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Importance of Different Variables for

Enhancing

In Situ Detection of

PCR-amplified DNA

Gerard |. Nuovo,’-? Frances Gallery," Ruth Hom,> Phyllis MacConnell,' and Will Bloch*

Departments of 'Pathology, 2Obstetrics and Gynecology, and * Medicine, State University of New York at Stony Brook, Stony
Brook, New York 11794; *Applied Biosystems, Inc., Foster City, California 94404

This study determined the effects of
several variables on the in situ signal
after PCR amplification in fixed cells.
A signal was evident in all human pe-
ripheral blood monocytes fixed in
buffered formalin using primers for
the human proto-oncogene bcl-2
with in situ PCR only after prolonged
fixation and protease digestion. A
much lower detection rate was noted
after ethanol or acetone fixation due
to loss of amplified product out of
the nucleus into amplifying solution.
This observation demonstrates the
importance of cross-linking fixatives
for retention of amplified DNA at the
site of origin. The increased amount
of target-specific DNA synthesis evi-
dent with the manual hot start mod-
ification to in situ PCR was also seen
with chemical hot start mediated by
the Escherichia coli single-stranded
DNA-binding protein. The manual
hot start method strongly suppressed
in situ unwanted DNA synthesis dic-
tated by nonsense primers; residual
nonspecific synthesis was infiuenced
by annealing temperatures and post-
fixation protease digestion condi-
tions.

Direct correlation of nucleic acid
analysis with the histological features of
the sample is the key advantage of in situ
hybridization. However, the relatively
high detection threshold of in situ hy-
bridization, estimated to be ~10 copies
per cell, has limited its utility."*"> Ampli-
fication of target-specific sequences by
PCR allows nonisotopic detection of sin-
gle target molecules if the hot start
method is used.® However, DNA extrac-
tion prior to solution-phase PCR does
not permit cellular localization of the
amplified product.®

Several reports have described tech-
niques whereby the extreme sensitivity
of PCR is combined with the cell-localiz-
ing ability of in situ hybridization.®~'?
To enhance both the sensitivity and the
specificity of in situ PCR and PCR in situ
hybridization, we developed a manual
hot start modification, where an essen-
tial reagent is withheld until the reaction
temperature reaches at least 55°C.*%
This advance has obviated the need for
the multiple primer pairs or tailed prim-
ers described by other investigators.>®

Retention of the amplified product at
its site of origin is essential for successful
in situ detection of PCR-amplified DNA
and cDNA. The impetus for using multi-
ple primer pairs and tailed primers was
that they dictated the synthesis of
overlapping amplified fragments.*>® It
was theorized that the resultant large
(>1000 bp) product was detected in situ
because it resisted diffusion from its nu-
clear site of origin, whereas the smaller
(450 bp) fragments were membrane-per-
meant. Two observations have suggested
that under certain conditions there is
minimal migration of amplified product
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from its site of origin irrespective of size.
First, amplified HIV-1-specific DNA se-
quences as small as 115 bp localized in
situ to the nucleus in lymphocytes from
AIDS patients and in infected cell
lines.®!V In addition, amplified cDNA
from either RNA viruses or human mR-
NAs showed distinct subnuclear and cy-
toplasmic localization."'® However, we
have noted that certain fixatives, such as
ethanol and acetone, which support
standard PCR"'® appear to hinder suc-
cessful in situ PCR. It is unclear whether
this observation reflects loss of amplified
product out of the cell or inhibition of
PCR in the cell.

The purpose of the present work was
to define better the conditions that en-
hance the in situ localization of PCR-am-
plified DNA. These analyses documented
the importance of various fixatives, fixa-
tion time, and protease digestion on re-
tention of the amplified product as well
as on nontarget DNA synthesis. Advan-
tageous concentrations of various ampli-
fication reagents were determined, as
was the utility of a single-stranded DNA-
binding protein (SSB) in enhancing the
convenience and the sensitivity of the
technique when the manual hot start
technique was not used. These results in
conjunction with prior work on a wide
variety of primer pairs”*'"1? suggest
that the conditions of fixation and pro-
tease digestion described in this work
lend themselves to a generalized proto-
col for enhancing the specificity and
sensitivity of the PCR in situ assay.

