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Inthe present study aprotocol of in situreverse transcriptase-
nested polymerase chain reaction (in situ RT-nested PCR)
was examined based on the following modifications. (i) To
exclude false positive signals caused by “DNA repair mecha-
nisms’ and “endogenous priming”’, a two-step PCR was
applied after reverse transcription. The first step was per-
formed in the presence of extrinsic primers and unlabeled
nucleotides with a maximum of PCR cycles possible with-
out destroying the cell morphology. The second step con-
sisted of only one annealing/elongation reaction, the tar-
get sequence marked by addition of digoxigenin-labeled nu-
cleotides and intrinsic primers. (ii) In order to prevent am-
plifications of genomic DNA nested primer pairs were ap-
plied crossing intron sequences. (iii) To minimize the diffu-
sion of PCR productsin cells, the extrinsic primers were ex-
tended with complementary 5'-tails. This approach resultsin
the generation of high molecular weight concatamers dur-

*Corresponding author: Dr. Mario Menschikowski, Institut fiir
Klinische Chemie und Laboratoriumsmedizin, Technische Univer-
sitdt Dresden, Medizinische Fakultét “Carl Gustav Carus’, Fet-
scherstrasse 74, D-01307 Dresden, Germany. Tel.: +49 351 458
2634; Fax: +49 351 458 4332; E-mail: menschik@rcsl.urz.tu-
dresden.de.

Analytical Cellular Pathology 22 (2001) 151-158
ISSN 0921-8912 / $8.00 [ 2001, 10S Press. All rights reserved

ing PCR cycles. By applying this protocol, immunostainings
specific for phospholipase A, of type I|A mRNA were exclu-
sively detectable in the cytoplasm of HepG2 hepatoma cells,
which were used as amodel system, whereas the nuclei were
unstained. Multiple control experiments yielded completely
negative results. These data suggest that the in situ RT-nested
PCR, which in comparison to the method of in situ RT-PCR-
in situ-hybridisation is simpler and |ess time-consuming, can
be used as an aternative approach to identify intracellular
nucleic acids.

1. Introduction

In comparison to in situ hybridisation (ISH), the in
situ RT-PCR technique providesahigher level of sensi-
tivity, theoretically allowing the identification of asin-
gle gene copy per single cell. Despite this, the tech-
nigue would find application neither in research nor
in diagnosis to the extent expected. One explanation
of this is that if detection of DNA or RNA is based
on the incorporation of labeled nucleotide into am-
plified products, serious artifacts are possible, gener-
ated by (i) the incorporation of nucleotides into frag-
mented endogenous DNA mediated by the exonucle-
ase activity of DNA polymerases(“ DNA repair mecha:
nisms’), (ii) the priming of nonspecific PCR products
with cDNA or DNA fragments (“endogenous prim-
ing of DNA-fragments”), or (iii) the diffusion of PCR
products from the site of synthesis to other sites of
the cells, even to neighboring cells (“diffusion arti-
facts’) [9-11,19]. Because even a prior DNAse treat-
ment of the cells or tissues[7], the use of exonuclease-
free DNA polymerase [9], “repairing” of DNA nicks
with T4 ligase [8], or an initial thermal cycling us-
ing unlabeled nuclectides [16] were insufficient to
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exclude these artifacts completely, a further in situ-
hybridisation step with labeled nucleic acid probe (in
sit-RT-PCR-ISH) is indispensable. However, higher
technological and time requirements in connection
with this technique will largely hinder its broad appli-
cation, especially in routine laboratory work.

The objective of this study was to optimize the
method of in situ-RT-PCR with the purpose of mak-
ing a specific identification of mMRNA molecules possi-
ble without hybridisation and prior DNAse treatment,
despite the difficulties occurring in the in situ ampli-
fication of nucleic acids. The modifications in method
based on considerations which have previously been
described in an abstract form [14]. In a study pub-
lished by Peters et al. [18] similar modifications were
investigated for their effectiveness in excluding false
positive results. However, while Peters et al. [18] ap-
plied a DNAse pretreatment in the investigation of
IL-6 mMRNA in paraffin sections of lymph nodes, in
the present study it was to be tested, whether the pre-
treatment with DNAse can be omitted. |varsson and
Weijdegard [ 7] have shown that in samples with small
amounts of RNA, the RNA was affected by overnight
treatment with DNAse.

