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Abstract

The visual interpretation and localisation of specific DNA sequences in three dimensions
in cell nuclei was investigated by fluorescence in situ hybridization (FISH) and laser scanning
confocal microscopy (LSCM) using CaSki cells containing 600 copies per cell of human
papillomavirus (HPV) DNA type 16 integrated in cellular DNA. Biotinylated DNA probes
were used and DNA-DNA hybrids were revealed by a three-step reaction involving a rabbit
anti-biotin antibody, a biotinylated goat anti-rabbit antibody and a streptavidin-fluorescein
isothiocyanate complex. The DNA from cell nuclei was counterstained with propidium
iodide. With standard fluorescence microscopy, some dense fluorescent spots were seen in the
cell nuclei. Similarly, with LSCM, some hybridization spots were observed in the cell nuclei
but they were at different levels of the nuclei as shown by successive nuclear sections taken
along the = axis. The visualisation of multiple hybridization spots confirmed the presence of
multiple integration sites of HPV 16 DNA in CaSki cells. Association of LSCM with three-
dimensional reconstructions lead to spatial images of hybridization spots obtained by stacking
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(x,y) images from consecutive confocal planes. Rotation of the reconstructed cell nuclei
around the y axis makes it possible to distinguish closely adjacent spots. The combination of
these techniques improves the detection of hybridization spots and may be of interest to fur-
ther determine whether the HPV DNA is episomal or integrated in infected cells.

Keywords: CaSki cells; Human papillomavirus; Fluorescence in situ hybridization; Laser scan-
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1. Introduction

Under appropriate conditions DNA and RNA sequences can form duplexes with
complementary nucleic acid sequences which can be visualized in single cells by in
situ hybridization techniques. When nucleic acid sequences are in low quantities in
the cells, radioactive probes are usually required for in situ detection [27]. However,
the development of non-radioactive probes is now such that in situ hybridization is
very sensitive since the labelling of non-radioactive probes and the detection of hy-
brids have been improved [9,31,37]. DNA sequences as small as 1 to 5 kb can be
identified by non-isotopic in situ hybridization on interphase nuclei or on metaphase
chromosomes [4,15]. To detect nucleic acid hybrids the probes used are covalently
coupled to haptens such as biotin [13] or digoxigenin [7]; they can also be modified
chemically by 2,4-dinitrobenzaldehyde [35], 2-acetylaminofluorene [19], mercura-
tion [15,16] or sulfonation [11]. However, the most commonly used labellings are
biotin and digoxigenin. Highly sensitive immunoenzymatic or immunofluorescent
methods of amplification are applied to reveal nucleic acid hybrids [13,17,41]. Flu-
orescence in situ hybridization (FISH) has been especially useful for the localisation
of infectious agents [24], chromosome sequences [4] and even single copies of genes
[18], with conventional fluorescence microscopy. Under similar conditions, human
papillomavirus (HPV) DNA, which is 8 kb, can be routinely identified both on tissue
sections and cell smears with non-isotopic methods [36]. In addition, the use of dif-
ferent fluorescent markers permits simultaneous investigations on various nucleic
acid sequences [25,32].

Technical developments have resulted in availability of laser scanning confocal
microscopy (LSCM) equipment which has improved cell visualisation. LSCM has
several advantages over conventional fluorescence microscopy, mainly in terms of
its greater resolution, elimination of fluorescence background [42] and possibility of
3-D reconstruction [38,39].

HPVs form a heterogeneous group of viruses with more than 70 different types
[10]. Some HPV types, commonly found in the genital tract, such as HPV 16, have
a high risk of inducing cancers [43]. In many cases, the viral DNA is episomal and
in advanced stages of cervical carcinoma the viral DNA is sometimes integrated into
the cellular genome [20]. Furthermore, the quantity of HPV DNA detected in HPV-
induced lesions may be related to their aggressivity.

In this paper, we evaluated the advantage of LSCM examination associated with
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3-D reconstruction [33,34] as compared with conventional fluorescence microscopy
for the detection and localisation of HPV DNA type 16, in CaSki cells derived from
a human cervical carcinoma. FISH and biotinylated probes were revealed by
streptavidin-fluorescein [13,22], whereas the cell nuclei were simultaneously stained
with propidium iodide.