MATERIALS AND METHODS
Cells and Targets Studied

Peripheral blood monocytes (PBMs)
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taken from a healthy volunteer were iso-
lated from a Ficoll gradient (Histopaque
1077, Sigma Diagnostics, St. Louis, MO).
About 5000 cells were placed on silane-
coated glass slides (ONCOR, Gaithers-
burg, MD) using a cytospin centrifuge
(900 rpm for 2 min); the cells were then
fixed in acetone, 95% ethanol, and 10%
neutral buffered formalin (10% formalin
in 0.1 M sodium phosphate buffer at pH
7.0), or Bouin’s solution (75 parts satu-
rated picric acid 25 parts 40% formalde-
hyde in water, and S parts glacial acetic
acid; at pH 1.6). By placing two cytospins
on a slide, direct comparisons of paired
experimental conditions were done. Pro-
tease digestion, when used, was done af-
ter fixation. Pepsin (Life Technologies,
Gaithersburg, MD) digestion was done
in 0.01 ~ HCI at room temperature; the
concentration was 2 mg/ml and the time
12 min unless otherwise indicated. Pro-
teinase K (ONCOR) digestion at 1 mg/ml
for 12 min was done in water. Also stud-
ied was the human cervical cancer cell
line SiHa (ATCC HTB 35), which con-
tains one integrated copy of human pap-
illomavirus (HPV) 16 DNA per cell.*®
The SiHa cells were fixed for 15 hr in
buffered formalin and embedded in par-
affin; multiple 4 pm sections were
placed on glass slides. The PCR primers
were specific for a region of the onco-
gene bcl-2, which should be detectable
in all PBMs, the type-specific E6 region
of HPV 16, and the nucleocapsid region
of the measles virus. Also employed was
a Burkitt’s lymphoma cell line (ATCC
VR-603) which contains EBV DNA. These
were mixed with oral squamous cells to
demonstrate the specificity of the in situ
PCR signal when using EBV-specific
primers. Primer sequences are listed in
Table 1.

In Situ PCR

In situ PCR refers to the technique
whereby (digoxigenin) labeled nucle-
otide is directly incorporated into the
amplified product in fixed cells. Our
technique, which includes the manual
hot start modification, has been de-
scribed previously.®='? Briefly, 7.5 pl of
the amplifying solution, containing
buffer (GeneAmp kit, Perkin-Elmer Ce-
tus Corporation, Norwalk, CT), 4.5 mm
MgCl,, and 1 uM each of primers, 200 um
dNTPs and 10 pM digoxigenin -11-dUTP
(Boehringer Mannheim, Indianapolis,
IN), was placed over the fixed cells on
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TABLE 1 Sequences of the Primers Used in This Study
Target®? Sequence Product size/reference (bp)
HPV 16
primer 1 nt 110 5'-CAGGACCCACAGGAGCGACC 4497
primer 2 nt 559 5"-TTACAGCTGGGTTTCTCTAC
bcl-2
primer 1 nt 2779 5'-CATTTCCACGTCAACAGAATTG 504¢
primer 2 nt 3283 5'-AGCACAGGATTGGATATTCCAT
Measles
primer 1 nt 115 5'-GTGTAATAATATCATGGTTA 43439

primer 2 nt 549

5'-CTCTCCAATCTAAATTCACC

*The EBV-specific primers used in this study were published by Saito et al.?®
Pnt = nucleotide position of primer 5’ end in the GenBank sequence.

‘Kindly supplied by Dr. Ernest Kawasaki.

