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ABSTRACT

Detection of RNA transcripts within individual cells by in situ
hybridization provides a powerful means for identifying specific
cell types actively transcribing specific genes. We have applied
this technique in order to analyze expression of the o-fetoprotein
and albumin genes in a human hepatoma cell line, HuH-7. Using
either 3H- or ^S-labeled human a-fetoprotein complementary

DNA clone as a probe, we found that essentially all HuH-7 cells
contained a-fetoprotein mRNA, although in various amounts.
This correlated well with the presence of a-fetoprotein in all cells
as detected by the peroxidase-antiperoxidase immunoenzyme

method. The intracellular concentration of albumin, on the other
hand, was below the level of detection by the peroxidase-

antiperoxidase method. Consistent with this observation, we
could not detect albumin mRNA with 3H-labeled albumin comple
mentary DNA probes. However, the use of 35S-labeled probes

having higher specific activities and higher efficiency of grain
development resulted in the detection of albumin mRNA in a
small percentage of HuH-7 cells. A variety of parameters involved

in the in situ hybridization technique was examined to establish
conditions suitable for demonstrating the presence of high- and
low-copy numbers of mRNA in various cell and tissue prepara

tions.

INTRODUCTION

AFP* is a serum protein produced in large quantities during

fetal life, but it is essentially absent in normal adult life. The
synthesis of AFP is often elevated to a significant level in asso
ciation with development of hepatomas and yolk sac tumors.
Assays of AFP levels in the serum or immunohistochemical
detection of AFP in tissue sections provide an important means
for diagnosis and prognosis of these tumors. In addition, AFP
serves as a reliable marker in monitoring congenital fetal abnor
malities (1, 23, 26, 28).

AFP is synthesized mainly in the yolk sac and fetal liver with a
trace amount in the gastrointestinal tract. However, specific cell
types which synthesize AFP are not yet well established. Identi
fication of such cells and studies of their dynamics in ontogeny
and oncogeny may provide useful information in understanding
the origin of malignant cells and the relationship between malig-
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nant transformation and expression of developmental genes.
One technique of value in this respect is the detection of

specific mRNA by in situ hybridization. With the increased avail
ability of cloned cDNA and improved labeling of probes, this
technique has been gaining popularity in recent years. For in
stance, expression of various viral genes in disease (5, 6, 11,
16) and several eukaryotic genes in normal development (2, 8,
10, 13, 14, 24, 25, 27) has successfully been demonstrated by
in situ hybridization. It is conceivable that this approach may also
be of value in studying changes in gene regulation and cell
morphology during malignant transformation.

The present work was initiated with this aim and, in particular,
eventual identification of specific cell types which express the
AFP gene in association with hepatocellular carcinogenesis. As
an initial step toward this goal, we studied expression of the AFP
and albumin genes in a human hepatoma cell line by in situ
hybridization techniques.

MATERIALS AND METHODS

Cell Cultures

A human hepatoma cell line, HuH-7, known to produce AFP and

several serum proteins (19) was kindly supplied by Dr. J. Sato. Mouse
L-cells deficient of thymidine kinase activity (Ltk~) were grown in Dulbec-
co's minimal essential medium supplemented with 10% fetal calf serum.

For in situ hybridization and immunoperoxidase analysis, cells were
grown in LabTec flaskets (Miles Laboratories, Naperville, IL).

Immunoenzyme Techniques

All immunochemicals were from Dakopatts (Copenhagen, Denmark).
For detection of AFP and albumin by the PAP method, cells were grown
in LabTek flaskets, washed 3 times with PBS, and fixed in 99% ethanol/
1% glacial acetic acid. Rabbit anti-AFP or rabbit anti-albumin were used

as a first antibody, while normal rabbit immunoglobulins were used for
negative control. The second antibody was swine anti-rabbit immuno

globulins. Final incubation was in rabbit PAP complex. All incubations
were at 37Â°for 30 min. Peroxidase activity was detected using 0.01%
H2O2 and 0.06% 3.3'-diaminobenzidine tetrahydrochloride as a chrom-

ogen.