As a model system we used human HepG2 hep-
atoma cell cultures, which synthesize and secrete a
phospholipaseA; of typellA (SPLA)) into the medium
on exposure to proinflammatory cytokines such as
interleukin-143 (IL-1/), interleukin-6 (I1L-6) and tumor
necrosis factor-a (TNF-a) [4]. Several lines of evi-
dence suggest that this enzyme plays a crucial role in
the acute phase reaction of inflammatory disorders. Re-
cently this enzyme could also be identified in human
atherosclerotic plaques [13,15]. To identify the cellu-
lar source of this enzymein the arterial wall, we were
interested in a method with which alow copy number
of sPLA,-specific mMRNA can be visualized.

2. Materialsand methods
2.1. Cell culture

Human HepG2 hepatoma cells (2 x 10° cellg/ ml)
were grown on silanized in situ PCR glass dides
(Perkin-Elmer, USA) in Dulbecco’s modified Eagle’'s
minimum essential medium containing nonessential
amino acids (1%), glutamin (2 mM), streptomycin
(100 pg/ml), gentamycin (10 pg/ml), and 10% fe-
tal calf serum. After reaching near confluence, the
medium was removed and replaced with fresh medium
containing 25 ng/ml of 1L-6 and TNF-«. Three days
later, the cells were washed with PBS, pH 7.2, and
fixed overnight in 4% buffered paraformal dehyde.

2.2. Isolation of total RNA from HepG2 cells

Fixed human HepG2 cells were scraped from glass
dides in an area of 1 cm? and transfered into sterile
Eppendorf-tubes. Total RNA was isolated by the acid
guanidinium thiocyanate—phenol—chloroform method
as described by Chomezynski and Sacchi [2]. The con-
centration of RNA was determined spectrophotometri-
cally at 260 nm.

2.3. Identification of sPLAspecific mRNA by

solution-phase RT-nested PCR and Southern blot

Isolated RNA (0.20 ug) was converted to cDNA in
the presence of 2.5 uM reverse transcriptase primers
(Table 1) and dNTPs (1 mM each) at 42°C for 45 min
and at 99°C for 5 min using the GeneAmp RNA PCR
Kit (Perkin-Elmer). Subsequently, the cDNA was am-
plified according to the manufacturer’sinstructionsin
the presence of extrinsic primers (0.4 uM each) and
TaqDNA polymerase (2.5 U/100 pl, Beckman Molec-
ular Biologicals, USA). The sequences of primersused
were based on that published for placental sPLA; [3]
and were designed overspanning intron segquences to
prevent the hybridisation with genomic DNA. To min-
imize the diffusion of productsin cellsin situ, primers
were extended with complementary 5'-tails (Table 1),
as described by Chiu et a. [1]. To determine the ef-
fect of complementary primer tails, the conditions for
the PCR were asfollows: aninitial denaturating step at
94°C for 5 min and 10 cycles at 94°C for 1 min and
70°C for 1.30 min followed by a variable number of
further PCR cycles (from 10 to 50 cycles) at 94°C for
1 min, 52°C for 1.30 min, and 70°C for 1 min; and fi-
nally, an extension step at 70°C for 10 min and cooling
to 4°C. Preliminary investigation showed that the mor-
phology of HepG2 cellsfixed overnight in 4% buffered
paraformaldehyde was preserved after this thermocy-
cling procedure. The buffers and reagents used were
the same as those supplied with the GeneAmp RNA
PCR Kits (Perkin-Elmer). To establish the extent to
which raising the annealing temperature from 52°C to
70°C during PCR prevents the annealing of the com-
plementary 5'-tails, the following amplification condi-
tionswere applied: an initial denaturating step at 94°C
for 5 min; 60 cycles at 94°C for 1 min and 70°C for
2min; andfinally, an extension step at 70°C for 10 min
and cooling to 4°C. The productsof amplification were
analyzed on ethidium bromide-stained 2% agarose gels
under UV light.
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Table 1
Oligonuclectides used in the present study as primers
Primer Seguences Product
reverse 5-TTTTTTTTTTGAATTC3
transcription
extrinsic forward:
5’-CCCCAAACCCCAAACCCCGTGATCATGATCTTTGGGCTACT-3 447 bp
reverse:
5-GGGGTTTGGGGTTTGGGGTCAGCAACGAGGGGTGCTCC-3
intrinsic forward:
5-ATGCAACGGATCGCTGCTGTGTCAC-3' 245 bp
reverse:

5-CCCTCTGCAGTGTTTATTGGAATA-3

For labeling of amplicons, 10 ul from the first PCR
solution was added to 40 ul of PCR reagent solu-
tion containing Tag DNA polymerase (2.5 U/100 pl),
digoxigenin (DIG)-labeled nucleotides (200 M, PCR
DIG labeling mix, Roche Diagnostics GmbH, Mann-
heim, Germany), and intrinsic primers (0.4 uM each)
to the samples amplified at an annealing temperature
of 52°C or extrinsic primers (0.4 uM each) to the sam-
ples amplified at 70°C in the first PCR step. The sec-
ond PCR, consisting of one denaturating step at 94°C
for 1 min and one annealing/extension step at 70°C
for 10 min, was performed with the hot start tech-
nique by addition of DNA polymerase after preincu-
bation of PCR reagent solution at 70°C. To anadyze
whether high molecular weight concatamers contained
the specific sSPLA,-target sequences, a portion of the
products obtained after the second PCR was digested
at 37°C for 24 h with 15 U of the restriction endonu-
clease BsiHKA | (New England BioL abs, USA) in 100
mM NaCl, 50 mM Tris-HCl, pH 7.9, 10 mM MgCl,
1 mM dithiothreitol and 100 pg/ml BSA.

As negative controls the following approaches were
investigated: (a) omission of templates, (b) omission of
reverse transcription, (c) preincubation of targets with
2 U of RNAse ONE™ (Promega, USA) in 20 mM
Tris-HCI, pH 7.5, 50 mM EDTA, 2 M sodium acetate
at 37°C for 10 min and at 90°C for 5 min, (d) omis-
sion of extrinsic primer, but not of DNA polymerasein
thefirst PCR, and (€) omission of primer and TagDNA
polymerasein the first PCR.

After finishing the second PCR, separation of am-
plified DNA by agarose gel electrophoresis, and capil-
lar flow transfer to a nitrocellulose membrane [12], the
incorporated DIG labels were detected by using anti-
DIG antibodies conjugated with akaline phosphatase
(diluted 1: 2000; Roche Diagnostics GmbH) and col-

orimetric detection with the substrate nitroblue tetra-
zolium salt and 5-bromo-4-chloro-3-indolyl phosphate
according to the manufacturer’sinstructions.

2.4. In situ RT-nested PCR

After fixation and washing (3 x for 2 min) with
PBS, pH 7.2, the cells were incubated with proteinase
K (1 pg/ml) in 50 mM Tris-HCI buffer, pH 8.0, at 24°C
for 10 min, and then at 95°C for 5 min to inactivate the
enzyme activity. Preinvestigations on HepG2 cell cul-
tures, in which proteinase K concentrations between
0.1-10.0 pg/ml were used, had shown that with an en-
zyme concentration of 1 ;.g/ml the best results could be
obtained. Then the cells were dehydrated in graded al-
coholsand air-dried. Conversion of mRNA into cDNA
and amplification of nucleic acids was performed in
cellsby using the GeneAmp In SituPCR Systems 1000
thermal cycler (Perkin-Elmer). The reagents and the
reaction conditions were the same as described above
for the solution-phase RT-nested PCR with the fol-
lowing exceptions: (i) the concentration of MgCl, was
4 ;M in reagent solutions of both PCR steps [17],
(ii) the master mixture for the first PCR contained ad-
ditionally dNTPs (400 M each), (iii) 10 cycles at an
annealing temperature of 70°C and up to 50 further
cycles at an annealing temperature of 52°C were per-
formed in the first PCR, (iv) the concentration of in-
trinsic primers in the second PCR was elevated and
averaged 1 uM. To exclude mispriming and primer
oligomerization, the hot start technique was applied in
the second PCR by using the assembly tool (Perkin-
Elmer).