the glass slide and covered with a plastic
coverslip, which was then anchored to
the slide with nail polish. The slide was
placed in an aluminum foil ‘“‘boat,”
which was placed directly on the sample
block of a thermal cycler (Perkin Elmer
Corporation). Two and one-half microli-
ters of the DNA amplifying solution con-
taining 2.0 units of Tag DNA polymerase
(AmpliTag DNA polymerase, Perkin
Elmer Corporation) was withheld from
the initial amplifying solution. When
the temperature of the heating block
reached 65°C, the coverslip was partially
lifted and the enzyme added. The slide
was then overlaid with ~ 1 ml of mineral
oil preheated to 82°C. After an initial de-
naturing step of 94°C for 3 min, 20 cycles
were accomplished using the following
protocol: annealing/extension at 55°C
for 2 min and denaturation at 94°C for 1
min. The mineral oil was removed with a
2 min xylene wash, and the xylene was
then removed with a 2-min 100% etha-
nol wash. Detection of digoxigenin in-
corporated into PCR product was done
with alkaline phosphatase-conjugated
antidigoxigenin-labeled antibody at a
1: 50 dilution according to the manu-
facturer’s protocol (Boehringer Mann-
heim). The alkaline phosphatase-based
colorimetric detection method used the
chromogen nitroblue tetrazolium (NBT)
which, in the presence of 5-bromo-4-
chloro-3-indolylphosphate (BCIP), yields
a purple-blue precipitate as the marker of
a positive cell. The counterstain, nuclear
fast red (ONCOR), stains nuclei pale
pink and does not stain cytoplasm.

PCR In Situ and Southern Blot
Hybridizations

In PCR in situ hybridization, the unla-

beled amplified DNA is detected using a
labeled probe. The two methods use the
same amplification, detection, and stain-
ing procedures except that digoxigenin
dUTP is omitted from the PCR reagents
when a labeled probe is to be used. Our
high-stringency in situ hybridization
protocol has been published previ-
ously.’> A digoxigenin-labeled genomic
HPV 16 probe made by the random
primer method (Genius kit, Boehringer
Mannheim) was used for detection of
amplified HPV 16 DNA. Southern blot
hybridization analysis of amplified bcl-2-
specific sequences in the amplifying so-
lution and cellular extract was done with
a 3?P-labeled oligonucleotide internal
fragment that spanned nucleotides
2977-2992, using a previously reported
protocol."'®

Chemical Hot Start

The SSB from E. coli (U.S. Biochemicals)
was used in PCR in situ hybridization
analysis of HPV 16 DNA in SiHa cells. In
these experiments, all reagents, includ-
ing the Taqg DNA polymerase and the
SSB, were added to each sample in a 10
wl volume before elevating the tempera-
ture of the block of the thermal cycler.
The molar equivalent ratio of SSB to to-
tal primer (2 pM) ranged from 50:1 to
1: 210, calculated from the protein con-
centration of 2.3 ug/ul. A molecular
mass of 75.6 kD was calculated for the
tetramer, as was reported by the SSB sup-
plier and the ability of one SSB tetramer
to bind two oligonucleotides under the
salt conditions (4.5 mm MgCl, and 45
mm KCl) used in this study."” (This
study examined NaCl; we are assuming
the calculations to be equivalent with
KCl.) The experiments tested the effect


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

Downloaded from genome.cship.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Y Y BN B M TilIResearch

TABLE 2 The Effect of Fixation Chemistry and Duration on the Detection of
Amplified bcl-2 DNA in PBMs with No Protease Digestion

Detection of bcl-2-amplified DNA (% positive cells)

(fixative)
Fixation time formalin acetone 95% ETOH Bouin’s
5 min S 2 14 0
15 hr 0 15 31 0
39 hr ND 0 9 ND

(ND) Not done.

of SSB on the amount of HBV 16-specific
DNA synthesis, as only HBV 16 target se-
quences would be detected.

RESULTS

Every human PBM will contain two cop-
ies of the bcl-2 sequence that is amplifi-
able by the primers used in this study
(Table 1). To determine the importance
of fixation chemistry and duration, in
situ PCR was performed on PBMs fixed
for S min, 15 hr, or 39 hr in acetone, 95%
ethanol, buffered formalin, or Bouin’s
solution. Each experiment was repeated
at least once, and the tabulated values
are the mean scores; the range of varia-
tion between replicate experiments was
from 0% to 9%, and the highest standard
deviation was 9. The results are compiled
in Table 2; Figure 1B shows a represen-
tative photomicrographs. Under no con-
dition did all PBMs have detectable am-
plified bcl-2 DNA.