Hybridization Probes

Cloned human AFP cDNA, pHAF2 (17,18), and human albumin cDNA,
phalb-7 (28) were labeled by nick translation essentially according to the

method of Rigby ef al. (21). Reaction mixtures (10 Â¿il)contained 1 Â¡Â¡gof
DNA, 100 /nCi of [3H]dTTP (Amersham, Oakville, Ontario, Canada), 500

/iCi of pSJdATP (New England Nuclear, Boston, MA), 2 nmol each of 3
remaining nucleotides, 1 unit of Escherichia coli DNA polymerase I
(Bethesda Research Laboratories, Gaithersburg, MD), 100 pg of DNase
(Bethesda Research Laboratories), 50 mM Tris-HCI (pH 7.8), 5 mM MgCI2,
10 mM /3-mercaptoethanol, and 5 /Â¿gof bovine serum albumin. Nick
translation was run for 3 to 4 h with [3H]dTTP or 4 to 6 h with [MS]dATP.
The specific activities of probes labeled with 3H ranged from 1.5 to 3.5
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x 107 cpm/jig of DNA, and specific activities of those labeled with MS
ranged from 1 to 3 x 108 cpm//Â¿gof DNA.

In Situ Hybridization

The procedure of Brigati ef al. (6) was used with some modifications
(5, 8,11). In most experiments, cells were grown directly on glass slides
in 16-ml LabTec flaskets. After 3 quick washes with PBS, cells were

fixed in 5% paraformaldehyde made in PBS for 30 min at room temper
ature. This procedure was convenient for cells grown in monolayer
cultures, and it ensured good preservation of morphological details with
low background. However, smears of cells, slides with cells deposited
by cytocentrifugation, or paraffin sections of paraformaldehyde-fixed or
paraffin-embedded cell pellets were also treated satisfactorily by this
procedure. For the last 3 types of cell samples, gelatin-coated slides

were used. Fixing cells in 75% ethanol and 25% glacial acetic acid
resulted in high levels of nonspecific binding of probes to HuH-7 cells.

Pretreatment. Fixed monolayers, smears of cells, or dewaxed par
affin sections were serially washed with the following solutions at room
temperature: PBS 3 times, 15 min each; 0.02 M HCI once, 10 min; PBS
twice, 3 min each; 0.01% Triton X-100 in PBS once, 15 min; and PBS

twice, 3 min each. The slides were then treated with proteinase K [1 ^g/
ml in 20 mw Tris-HCI (pH 7.4) and 2 mw CaCI2] for 15 min at 37Â°C,

washed with PBS twice for 3 min each, postfixed in 5% paraformalde
hyde for 5 min, and washed with PBS for 5 min. Paraffin sections were
then acetylated by 0.25% acetic anhydride in 0.1 M methanolamine, pH
8.0, for 10 min and washed with PBS for 5 min. All samples were washed
with 2x SSC or digested with RNase A (100 Â¿/g/mlin 2x SSC) for 30
min at 37Â°C and then dehydrated by washing with increasing concen

trations of ethanol (30, 60, 75, and 95%) for 2 min each.
Prehybridization. This step was used only for paraffin sections in

order to decrease nonspecific binding of labeled DNA to cellular com
ponents. The prehybridization mixture contained (per ml), 200 ng of
sonicated salmon sperm DNA, 100 ^g of polyadenylate, 50% deionized
formamide, and 10% dextran sulfate in 2x SSC. Twenty /jl of this
solution were applied on a paraffin section, covered with a siliconized
coverslip, and incubated at 37Â°C for 60 min. The coverslip was removed,

and the slide was quickly washed in 2x SSC and subjected to hybridi
zation as described below.