2. Materials and methods

2.1. Cells

CaSki cells, derived from a uterine carcinoma [30], were shown to contain
500—600 copies of HPV 16 per cell [29]. They were grown as monolayers in DMEM
medium (Gibco, Gaithersburg, MD, USA) with 10% fetal calf serum and antibiotics
(penicillin and streptomycin at 102 units/ml). At confluence, after 3—4 days, the
cells were trypsinized and passaged. For cell deposits, the pellet was resuspended in
phosphate-buffered saline (PBS, Merieux, Lyon, France) after washing in PBS. Two
deposits of 40 000 cells were applied per glass slide, air-dried at room temperature,
fixed in cold acetone for 10 min and stored at —20°C.

2.2. Fluorescence in situ hybridisation (FISH) and detection of DNA-DNA hybrids

Fluorescence in situ hybridization was performed under stringent conditions (Tm
19°C) as previously described [13] using genomic probes of HPV. types 16 and 18,
included in the plasmid pBR 322. DNA-DNA hybrids were detected by indirect im-
munofluorescence with a three-step reaction; the slides were successively incubated
with an antibiotin rabbit antiserum (Enzo, New York, NY, USA) diluted to 1:500
in 2 X SSC-0.75% bovine serum albumin (BSA, Sigma, St. Louis, MO, USA) for
1 h at 37°C, a biotinylated goat antirabbit antiserum (Enzo, New York, NY, USA)
diluted to 1:500 in 2 x SSC-0.75% BSA for 1 h at 37°C and a streptavidin-
fluorescein complex (Zymed, San Francisco, CA, USA) diluted to 1:30 in PBS. After
washing in PBS, the slides were mounted in polyvinyl alcohol containing propidium
iodide at 0.5 pg/ml final concentration to counterstain cell nuclei and 2.3% (w/v) 1,4-
diazobicyclo-(2,2,2)-octane (DABCO, Sigma, St. Louis, MO, USA) an antifading
agent. In control CaSki cells, the HPV DNA 16 or 18 probes were omitted and HPV
type 16 probe was replaced by HPV type 18. The slides were stored at +4°C in the
dark until examination. Positive reactions were characterized by green fluorescent
spots in the cell nuclei.

2.3. Microscopic examination

FISH spots were successively examined under an epifluorescence Zeiss microscope
and a Zeiss confocal laser microscope (Model LSM 10), equipped for epifluore-
scence microscopy. The objective magnification was 63-fold with 1.4 numerical
aperture Plan Apochromatic oil immersion objective for high resolution. Fluores-
cein (A Ex Max: 494 nm, A Em Max: 517 nm) and propidium iodide (A Ex Max: 536
nm, A\ Em Max: 623 nm) were excited at 488 nm with an air-cooled argon laser. The
laser beam was attenuated with an F1 neutral density filter (10% transmission). The
fluorescence signal from both fluorochromes was recorded simultaneously in a single
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scan, thus precluding pixel shift between the images. The green fluorescence was col-
lected through a 530/15 nm band pass filter and the red fluorescence through a 590
nm long pass filter. Typically, optical sections were obtained at 0.5-um intervals
along the optical axis. Each plane consisted of 256 X 256 pixels. Photographs were
taken with a camera having 35-mm optics.

2.4. Three-dimensional reconstruction

The three-dimensional reconstructions were made using a Compaq DeskPro
(386.20 MHz) microcomputer fitted with an MVP-AT imaging board (Matrox,
Canada). The software package was written in C language [28]. Prior to reconstruc-
tion the 3-D data sets were filtered using a 3-D median filter to remove noise. The
surface of the nuclei and of the fluorescent spots were extracted with a 3-D segmen-
tation procedure. The grey level histograms were calculated for each channel. The
segmentation thresholds were selected on the basis of the histograms. The surface
extraction was obtained with the following neighbourhood rule. For instance, a nu-
clear voxel (i.e. whose grey level was greater than the threshold) was considered to
belong to the nuclear surface if at least one of its 26 direct neighbours (3 X 3 x 3
neighbourhood) did not belong to the nucleus. Different views at different rotation
angles around the y axis were generated (22.5°, 45° and 67.5°, respectively). Every
surface voxel was projected in a depth buffer (Z-buffer) using a 3-D transformed ma-
trix. The depth buffer was scanned pixel per pixel and the normal vector to each pixel
was calculated. The shading of the reconstructed objects was obtained using a simple
illumination model for the surface rendering based on the dot products of the nor-
mal vectors and the illumination vector [5].