The low and variable detection effi-
ciencies suggested that the fixation con-
ditions may limit cell permeation by a

key reagent. To test this hypothesis, the
cells were digested with 2 mg/ml of pep-
sin for 12 min prior to in situ PCR. The
results for in situ PCR after protease di-
gestion are listed in Table 3. The percent-
age of positive cells after protease diges-
tion increased to 100% after a 15 hr
fixation with formalin (Fig. 1C) but de-
creased to 0% for the acetone- and etha-
nol-fixed cells. Cells fixed in Bouin’s so-
lution did not demonstrate a positive
signal under any reaction conditions.
Because cell morphology was poorly pre-
served after protease digestion and ace-
tone and 95% ethanol fixation, or after a
5-min formalin fixation, in situ PCR was
performed after various fixation times
with the pepsin concentration decreased
to 20 pg/ml and the time of digestion
varied from 1 to 12 min. As shown in
Table 3, no increase in the percentage of
positive cells with decreased protease di-
gestion time and concentration was evi-
dent for the acetone- or ethanol-fixed
cells. However, after a 5-min fixation in
buffered formalin the positive cells in-
creased from 0% with a 12-min digestion

with 2 mg/ml of pepsin to 35% with a
3-min digestion with 20 pg/ml pepsin.
Note the subsequent decrease to 0% for
the latter if the protease time was in-
creased to 5 min, indicating a narrow op-
timal threshold.

Alternative explanations for the low
detection efficiencies in most experi-
ments were that the DNA was amplified
and migrated out of the cell or that the
fixation conditions blocked in situ bcl-2
amplification. To test these hypotheses,
the amplifying solution was retrieved, its
DNA separated on an agarose gel, and
DNA sequences homologous to the in-
ternal fragment of the bcl-2 gene were
analyzed using a *?P-labeled probe and
Southern hybridization. These blots
showed (Fig. 1A) that there was marked
specific amplification evident in the so-
lution from the cells fixed for either 5
min or 15 hr in acetone or ethanol with
no protease digestion step. No detectable
extracellular signal was evident in the so-
lution from the cells fixed in buffered
formalin for either 5 min without diges-
tion (conditions giving 5% positive cells)
or 15 hr with protease digestion (condi-
tions giving 100% positive cells). To
demonstrate that the signal seen in the
cells fixed for 15 hr in buffered formalin
and then digested was target specific, the
digoxigenin-tagged DNA was extracted
from the cells after in situ PCR as de-
scribed previously, "' electrophoresed
on an agarose gel, blotted onto a nylon
membrane, and analyzed for both im-
mobilized digoxigenin and the ability to
hybridize to a 3?P-labeled probe to the
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FIGURE 1 Effect of fixation conditions on the loss of amplified bcl-2 DNA from fixed PBMs. (A) Southern hybridization analysis of the supernatant
amplifying solution recovered from selected in situ PCR reactions described in Tables 2 and 3. Lanes a and d report on acetone fixation for 5 min
and 15 hr, respectively, without protease treatment (Table 2). Lanes c and freport on 95% ethanol fixation for 5 min and 15 hr, respectively, without
protease treatment (Table 2). Lanes b and e report on formalin fixation for S min without proteolysis (Table 2) and 15 hr with proteolysis (Table
3), respectively. The arrowheads mark the position of the 500-bp band of HindllI digest of ADNA. Note that the amplifying solution from the
acetone- and ethanol-fixed cells, but not the formalin-fixed cells, contained the amplified bcl-2 product. (B, C) Representative microscopic fields for
the histochemical analyses corresponding to lanes b (5 min formalin, no protease, 5% positive cells) and e (15 hr formalin, with protease, 100%
positive cells), respectively. Pale images (open arrow) indicate light-red counterstaining in the absence of the dark-blue phosphatase-linked staining
of digoxigenin-tagged localized DNA (solid arrow).
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TABLE 3 The Effect of Fixation Chemistry and Duration on the Detection of
Amplified bcl-2 DNA in PBMs with Pepsin Digestion