Hybridization. The hybridization mixture contained (per ml); 0.01 to 2
tig of labeled probe (0.3 to 5.0 x 107 cpm); 200 ^9 of sonicated salmon
sperm DNA, denatured at 100Â°C; 100 ^g of polyadenylate; 50% deion

ized formamide; 10% dextran sulfate; and 2x SSC. In the experiments
with ^S-labeled probes, 20 mM dithiothreitol was included in the hybrid

ization mixture. Ten jul of the hybridization mixture were applied on a cell
or tissue sample and immediately covered with a siliconized coverslip.
Edges of the coverslip were sealed with rubber cement. The slides were
incubated in a humidified chamber for 1 to 72 h at temperatures ranging
from 25-45Â° C. In most cases, incubation was done at 37Â°C for 16 to

48 h.
Washing. Coverslips were carefully removed from slides with a sur

gical blade and fine forceps. Slides were washed with 50% formamide
in 2x SSC, 6 times for 5 min each, and then immersed in 2 liters of 2x
SSC at 37Â°C with constant stirring. 2x SSC was changed twice during

24-h washing. Slides were dehydrated by immersing successively in 75,

95, and 99% ethanol containing 0.3 M ammonium acetate for 5 min each.
Detection of Hybridized Probe. For autoradiographic detection of

hybrids, slides were coated with Kodak NTB2 emulsion (9) and, after 1
to 14 days of exposure, developed with D-19 developer. Developed

slides were counterstained with hematoxylin and eosin.

RESULTS

Detection of AFP by Indirect Immunoperoxidase Staining.
The presence of AFP in HuH-7 cells was demonstrated by the
PAP technique using rabbit anti-human AFP 7-globulin in dilu

tions from 1000 to 8000 times. Heavy staining was observed in
the cytoplasm immediately surrounding the nucleus (Fig. ÃŽA).
The intensity of staining varied among cells; rounded cells stained
more strongly than did flat cells. Even most weakly stained cells
were believed to contain AFP, because they could be easily
distinguished from control cells, which were incubated with nor
mal rabbit immunoglobulins (Fig. ÃŽB).Analysis of albumin in
concentrated spent medium by crossed immunoelectrophoresis
showed that HuH-7 cells synthesized albumin but at about one-

tenth the level of AFP production. The intracellular concentration
of albumin appeared to be equally low, as we could not detect
albumin in HuH-7 cells by the PAP technique using anti-albumin

immunoglobulins in dilutions from 200 to 8000 times.
Detection of AFP and Albumin mRNAs by in Situ Hybridi

zation. AFP mRNA was detected in paraformaldehyde-fixed
HuH-7 cells when in situ hybridization was conducted in 50%
formamide at 25-45Â° C (Fig. 2A). Pretreatment of cells with

proteinase K, use of probes of specific activities of higher than
2 x 107 cpm/itg, and extensive posthybridization washing con

tributed to an increase in the signal/noise ratio. When tritiated
AFP probes were used, most silver grains were present in the
cytoplasm of HuH-7 cells, with fewer grains seen above cell

nuclei. The number of grains in the cytoplasm varied, but essen
tially all HuH-7 cells, including those undergoing mitotic division,

were considered to contain AFP mRNA.
In order to establish the specificity of hybridization, HuH-7

cells were incubated with 3H-labeled pBR322 DNA under the

same hybridization conditions. No accumulation of silver grains
over the cells was observed (Fig. 2B). Pretreatment of HuH-7

cells with RNase abolished the formation of silver grains (Fig.
2C). Other cell lines not producing AFP, such as HeLa and
mouse L-cells, also gave negative results (Fig. 2D).

The level of hybridization depended on several factors, such
as the duration and temperature of hybridization reaction and
the concentration of the probe. Time course studies showed
that, for the 3H-labeled pHAF2 at 5 x 105 cpm/slide (1 to 2 Mg/
ml), hybridization took place after incubation for 12 h at 37Â°C

(Fig. 3B). The number of silver grains increased with increasing
time of incubation to 48 h (Fig. 3, C and D). Under these
conditions, 3 to 5 days of autoradiographic exposure revealed a
sufficient number of silver grains. The use of higher concentra
tions of the probe resulted in higher backgrounds, while the use
of lower concentrations of the probe necessitated a longer period
of autoradiographic exposure.