3. Results

3.1. Examination of CaSki cells by standard fluorescence microscopy after FISH
Using an HPV type 16 biotinylated DNA probe, intense fluorescent spots of dif-
ferent sizes were observed at various positions in the nuclei of CaSki cells counters-
tained by propidium iodide (Fig. 1) and, in some cases, at the nuclear membrane.
No fluorescent signal was seen in the cytoplasm. Similarly, in control cells, when the

Figs. 1-3. Detection of HPV DNA type 16 in CaSki cells was performed with a biotinylated probe by
fluorescence in situ hybridization. The nuclei were counterstained by propidium iodide.

Fig. 1. Standard fluorescence microscopy. Bar = 13 um.

Fig. 2. Laser scanning confocal microscopy. Sixteen optical sections of nuclei were taken at 0.5-pm inter-
vals along the = axis. Bar = 13 pum.

Fig. 3. Three-dimensional image reconstruction. Three-dimensional images were obtained by stacking up
the consecutive sections obtained in Fig. 2 and were observed under different angles by rotation. A: image
in the y-z plane; B, C and D: images corresponding to rotations of 22.5°, 45° and 67.5°, respectively,
around the y axis. Three-dimensional localisation of the spots is improved if each pair of images A-B and
C-D is observed with a reflecting stereoscope. The small arrows point to hybridization spots of irregular
sizes and shapes in A and successive rotations in B, C and D. Bar = 13 pm; large arrows point to large
hybridization spots corresponding to multiple dots.
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probe was omitted or when an HPV type 18 DNA probe was used, no fluorescent
signal was ever detected. Although the three-step detection method produced very
low background staining, it is sometimes difficult to distinguish closely adjacent
dots.

3.2. Examination of CaSki cells by laser scanning confocal microscopy after FISH

By examination with LSCM, several hybridization spots with a bright fluores-
cence were seen in CaSki cells. Optical sections, taken along the z axis at 0.5-pm in-
tervals in CaSki cell nuclei showed distinct compact hybridization spots of various
sizes in different nuclear planes (Fig. 2), some of them being in the vicinity of the
nuclear membrane.

3.3. Spatial visualisation of HPV DNA type 16 in CaSki cell nuclei by three-
dimensional imaging

To improve the visualisation of HPV DNA hybridization spots and to define their
spatial position, a three-dimensional reconstruction of CaSki cell nuclei was per-
formed by stacking up the consecutive sections obtained by LSCM in Fig. 2. The
reconstructed image was submitted to rotation around the y axis (Fig. 3): image A
is represented in the y-z plane, images B, C and D correspond to rotations from
22.5°, 45° and 67.5°, respectively, around the y axis. These images are of interest
since hybridization spots of different size produced a clear signal (Fig. 3; small ar-
rows): when adjacent large signal tend to coalesce, they become indistinguishable by.
standard fluorescence microscopy, but they are seen as double or triple dots by 3-D
reconstruction (Fig. 3, large arrows).