Detection of bcl-2-amplified DNA (% positive cells)®

(fixative)
Fixation time/pepsin conditions formalin acetone 95% ETOH Bouin’s
5 min/2 mg/ml, 12 min 0 0 0 0
5 min/20 pg/ml, 1 min 1 0 0 -
5 min/20 pg/ml, 2 min 35 0 0 -
S min/20 pg/ml, 5 min 0 0 0 -
15 hr/2 mg/ml, 12 min 100 0 0 0

?Compare these data to the first two rows of Table 2.

bcl-2 intervening sequence. A digoxige-
nin-labeled band, which hybridized to
the probe, was evident at the expected
size of 504 bp in the cell extract but not
the amplifying solution (Fig. 2). Alterna-
tively, a 504-bp digoxigenin band that
hybridized to the probe was detected in
the amplifying solution and not the cell
extract for cells fixed for 5 min in forma-
lin and proteased for 12 min at 2 mg/ml
(conditions giving 0% positive cells; Ta-
ble 3).

To determine whether the potential
depurinating effect of the low pH (2.0) of
the pepsin digestion may have contrib-
uted to the results noted with the differ-
ent fixatives and bcl-2 in PBMs, the ex-
periments with ethanol and buffered
formalin-fixed PBMs were redone with
proteinase K digestion. No differences
were observed in the rate of bcl-2-posi-
tive cells when compared with the re-
sults of pepsin digestion, including a de-
tection rate of 100% for 15 hr formalin-
fixed, proteinase K-digested cells.

When the PCR cycle number was var-
ied from 1 to 20 for PBMs fixed 15 hr in
formalin and digested with pepsin, stain-
ing was first evident after four cycles and
was maximized after seven cycles. The
signal was present predominantly in a
diffuse way in the nucleus, although at
times, perinucleolar staining was evi-
dent.

The most advantageous MgCl, con-
centration was determined by subjecting
the 15-hr fixed/pepsin-digested PBMs to
in situ PCR in O, 1.5, 4.5, 6.0, and 9.0 mm
MgCl, for 7 cycles and 20 cycles each. No
signal was evident when the amplifying
solution contained no MgCl, or 9.0 mm
MgCl,. A weak signal was evident only
after 20 cycles for 1.5 and 6.0 mm MgCl,,
compared with the intense signal seen
with 4.5 mm MgCl, (Fig. 3). A similar
study of Taq DNA polymerase concentra-
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tion showed that a signal was evident
with 2.0 U/10 pl of amplifying solution
but not with 0.4 or 0.2 U/10 pl. Because
2.0 UN10 pl of Taqg DNA polymerase is
~ 10 times higher than required for stan-
dard PCR, it was reasoned that some of
the enzyme might be sequestered on the
glass slide. The addition of 1 mg/ml of
bovine serum albumin (BSA), which
could block enzyme adsorption, result-
ing in a strong signal even with 0.2 units
of Tag DNA polymerase/10 ul (Fig. 3).
Previously, we found that the manual
hot start modification described in Ma-
terials and Methods enhanced both the
sensitivity and specificity of in situ
PCR."” SSB has been shown to have sim-
ilar effects on standard PCR.""7-!® In ex-
periments to test the effects of an SSB
on target-specific in situ amplification,
SiHa cells were employed with primers

specific for the one copy of HPV 16
present in each cell. PCR in situ hybrid-
ization was done using a digoxigenin-
labeled HPV 16 probe where all ampli-
fication reagents, including the Tag DNA
polymerase and SSB at various concen-
trations, were added before increasing
the temperature of the thermal cycler.
The results are depicted in Figures 4 and
5. An intense hybridization signal was
evident only with a molar equivalent ra-
tio (SSB : primer) of 1 : 21 (Figs. 4 and 5).

Nonspecific DNA synthesis in in situ
PCR is presumed when a signal is evident
with nonsense primers. The nonsense
primers tested here were measles-spe-
cific, and the cells studied were PBMs
from an uninfected individual. As no re-
verse transcriptase step was employed,
even if measles RNA was present in cells,
which is highly doubtful, it should not
be amplifiable. Manual hot start in situ
PCR was employed. The data are com-
piled in Table 4. Note that the rate for 15
hr-fixed cells digested for 12 min was de-
creased dramatically (77-0.02%) with
the hot start modification. Interestingly,
the rate of positive cells was ~80% if the
digestion time was increased to 30 min
for the cells fixed in formalin for 15 hr.
This rate was not reduced by increasing
the annealing temperature to 65°C. This
high nonspecific rate in overdigested
cells was amplification dependent, as
omission of the enzyme eliminated the
staining.