^S-labeled pHAF2 DNA had higher specific activities than did
3H-labeled DNA. This, coupled with the higher efficiency of grain
development of 35S-labeled nucleotides, enabled detection of
AFP mRNA with ^S-labeled probes at lower concentrations (e.g.,
3.5 x 104 cpm per slide, 0.01 pg/ml) and shorter exposure times
than with 3H-labeled probes (compare Figs. 24 and 4^).

The advantage of 35S-labeled probes over 3H-labeled probes

was further demonstrated in the case of detection of albumin
mRNA in HuH-7 cells. 3H-labeled albumin cDNA (phalb-7) failed
to detect albumin mRNA, but 35S-labeled probes were able to

reveal the presence of albumin mRNA after 48 h of hybridization
and 6 days of autoradiographic exposure (Fig. 43). It was found
that a small percentage (<20%) of cells contained silver grains
over the cytoplasm at a level significantly higher than that of the
background (compare Figs. 4B and C or D).

We found that cells grown in LabTec flaskets gave most
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satisfactory hybridization results. Cell smears or cell slides pre
pared by cytocentrifugation were also suitable, but preservation
of morphological details was less satisfactory. Morphology of
cells was also well preserved in paraffin sections cut from
paraformaldehyde-fixed cell pellets, although paraffin sections

tended to give higher background than did other samples. All
experiments in which biotinylated pHAF2 was used as a probe
were negative.

DISCUSSION

The production of AFP and albumin by the human hepatoma
cell line HuH-7 used has been shown qualitatively by immunolog-

ical detection of these proteins in spent medium (19). We ob
served that, under the culture conditions used, the level of
albumin production was about 10 times less than that of AFP
synthesis. Our analysis of intracellular AFP by the PAP method
showed that significant but variable amounts of AFP were pres
ent in all HuH-7 cells. Consistent with this observation, we found

varying amounts of AFP mRNA in these cells by in situ hybridi
zation with 3H- or 35S-labeled cDNA probes. The specificity of

the hybridization reaction was confirmed by control experiments
in which the use of RNase-treated HuH-7, non-AFP-producing

cells or a nonspecific DNA probe resulted in negative hybridiza
tion.

Analysis of intracellular albumin by the PAP staining, on the
other hand, failed to detect the presence of albumin in HuH-7

cells, presumably reflecting the low level of albumin synthesis.
This was supported by the observations that albumin mRNA
could be detected in a small percentage of HuH-7 cells when
35S-labeled but not 3H-labeled probes were used for hybridiza
tion. 35S-labeled probes are more effective in detecting mRNA

species present in low copy numbers.
Successful demonstration of cellular mRNA in situ hybridiza

tion depends on a number of factors. For instance, we found
that fixation of the cells with 5% paraformaldehyde gave lower
nonspecific DNA binding to cell structures than with ethanol/
glacial acetic acid. The choice of fixative, however, requires
further studies, as a controversy exists over effectiveness of
preservation of mRNA between precipitating fixatives (5,11) and
cross-linking ones (6). Cross-linking fixatives, such as parafor

maldehyde and formalin, are attractive, as formalin is used
routinely as a histological fixative for human tissues obtained by
surgery. Formalin preserves morphological details very well and,
in addition, it may help preserve mRNA by causing destruction
of cellular RNase.

Most researchers pretreat cells or sections prior to incubation
with probes. The main purpose of this step is to facilitate
penetration of the probe through the cytoplasm, which is cross-
linked as a result of fixation. In the present study, we treated
paraformaldehyde-fixed cells with 0.02 M HCI (6), followed by
0.01% Triton X-100. The treated cells were then partially di

gested with proteinase K. Some workers recommend Pronase
rather than proteinase K (6). Enzyme-treated cells were then

treated with paraformaldehyde to fix exposed mRNA to the
underlying proteinaceous matrix (6).