4. Discussion

The interest of the present study is to visualize spatially HPV DNA type 16
detected by FISH in CaSki cells using LSCM and three-dimensional image recon-
struction as compared with standard fluorescence microscopy. Such an association
has already been shown to improve visualisation of subcellular components such as
microtubules [42] or microfilaments [40] in various cell types, but it has not yet been
used to detect HPV DNA by in situ hybridization. The specificity of FISH in CaSki
cells was demonstrated by the absence of fluorescent staining with HPV 18 or any
other HPV DNA probe as previously discussed [13]. The sensitivity of HPV DNA
detection was improved by combination of FISH and LSCM examination, since one
to two copies of HPV DNA 16 were observed in SiHa cells [23] whereas by standard
fluorescence microscopy, the detection was limited to 500—-600 copies of HPV 16 in
CaSki cells [13]. The simultaneous staining of nuclei by propidium iodide and the
fluorescein marker of viral DNA hybrids permitted not only the detection of HPV
DNA but also the localisation of fluorescent hybridization spots in the nuclei. The
main advantage of LSCM is to produce excellent epifluorescent images in which out
of focus fluorescence is eliminated. Thus, by LSCM, it could be confirmed that some
spots which are in the vicinity of the nuclear membrane by standard fluorescence
microscopy, were inside but at the periphery of the nucleus. The presence of multiple
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fluorescent spots probably reflects the multiple integration sites of HPV DNA
reported in the genome of CaSki cells [6]. Whether LSCM was associated or not to’
3-D reconstruction, we have shown that HPV hybridization spots were in different
planes of the nuclei. This was so far studied only by immuno-electron microscopy
[21] which is time consuming and difficult to perform. In nuclei 3-D reconstruction
shows the spatial distribution of hybridization spots with different sizes and shapes.
The large dots may represent multiple HPV 16 copies at a single or adjacent chromo-
somal sites; the size variations may be due to either superimposition of signals from
adjacent spots or to the variation in copy numbers per integration site [14]. In the
absence of background, as is the case after 3-D reconstruction, the number of hy-
bridization spots detected with 3-D reconstruction may reflect the number of inte-
gration sites. Thus, association of LSCM with 3-D reconstruction would be better
adapted than conventional methods of microscopy to determine the distribution of
hybridization spot number per nucleus of CaSki cells [14]. However, the quantifica-
tion with LSCM of the number of hybridization spots remains difficult even with
adapted stereological methods [8], because of the difficulty in counting accurately
small hybridization spots which could just as well be artefacts, especially in cells with
small quantities of HPV DNA. An alternative method would be to evaluate the total
fluorescence intensity of hybridization spots per nucleus with a highly sensitive video
camera, since detector systems open up the way for a quantitative approach using
digital imaging microscopy [1,3,26].

In conclusion, this study shows that LSCM associated with 3-D reconstruction ap-
pears to be a more powerful method than the conventional fluorescence microscopy
and transmission electron microscopy to visualize and localize in CaSki cells HPY
DNA 16 hybridization spots having various sizes and shapes. By 3-D reconstruction
it was possible to distinguish closely adjacent fluorescent dots. This technique is
potentially interesting and more accurate for the examination of infected cells with
episomal or integrated HPV DNA. Moreover, the viral DNA being integrated in
CaSki cell DNA makes these cells appropriate models to study replication sites of
HPV DNA in the different phases of the cell cycle [2,12,38] which are now under
investigation.

Acknowledgements

Plasmids of HPV types 16 and 18 were provided by Professor G. Orth, Paris,
France and Professor H. Zur Hausen, Heidelberg, Germany. The authors wish to
thank Dr. C. Souchier for expert advice on confocal microscopy technique, Centre
Commun de Cytologie Analytique, Université LYON I and Dr. J. Carew for review-
ing the English version of this manuscript. This work was supported by Fédération
Nationale des Centres de Lutte Contre le Cancer, Comité du Rhone, 1991.

References

1 Arndt-Jovin DJ, Robert-Nicoud M, Kaufman SJ, Jovin TM. Fluorescence digital imaging micro-
scopy (DIM) in cell biology. Science 1985;230:247.



60

10
11

20

21

22

23

G. Lizard et al. / Anal. Cell. Pathol. 7 (1994) 53-61

Banfalvi G, Tanke H, Raap AK, Slats J, van der Ploeg M. Early replication signals in nuclei of
Chinese hamster ovary cells. Histochemistry 1990;94:435—-440.

Barrows GH, Sisken JE, Allegra JC, Grash SD. Measurement of fluorescence using digital integra-
tion of video images. J Histochem Cytochem 1984;32:741-746.

Bhatt B, Burns J, Flannery D, Mc Gee Jo’D. Direct visualization of single copy genes on banded
chromosomes by non-isotopic in situ hybridization. Nucleic Acids Res 1988:16:3951—-3961.

Blinn JF. Models for light reflection for computer synthesized pictures. Computer Graphics 1977;
11:193-198.

Callahan DE, Karim A, Zheng G, Paul OP, Lesko SA. Quantification and mapping of integrated
human papillomavirus on human metaphase chromosomes using a fluorescence microscope imaging
system. Cytometry 1992;13:453-461.

Clavel C, Binninger 1, Polette M, Bouterin MC, Birembaut P. Utilisation des sondes marquées par
la digoxigénine pour la recherche de papillomavirus par hybridation in situ. Ann Pathol 1990:10:
351-354.