FIGURE 2 Specificity of in situ PCR amplification of bcl-2 sequences. bcl-2 target was amplified
by either solution-phase hot start PCR (10 ng purified PCR product, nucleotide 2779-3283 bp) or
in situ PCR on PBMs formalin-fixed for 15 hr and pepsin digested (2 mg/ml for 12 min); in each
case, digoxigenin—dUTP was incorporated during 15 cycles using the same cycle parameters. After
in situ PCR, total cellular DNA was extracted by phenol/chloroform, then ethanol precipitated.
Agarose gel electrophoresis of solution-phase PCR product (lane a of each panel), DNA recovered
from fixed cells (lane b of each panel), and the supernatant (lane ¢ of each panel) was followed
by blotting onto a nitrocellulose filter. The arrow marks the position of the 500-bp band of
Hindlll digest of A DNA. (A) Phosphatase-linked histochemical staining of digoxigenin; (B) the
autoradiograph after hybridizing the blot to the **P-labeled bcl-2-specific internal probe. Ampli-
fied bcl-2 DNA is detectable in each panel in the DNA extracted from the cells but not in the

amplifying solution.
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FIGURE 3 Effect of MgCl, concentration of the detection of amplified bcl-2 DNA in PBMs. At a
MgCl; concentration of 4.5 mwm all PBMs fixed for 15 hr in buffered formalin and digested had
an intense signal using in situ PCR and bcl-2 primers (upper left). No signal is evident in PBMs
analyzed on the same glass slide if no MgCl, is added (upper right). The Tag polymerase con-
centration is 2 units per reaction in each panel. A Tagq polymerase concentration of 0.2 units per
reaction gives a greatly diminished signal in PBMs fixed for 15 hr in buffered formalin and
digested (lower right) compared with that evident with 2.0 units of enzyme (upper left). The signal
is enhanced if 2 mg/ml of BSA is added in a parallel reaction (0.2 units of Taq) on the same glass
slide (lower left). MgCl, concentration =4.5 mM for lower right and lower left.

The Southern blot presented in Figure
2 demonstrates the specificity of the in
situ bcl-2-amplified signal in PBMs. To
test the specificity of the in situ PCR
technique using the manual hot start

squamous cells from the oral cavity were
admixed with the Epstein—Barr virus
(EBV)-infected lymphocytes from the
Burkitt’s lymphoma cell line. Primers
specific for EBV were employed. A signal

modification and another system, in the squamous cells, which were EBV
]
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FIGURE 4 Effect of SSB on the sensitivity of PCR in situ hybridization. In these experiments, all
reagents, including the Tag DNA polymerase and the SSB were added to each sample in a 10-pl
volume before elevating the temperature of the block of the thermal cycler. No hybridization
signal is evident in SiHa cells that contain one copy of HPV 16 per cell after in situ hybridization
analysis with a digoxigenin-labeled HPV 16 probe after PCR if SSB is added at a molar equivalent
ratio to primer of 1: 210 (A); a signal is evident with the manual hot start modification (not
shown here).” A hybridization signal is evident if SSB is added at a ratio of 1: 21 in a parallel
experiment done on the same glass slide (B).

negative, must represent nonspecific
DNA synthesis. The results are provided
in Table 5. Note the absence of any sig-
nal in the squamous cells and the similar
results with the different fixatives when
compared with the data for the PBMs
and the bcl-2-specific primers (Tables 2
and 3). A representative photograph is
presented in Figure 6.

