral DNA inside cells. Proc. Nat. Acad.
Sci. 87: 4971-4975.

5. Nuovo, GJ., A. Forde, P. MacConnell, and
R. Fahrenwald. 1993. In situ detection of
PCR-amplified HIV-1 nucleic acids and tu-
mor necrosis factor cDNA in cervical tis-
sues. Am. J. Pathol. 143: 40-48.

6. Nuovo, GJ., F. Gallery, R. Hom, P. Mac-
Connell, and W. Bloch. 1993 Importance
of different variables for optimizing in
situ detection of PCR-amplified DNA. PCR
Methods Applic. 2: 305-312.

7. Nuovo, G.J., J. Becker, P. MacConnell, M.
Margiotta, S. Comite, and H. Hochman.
1992. Histological distribution of PCR-
amplified HPV 6 and 11 DNA in penile
lesions. Am. J. Surg. Pathol. 16: 269-275.

8. Nuovo, G.J. and R. Richart. 1989. Buffered
formalin is the superior fixative for the
detection of HPV DNA by in situ hybrid-

ization analysis. Am. J. Pathol. 134: 837—-
842.

9. Dubeau, L., L.A. Chandler, J.R. Gralow,
P.W. Nichols, and P.A. Jones. 1986. South-
ern blot analysis of DNA extracted from
formalin fixed pathology specimens. Can-
cer Res. 46: 2964-2970.

10. Chou, Q., M. Russell, D.E. Birch, ]J. Ray-
mond, and W. Bloch. 1992. Prevention of
pre-PCR mis-priming and primer dimer-
ization improves low-copy-number am-
plifications. Nucleic Acids Res. 20: 1717
1723.

11. Erlich, H.A, D. Gelfand, and J.J. Sninsky.
1991. Recent advances in the polymerase
chain reaction. Science 252: 1643-1650.

Received May 12, 1994; accepted in
revised form July 25, 1994.


http://genome.cshlp.org/
http://www.cshlpress.com