Both after reverse transcription and the first PCR,
glass dides were treated twice for 1 min with xylol
and twice for 1 min with ethanol and then air-dried.
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In thisway it was easier to close the reaction chamber
without the generation of air-bubblesunder the Ampli-
Cover Discs (Perkin-Elmer). A further advantage was
that residual extrinsic primersfrom the first PCR were
washed out of the cells, which was important to the
application of the nested primers in the second PCR.
After finishing the second PCR and after blocking the
dlides, DIG-labeled nucleotides were detected by ap-
plying colloid gold-labeled anti-DIG antibodies (1: 20
diluted) and the silver-enhancement technique accord-
ing to the manufacturer’sinstructions (Roche Diagnos-
tics GmbH) under light microscopic control.

In approaching the specificity of the method, con-
trol experimentswith (a) omission of reversetranscrip-
tion, (b) omission of extrinsic primers, but not of DNA
polymerase in the first PCR, (c) omission of primers
and TagDNA polymerasein thefirst PCR, (d) preincu-
bation of cells with 2 U of RNAse ONE™ in 20 mM
Tris-HCI, pH 7.5, 50 mM EDTA, 2 M sodium acetate
at 37°C for 10 min and at 90°C for 5 min, and (€)
omission of primary antibody in the immunochemical
detection of digoxigenin, were performed.

3. Results

Figure 1 depicts the generation of high molecular
weight concatamers by applying primers with a com-
plementary 5'-tail. After 30 PCR cycles, monomer
products with a length of 447 bp were produced
(Fig. 1, lane 3). The raising of the number of cy-
cles was accompanied by an amplified polymerization
of the monomeric amplicons. After 60 cycles high-
molecular-weight products with a length of severa
thousand base-pairs were observed (Fig. 1, lane 7).
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Fig. 1. PCR products generated by solution-phase RT-PCR after 10
(lane 1), 20 (lane 2), 30 (lane 3), 40 (lane 4), 47 (lane 5), 52 (lane 6)
and 60 cycles (lane 7) in the agarose gel electrophoresis. Lane 8; 100
bp ladders.

In Fig. 2, products arising out of RT-nested PCR
are shown in agarose gel electrophoresis (A) and in
Southern blot (B). If, instead of 52°C, an annealing
temperature of 70°C was selected, the annealing of
the complementary 5'-tails could be prevented, and
only monomeric products of 447 bp were produced
(Fig. 2A, lane 3). In the Southern blot, after as few as
onecyclein the second PCR, the monomeric aswell as
the polymeric amplicons could be immunochemically
detected (Fig. 2B, lanes 3 and 10). The incubation of
DIG-labeled concatamers with restriction endonucle-
ase BsitHKA [, by which the extrinsic 3'-primer se-
guence 32 nucleotides away from the 5'-tails were se-
lectively cut, led to 429 bp products (Fig. 2A and B,
lanes 9, resp.). Furthermore, in the Southern blot ami-
nor band of 267 bp was recognizable (Fig. 2B, lane 9).

To check the specificity of the method, a series
of negative controls was investigated. While in the
agarose electrophoresis nonspecific reaction products
generated during the first PCR step were recognizable,
in the Southern blot all controls were immunochemi-
cally negative (Fig. 2B, lanes 4-8).

After evaluation of the RT-nested PCR protocol in
tubes, the method was applied in situ to adherent
HepG2 cells. The immunostainings observed were ex-
clusively in the cytoplasm of the cells, while the nu-
clei remained unstained (Fig. 3A). As a comparison,
cellsareshownin Fig. 3B that were stained with hema-
toxylin. After pretreatment of the cellswith RNAse no
immunochemical reactions were observed (Fig. 3C).
Also the other controls, which were previously investi-
gated in the Southern blot (Fig. 2B, lanes 4-7), aswell
as the control in which the first antibody in the im-
munochemical detection was omitted, yielded negative
results (not shown).