DISCUSSION

This study characterized conditions that
enhance in situ detection of PCR-ampli-
fied DNA. In this study only buffered for-
malin fixation for 15 hr with protease
digestion allowed detection of amplified
DNA in every cell that contained the tar-
get. The MgCl, concentration of 4.5 mm
maximized signal in the cellular prepa-
rations for bcl-2 detection. The condi-
tions of formalin fixation, protease di-
gestion, and 4.5 mm MgCl, outlined here
appear to be a generalized protocol for in
situ PCR as one obtains the strongest sig-
nal under these conditions for a variety
of primers and targets that ranged in size
from 115 to 833 bp and included HPV 6,
11, 16, HIV-1, EBV, and cDNAs for mea-
sles, tumor necrosis factor, and other hu-
man mRNAs."~%1112) The need for rela-
tively high concentrations of Tag DNA
polymerase likely reflects, at least in
part, sequestration of the enzyme on si-
lanized glass, as shown by signal en-
hancement at lower enzyme concentra-
tions with the addition of BSA.

The ability to PCR-amplify sequences
from tissues fixed in either ethanol or
acetone is well documented. Greer et
al.*® demonstrated that successful PCR
was more likely for DNA extracted from
tissues fixed in either acetone or ethanol
than for DNA subjected to buffered for-
malin. However, the present study
showed that amplification occurred in
ethanol- and acetone-fixed cells, but PCR
product was primarily detectable in the
amplifying solution. Thus, neither etha-
nol nor acetone fixation will prevent mi-
gration of the amplified product out of
the nucleus, probably because proteins
and, perhaps, nucleic acids are not cross-
linked. In contrast, prolonged formalin
fixation was clearly able to create a phys-
ical barrier to prevent migration of PCR
product. Formalin (i.e.,, formaldehyde)
extensively polymerizes proteins and
can cross-link nucleic acids‘'*-?»’ which
probably is the essential step for limiting
PCR product diffusion. The extent of mi-
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FIGURE 5 Effect of SSB concentration on the detection of HPV 16 DNA by PCR in situ hybrid-
ization without the manual hot start modification. The presence and intensity of the hybridiza-
tion signal evident with the addition of SSB at different molar equivalent ratios to the total
primer concentration (2 pM) is depicted. The signal intensity was visually graded by one of us
(G.J.N.) from 0 (no signal) to 4 (intense) without knowledge of the SSB concentration.

gration limitation is striking based on
several observations. First, amplified
cDNAs corresponding to human mRNAs
localize to specific cytoplasmic and sub-
nuclear compartments.’>21  Second,
amplified HPV 16 DNA is detectable in
most paraffin-embedded SiHa cells even
after the nucleus is sectioned; presum-

TABLE 4 The Effect of Manual Hot
Start on the in Situ PCR Detection Rate
Using Nonsense (Measles-specific)
Primers on PBMs

Fixation time/
pepsin conditions

Percentage
positive cells

S min/no protease 0

§ min/20 pg/ml, 2 min?® 0.02
15 hr/no protease 0

15 hr/2 mg/ml, 12 min® 0.02°
15 hr/2 mg/ml, 30 min 80

The numbers were based on ~10,000-15,000
cells.

*The detection rate was O if the annealing/
extension temperature during cycling was in-
creased from 55°C to 65°C.

PThe detection rate for 15-hr formalin-fixed
cells digested for 12 min with pepsin without
the manual hot start modification (all re-
agents added before temperature of block was
elevated) was 77%.
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ably some positive cells still contained
the one copy of HPV 16 after part of their
nuclei is removed by the microtome
blade.”-®’ Third, no amplified product is
detectable in the amplifying solution af-
ter in situ PCR with formalin-fixed, di-
gested cells when all of the cells have
intense nuclear staining.

Formalin cross-linkage, which we the-
orize suppresses migration of the ampli-
fied product, apparently also can inhibit

TABLE 5 Effect of Different Fixatives
on the Detection of PCR-Amplified
DNA Using EBV-Specific Primers in a
Mixture of an EBV-Positive Cell Line
(Burkitt’s Lymphoma) and
Viral-negative Squamous Cells

Detection of
amplified DNA
(% positive cells)

Burkitt’s

Squamous

Fixative/time lymphoma cells
Acetone/S min 9 0
Acetone/1S hr 16 0
95% Ethanol/5 min 20 0
95% Ethanol/15 hr 22 0
Formalin/15 hr/

protease® 100 0

“Protease is pepsin at 2 mg/ml for 12 min.

entry of at least one key reagent, neces-
sitating a protease digestion step. This ef-
fect is evident even after 5 min of fixa-
tion, as the detection rate under these
conditions without proteolysis was ~5%
and no product was detectable in the
amplifying solution. Protease digestion
could not increase the detection rate to
100% for in situ PCR of cells fixed for 5
min in formalin; the detection of PCR
product in the amplifying solution after
longer pepsin digestion for cells fixed for
5 min suggested that too few cross-links
had been formed to create a robust mi-
gration barrier. It appears that protease
digestion may be a necessary step with in
situ PCR when cross-linking fixatives are
used.