Cruz-Orive, LM, Weibel, ER. Recent stereological methods for cell biology: a brief survey. Am J
Physiol 1990;258:1L.148—L156.

Denijn M, Schuurman HJ, Jacobse KC, De Weger RA. In situ hybridization: a valuable tool in diag-
nostic pathology. APMIS 1992;100:669—681.

De Villiers EM. Heterogeneity of the human papillomavirus group. J Virol 1989;63:4898—4903.
Dutilh B, Bebear C, Taylor-Robinson D, Grimont PAD. Detection of Chlamydia trachomatis by in
situ hybridization with sulfonated total DNA. Ann Inst Pasteur/Microbiol 1988;139:115—128.
Fox MH, Arndt-Jovin DJ, Jovin TM, Baumann PH, Robert-Nicoud M. Spatial and temporal distri-
bution of DNA replication sites localized by immunofluorescence and confocal microscopy in mouse
fibroblasts. J Cell Sci 1991;99:247-253.

Guérin-Reverchon, I, Chardonnet, Y, Chignol, MC, Thivolet, J. A comparison of methods for the
detection of human papillomavirus DNA by in situ hybridization with biotinylated probes on
human carcinoma cell lines. J Immunol Methods 1989;123:167—176.

Herrington CS, Graham AK, McGee J'OD. Interphase cytogenetics using biotin and digoxigenin
labelled probes: III. Increased sensitivity and flexibility for detecting HPV in cervical biopsy
specimens and cell lines. J Clin Pathol 1991;44:33-38.

Hopman AHN, Wiegant J, Van Duijn P. Mercurated nucleic acid probes, a new principle for non-
radioactive in situ hybridization. Exp Cell Res 1987;169:357-368.

Hopman AHN, Wiegant J, Van Duijn P. A new hybridocytochemical method based on mercurated
nucleic acid probes and sulfhydryl-hapten ligands. I1. Effects of variations in ligand structure on in
situ detection of mercurated probes. Histochemistry 1986;84:179—185.

Hulspas R, Krijtenburg PJ, Keij JF, Bauman JGJ. Avidin-EITC: an altérnative to avidin-FITC in
confocal scanning laser microscopy. J Histochem Cytochem 1993:41:1267—1272.

Kallioniemi OP, Kallionemi A, Kurisu W, Thor A, Chen LC, Smith HS, Waldman FM, Pinkel D,
Gray JW. Erb B2 amplification in breast cancer analyzed by fluorescence in situ hybridization. Proc
Natl Acad Sci (USA) 1992:89:5321-5325.

Landegent JE, Jansen In De Wal N, Baan RA, Hoeijmakers JHJ, Van der Ploeg M. 2-
Acetylaminofluorene modified probes for the indirect hybridocytochemical detection of specific
nucleic acid sequences. Exp Cell Res 1984;153:61-72.

Lazo PA, Gallego MI, Ballester S, Feduchi E. Genetic alterations by human papillomavirus in
oncogenesis. Fed Eur Biochem Soc 1992;300:109-113.

Lin CT, Chen CC, How SW, Huang WM, Peck K. Localization of HPV 16 DNA sequence in CaSki
cells by electron microscopic hybridocytochemistry. J Histochem Cytochem 1992:40:467-473.
Lizard G, Chignol MC, Chardonnet Y, Souchier C, Bordes M, Schmitt D, Revillard JP. Detection
of human papillomavirus DNA in CaSki and HeLa cells by fluorescent in situ hybridization: analysis
by flow cytometry and laser scanning confocal microscopy. J Immunol Methods 1993;157:31-38.
Lizard G, Chignol MC, Chardonnet Y, Souchier C. Quantification and nuclear localisation of
human papillomavirus (HPV) DNA in CaSki, HeLa and SiHa cells by flow cytometry and laser
scanning confocal microscopy. Cytometry, 1993;(Suppl. 6):22.



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

G. Lizard et al. / Anal. Cell. Pathol. 7 (1994) 53—-61 : 61

Moen PT, Fox E, Bodnar JW. Adenovirus and minute virus of mice DNAs are localized at the
nuclear periphery. Nucleic Acids Res 1990;18:513-520.