Another type of pretreatment is performed to eliminate posi
tively charged substances in the cell which might bind to DNA
nonspecifically..The most widely used procedure is acetylation
introduced by Hayashi ef al. (12). We found, however, that this

procedure had little effect on the background in our experiments.
There are histochemical techniques which are effective for block
ing basic groups in tissue sections (20). It may be important to
investigate these techniques in order to decrease relatively high
backgrounds associated with paraffin sections. An establishment
of satisfactory conditions for paraffin sections is desirable, as
the paraffin technique provides multiple samples of uniform
thickness and is applicable to tissues removed at surgery.

In hybridization assays using membrane filters, a prehybridi-
zation procedure is used routinely to reduce the background (7).
This procedure has been used for in situ hybridization by several
groups (8, 15). When working with HuH-7 cells and Ltk~ cells

grown in monolayer on glass slides, we found that prehybridi-
zation did not decrease the background and, therefore, it was
omitted. However, in our preliminary experiments with tissue
sections, we observed that many structures, including cartilage,
epidermis, fetal gastrointestinal mucosa, hepatocyte nuclei
undergoing glycogen degeneration, and foci of liver steatosis
bound to 3H- and 35S-labeled probes nonspecifically. We were

able to reduce this nonspecific binding by using the prehybridi-
zation procedure.

Most workers use glass slides coated with gelatin (8, 10, 15),
egg proteins (6), or Denhardt solution (5, 11) to secure strong
attachment of cells to the slide and also to decrease nonspecific
binding of DNA to the slide. We found that cells grown in LabTec
flaskets were strongly attached to glass slides which constitute
the bottom of the flasket. Glass surface outside the cells ap
peared to be coated with proteins produced by the cells, as DNA
adsorbtion to the surface was negligible. Attachment of emulsion
to treated slides was satisfactory, provided that development,
fixation, and washing were all performed at 15Â°C. Satisfactory

results were also obtained with smears of cells on gelatinized
slides and with cells deposited on gelatinized slides by cytocen
trifugation.

In the experiments described here, we used the whole-plasmid
DNA containing the AFP cDNA sequence as a probe with satis
factory results. The carrier plasmid DNA does not hybridize with
mRNA and may contribute to an increase in the background.
Similarly, the AFP DNA strand not complementary to AFP mRNA
may increase the background. Thus, further improvement of
sensitivity and specificity may be achieved by using single-
stranded cDNA without carrier DNA as a probe (13, 14, 27).

Biotinylated probes (6, 25) or probes labeled with compounds
exhibiting fluorescence provide very attractive alternatives to
radioactive probes (4). However, we were unable to demonstrate
AFP mRNA with biotinylated probes. We believe that, at least at
present, autoradiographic techniques are more sensitive than
are those using biotinylated probes. Another technique involves
the use of antibodies specific to DNA/RNA hybrids (3, 22). It
might be expected that sensitivity of detection techniques which
do not include autoradiography will be considerably increased in
the near future. This would be of great value, as it could permit
simultaneous demonstration of two or more mRNAs in the same
cell using different labels for different cDNA probes.

The in situ detection of AFP mRNA may be useful in histo-
pathological diagnosis of hepatomas and yolk sac tumors which
do not secret AFP in amounts detectable by immunological
means, even if the AFP gene is actively transcribed. We are
currently studying feasibility of such clinical applications of this
technique.
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Fig. 1. Demonstration of AFP in HuH-7 cells by the PAP method. In A. AFP in HuH-7 cells Â«asstained by the PAP method as described in "Materials and Methods."

Reaction products are visible in all cells, especially around cell nuclei. B. Same as above, except that rabbit anti-AFP was replaced by normal rabbit immunoglobulins.
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Fig. 3. Time-course of Â¡nsitu hybridization detection of AFP mRNA. HuH-7 cells were hybridized with 3H-labeled pHAF-2, 5 x 105 cpm/slide, for 3 (A), 12 (B), 24 (C),

and 48 h (D). Cells were counterstained with H & E.
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