Both solution phase and in situ PCR
suffer from several side reactions that
compete with target-specific amplifica-
tion. Nonspecific DNA synthesis can fol-
low extension of primers annealed to
nontarget sequences (‘“‘mispriming’’)
and extension of primers onto one an-
other’s sequence to form primer oligo-
mers; the latter process needs no ad-
ditional DNA.®® We have shown
previously that manual hot start PCR, a
method whereby at least one reagent is
withheld until the reaction temperature
has reached at least 55°C at the initiation
of cycling, greatly reduces side reactions
and concomitantly increases the yield of
specific product in situ.® In the prior
study,® where PBMs were mixed with
SiHa cells and primers specific for HPV
16 were employed, we demonstrated
that with standard in situ PCR both the
PBMs and SiHa cells incorporated la-
beled nucleotide. With the hot start
modification, labeled nucleotide was in-
corporated only in the SiHa cells. In an
analogous experiment, PBMs were
mixed with measles-infected HeLa cells,
which can be differentiated from the
PBMs by their multiple nuclei. Using re-
verse transcriptase in situ PCR with di-
rect incorporation and measles-specific
primers, it was shown that only the HeLa
cells incorporated signal under the opti-
mal conditions described in this
study.'>2V Equivalent results were ob-
tained in this study using squamous cells
and lymphocytes infected by EBV and
EBV-specific primers. These observations
all highlight the specificity of the PCR
product synthesized inside cells. The
specificity was documented by Southern
blot hybridization with an internal
probe of the PCR-amplified bcl-Z DNA
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FIGURE 6 The specificity of in situ PCR as demonstrated by cell-mixing experiments. An EBV-
positive Burkitt’s lymphoma cell line was mixed with viral-negative oral squamous cells, fixed for
15 hr in formalin, and digested in pepsin (2 mg/ml) for 12 min. With the manual hot start
maneuver and EBV-specific primers, all of the lymphocytes had a signal with direct incorporation
of digoxigenin-labeled nucleotide into the PCR product (open arrows). None of the squamous
cells, which are easily distinguished cytologically by their ample cytoplasm (solid arrows), had

nuclei with a detectable signal.

extracted from the PBMs after in situ
PCR (Fig. 2). The present study shows
that although nonspecific incorporation
can occur in hot start in situ PCR, it is
easily limited to a rate of ~1/5000 cells
as compared with a rate of > 50% when
this modification is omitted. This rate
was dependent on the annealing/exten-
sion temperature, whereas the rate of
target-specific amplification was not
temperature dependent up to 65°C.
However, it is unclear why extended pro-
tease digestion should increase nonspe-
cific DNA synthesis so dramatically, even
at the higher annealing temperatures.
We have noted a similar high, nonspe-
cific incorporation rate for in situ PCR in
formalin-fixed tissue sections even after
12 min of proteolysis with nonsense
measles primers (G.J. Nuovo, unpubl.).
The reasons for these observations will
require further study.

The enhances sensitivity that is the
hallmark of hot start PCR was evident
without the manual hot start maneuver
when an optimal concentration of SSB
was added to the amplifying solution. At
a molar equivalent ration (to total prim-
ers) of 1:21, the SSB may inhibit
mispriming without binding so much

primer that specific amplification is
blocked. The complete blockage of spe-
cific amplification at SSB concentrations
near and above the primer concentra-
tion is the expected result of primer
sequestration. The failure of specific am-
plification at very low SSB concen-
trations should occur if side reactions
overwhelm the specific reaction. We
documented this occurrence in PCR and
PCR in situ hybridization when manual
hot start is omitted.”
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