4, Discussion

In the present study a modified method of in situ
RT-nested PCR technique was investigated with re-
spect to its effectivenessin excluding fal se positive re-
sults caused by “DNA repair mechanisms’, “endoge-
nous priming”, and/or “diffusion artifacts’. The me-
thodical modifications arose out of the following con-
siderations: (i) In order to minimize mispriming with
other targets, which under certain circumstances ex-
hibit sequence homologies with the target under in-
vestigation, instead of oligo d(T)s6 in the reverse tran-
scription a reverse oligonucleotide was applied, which
along with an oligo d(T)i0-segment contains a nu-
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Fig. 2. PCR products obtained after solution-phase RT-nested PCR in the agarose gel electrophoresis (A) and corresponding Southern blot (B).
Lanes 1 and 12, 100 bp ladders; lanes 2 and 11, DIG-labeled ladders, lengths are shown on the right side; lane 3, amplicons (447 bp) after 60
PCR cycles with an annealing temperature of 70°C; lane 4, omission of extrinsic primers in the first PCR; lane 5, omission of extrinsic primers
and Taq DNA polymerase in the first PCR; lane 6, without reverse transcription; lane 7, after pretreatment of templates with RNAse; lane 8,
without templates; lane 9, PCR products from lane 10 after treatment with restriction endonuclease BsiHKA [; lane 10, high molecular weight

products after 60 PCR cycles with an annealing temperature of 52°C.

cleotide sequence specific for sPLA,-mRNA. Thus,
only the mRNA being investigated was trandated to
cDNA during the reverse transcription. (ii) To obviate
amplification of genomic DNA, extrinsic aswell asin-
trinsic primers were designed to span splicing sites be-
tween 2 exons. Preliminary investigations on isolated
genomic DNA as template proved the efficiency of this
approach (not shown). (iii) To prevent the diffusion of
ampliconsboth within and out of the cells, theextrinsic
primerswere provided with complementary 5'-tails, as
first described by Chiu et al. [1]. During amplifica
tion these tails lead to the generation of concatamers
with a length of more than thousand base pairs. The
result is a steric hindrance connected with the anchor-
ing of amplicons at the site of origin, whereby a dif-
fusion of amplified nucleic acid fragments within and
out of the cells becomesimpossible. To test whether or
not the concatamers in fact arose out of the polymer-
ization of monomeric sPLA,-specific amplicons, the
products were incubated with the restriction endonu-
clease BsiHKA I. The endonuclease cuts the down-
stream extrinsic primer 32 nucleotides from the 5'-tail,
so that productswith alength of 429 bp resulted. In the
Southern blot along with the 429 bp product a minor
band of length 267 bp was recognizable, whose forma-
tion can be explained by the annealing of the intrinsic
5’-primer 150 bp upstream from the extrinsic 5'-primer
sequence and the following cutting of the 3'-primer se-
guence at the 5'-end of the concatamers. (iv) To pre-

vent the nonspecific incorporation of the DIG-labeled
nucleotides as part of “DNA repair mechanisms’ and
“endogenous priming of DNA-fragments’, the cDNA
was amplified in two steps in the presence of nested
primers. In the first PCR the targets were copied un-
der application of unlabeled nucleotides and extrinsic
primers in a maximum of PCR cycles possible with-
out destroying the cell morphology. Thus, along with
the amplification of the target, fragmented endogenous
DNA were then repaired without becoming accessible
to a subsequent immunochemical analysis. The same
applied to “endogenous DNA priming”. Only in a sec-
ond PCR consisting in one denaturating and one an-
nealing/el ongationreaction, nucleic acidswere marked
by addition of DIG-labeled nucleotidesin the presence
of intrinsic primers. In thisway artefacts possibly gen-
erated during thefirst PCR step are not recorded by the
immunochemical detection.