Nederlof PM, Van der Flier S, Wiegant J, Raap AK, Tanke HJ, Ploem JS, Van der Ploeg M. Multi-
ple fluorescence in situ hybridization. Cytometry 1990;11:126—131.

Nederlof PM, Van der Flier S, Raap AK, Tanke HJ. Quantification of inter- and intra-nuclear varia-
tion of fluorescence in situ hybridization signals. Cytometry 1992;13:831-838.

Nuovo GJ, Richart RM. A comparison of biotin and S based in situ hybridization methodologies
for detection of human papillomavirus DNA. Lab Invest 1989;61:471-476.

Parazza F, Humbert C, Usson Y. Method for 3-D volumetric analysis of intranuclear fluorescence
distribution in confocal microscopy. (Special issue: Confocal microscopy and 3-D processing.) Com-
put Med Imaging Graphics 1993;17:3/4.

Pater MM, Pater A. Human papillomavirus types 16 and 18 sequences in carcinoma cell lines of the
cervix. Virology 1985;145,313-318.

Patillo RA, Hussa RO, Stopy MT, Ruckert ACF, Shadar MR, Mattingly RF. Tumor antigen and
human chorionic gonadotropin in CaSki cells: a new epidermoid cervical cancer cell line. Science
1977:196:1456—1458.

Pinkel, D, Straume, T, Gray, JW. (1986) Cytogenetic analysis using quantitative, high-sensitivity,
fluorescence hybridization. Proc Natl Acad Sci USA 1986;83:2934—-2938.

Ramaekers F, Hopman A, Vooijs P. Advances in the detection of ploidy differences in cancer by
in situ hybridization. Anal Cell Pathol 1992;4:337-344.

Rigaut JP, Carvajal-Gonzalez S, Vassy J. Confocal image cytometry-quantitative analysis of three
dimensional image obtained by confocal scanning microscopy. In: Hider DP, ed. Image analysis in
biology. Boca Raton, FL: CRC Press, 1992;109—133.

Robert-Nicoud M, Arndt-Jovin DJ, Schormann T, Jovin TM. 3-D imaging of cells and tissues using
confocal laser scanning microscopy and digital processing. Eur J Cell Biol 1989;(Suppl. 25):49-52.
Shroyer KR, Nakane PK. Use of DNP fabeled c-DNA for in situ hybridization. J Cell Biol
1983;97:377a.

Syrjanen SM. Basic concepts and practical applications of recombinant DNA techniques in detec-
tion of human papillomavirus (HPV) infections. APMIS 1990;98:95—110.

Trask B, Van den Engh G, Pinkel D., Mullikin J, Waldman F, Van Dekken H, Gray J. Fluorescence
in situ hybridization to interphase cell nuclei in suspension allows flow cytometric analysis of chro-
mosome content and microscopic analysis of nuclear organization. Hum Genet 1988;78:251-259.
Van Dekken H, Rotterdam A, Jonker RR, Van der Voort HTM, Brakenhoff GJ, Bauman JGJ.
Spatial topography of a pericentromeric region (1Q12) in hemopoietic cells studied by in situ hybrid-
ization and confocal microscopy. Cytometry 1990;11:570-578.

Van Dekken H, Van der Voort HTM, Brakenhoff GJ, Bauman JGJ. Three-dimensional reconstruc-
tion of pericentromeric (1Q12) DNA and ribosomal RNA sequences in HL60 cells after double tar-
get in situ hybridization and confocal microscopy. Cytometry 1990;11:579-585.

Vassy J, Rigaut JP, Hill AM, Foucrier J. Analysis by confocal scanning laser microscopy imaging
of the spatial distribution of intermediate filaments in foetal and adult rat liver cells. J Microsc
1990;157:91-104.

Wessendorf MW, Brelje TC. Which fluorophore is brightest? A comparison of the staining obtained
using fluorescein, tetramethylrhodamine, lissamine rhodamine, texas red, and cyanine 3.18. Histo-
chemistry 1992;98:81-85.

White JG, Amos WB, Fordham M. An evaluation of confocal versus conventional imaging of bio-
logical structures by fluorescence light micoscopy. J Cell Biol 1987;105:41-48.

Zur Hausen H. Human papillomavirus in the pathogenesis of anogenital cancer. Virology 1991;
184:9-13.