Furthermore, the solution-phase studies indicated
that an annealing of the 5'-tails of the amplicons at
an annealing temperature of 70°C, at which the in-
trinsic primers anneal, did not occur. This represents a
prerequisite for the effective application of the nested
primers in the second PCR. Because, in comparison
to the solution-phase RT-PCR, in the in situ investi-
gations smaller signal intensities per cell could be as-
sumed, colloidal gold-labeled anti-DIG-antibodies and
the silver-enhancement technique was used instead of
the alkaline phosphatase conjugates. Along with in-
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Fig. 3. Identification of sSPLA,-mRNA in human HepG2 cells by in situ RT-nested PCR before (A) and after (C) pretreatment of cells with
RNAse. In comparison, Mayer’'s hematoxylin counterstaining was used (B). Original magnification x 1000.
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creased sensitivity this analysis technique has the ad-
vantage of being independent of the presence of en-
dogenous enzyme activities and not subject to diffu-
sion.

By applying the optimized in situ RT-nested PCR
together with nuclear counterstaining on HepG2 cell
cultures, immunostainings were predominantly in the
cytoplasms in accordance with mRNA localization.
Moreover, the circumstance that the immunostainings
were not evenly distributed but rather appeared as
granules in the cytoplasms of the cells and individua
compartments within the cytoplasm were excluded ar-
gues that, with the help of concatamer production, the
amplicons are fixed at their place of origin and are not
free in the cytoplasm and can not diffuse into other
compartments, for example, the nuclei or celular in-
clusions.

Numerous studies have demonstrated that after fix-
ation with formalin, nucleic acids in tissue are present
in fragments, and that the size of the DNA fragments
are strongly dependent on the fixation time. Thus, af-
ter a fixation period of one day, in archival formalin-
fixed and paraffin-embedded tissues, a lower amplifi-
cation of 345 bp DNA was observed when compared
with those of 167 and 262 bp DNA [6]. We obtained
similar results in the investigation of sPLA,-specific
transcripts in formalin-fixed aortic specimens taken at
autopsy. While the amplification of nucleic acid frag-
ments of 161 bp and 260 bp was possible, only in
60% of the cases under investigation an amplification
of 411 bp-sized templates from the same gene was ob-
served (unpublished results). These findings are for in
situ investigations on archival tissue samples all the
more meaningful because it has been found that after
in situ PCR, only amplicons with a length of 1200 bp
were retained in suspended cells, whereas 600 bp-long
products were less well retained, and 300 bp prod-
ucts indeed diffused out of the cells [5]. This could
also point to a cause for the frequently observed lower
amplification effectiveness on sections cut from rou-
tinely fixed archival tissues with the in situ (RT)-PCR
in comparison with the solution-phase technique [11].
The method of concatamer formation offers an escape
route here and shorter DNA and mRNA fragments can
be detected whose amplificates otherwise would easily
diffuse out of the cells.

To check the specificity of the method presented,
along with the positive approaches a series of nega-
tive controls was investigated. The result was that in
the Southern blot as well as in situ, no immunostain-
ings occurred when the reverse transcriptase step was

omitted. The same resultswere obtained after omission
of both extrinsic primers and TaqDNA polymerase as
well as after omission of only the primersin the first
PCR. From that it follows that the immunostainings
are due to specific signals and not to DNA synthesis
from“repair-mechanisms’ or “mispriming” bothin the
Southern blot, where in addition, the length of ampli-
cons corresponded to the sequence of sPLA,, as well
asin thein situinvestigations, where immunostainings
were exclusively detectable in the cytoplasm, but not
in the nuclei of cells, and where the stainings com-
pletely abolished after pretreatment of HepG2 cells
with RNAse.

In summary, the results of this study have shown
that the described in situ RT-nested PCR technique,
which isin comparison to the indirect in situ RT-PCR-
ISH simpler and less time-consuming may circumvent
many of previously encountered technical problems
with the in situ amplification of nucleic acids. The ex-
tent to which this technique with paraffin-embedded
archival human aortic specimens leads to a similarly
effective amplification and specific detection of intra-
cellular nucleic acids will be the subject of further in-
vestigations.
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