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Expression of the Histone H3 Gene in Benign, 
Semi-malignant and Malignant Lesions of the 

Head and Neck: a Reliable Proliferation Marker 
Franz X. Bosch, Nora Udvarhelyi, Estelle Venter, Christel Herold-Mende, 

Antje Schuhmann, Heinz Maier, Hagen Weidauer and Antonio I. Born 

To search for a reliable proliferation marker in epithelial head and neck lesions, we have analysed the expression 
of the histone H3 gene by in situ hybridisation and compared this with the immunoreactivity of the widely used 
monoclonal antibody Ki-67. In many lesions, the Ki-67 staining failed to delineate proliferation. In contrast, the 
H3 hybridisation signals were in accordance with the histopathology of the biopsies: in hyperplastic epithelia, 
significant H3 mRNA levels were only seen in areas with inflammation. Dysplastic cells showed distinctly elevated 
H3 expression. Benign and semi-malignant tumours, i.e. basal cell carcinomas, showed moderate H3 signals at 
the periphery. In squamous cell carcinomas, H3 expression was always high at the expanding zone of the tumour 
and was most extensive in undifferentiated carcinomas. Thus, the expression of the histone H3 gene closely 
reflected the dynamics of neoplastic growth within and around head and neck tumours. 
EurJ Cancer, Vol. 29A, No. 10, pp. 14%1461,1993. 

INTRODUCTION 
INCREASED, rxxREGw_ATED proliferation is a prime characteristic 
of a neoplastic tissue. Tumour diagnosis, staging and grading, 
and treatment modalities, i.e. surgery, chemotherapy or radio- 
therapy, are all related to the proliferative index of a tumour. 

The determination of the proliferation potential in situ, i.e. of 
individual tumour cells or of a subpopulation of tumour cells, is 
particularly important in studies aiming at the identification and 
characterisation of tumour cells possessing increased resistance 
to therapy and advanced metastatic growth potential as com- 
pared to their neighbouring cells. The development of such 
tumour cell heterogeneity within a primary solid tumour may be 
regarded as the first step in the progression of the primary 
tumour to a recurring or metastasising tumour. 

In order to character&e tumour cell heterogeneities in different 
types of primary squamous cell carcinomas and in premalignant 
lesions of the head and neck, we study gene expression at 
the cellular level by immunohistochemistry (IHC) and in situ 
hybridisation (ISH). We use frozen sections since both IHC and 
ISH can be performed with higher sensitivity as compared to 
par&in embedded material. This requires molecular markers 
also for the assessment of proliferation, as counting of mitotic 
figures is unreliable on frozen sections (and tritiated thymidine 
or bromodeoxyuridine labelling is excluded). 

antigen present in cycling cells but not in resting (G,,) cells [2-91. 
However, studies by Van Dierendonck and colleagues have 
disclosed two major pitfalls of Ki-67, at least in epithelial cell 
lines: (1) expression of the antigen at the onset of DNA synthesis 
(early S-phase) may be undetectably low, and (2) cells leaving 
the cell cycle may retain the antigen for a considerable time 
period [ 10, 111. Furthermore, although part of the gene coding 
for the antigen recognised by Ki-67 has been isolated and 
sequenced [3], its identity, biochemical characteristics and 
mechanism of regulation is still unknown. In human biopsy 
specimens, Ki-67 has turned out to be a good marker of 
proliferation in lymphoid tissues derived from tumours [12, 
131 and other lymphoid diseases [14]. However, in epithelial 

tumours as well as in soft tissue lesions [15-171, the staining 
patterns observed have not been unambiguous. Rather, most 
published studies report on a very pronounced variation of Ki- 
67 staining of tumour cells and a lack of correlation of Ki-67 
staining with clinical and histopathological criteria of different 
epithelial tumours [ 18-271. 

Themonoclonal antibody Ki-67 [l] has found wide application 
as a marker for the proliferation status of normal and neoplastic 
cells. Various studies using primary and established haematopo- 
ietic cells in culture have shown that Ki-67 recognises a nuclear 

PCNA (proliferating cell nuclear antigen), an auxilliary pro- 
tein to DNA polymerase delta [28], whose expression seems to 
be restricted to the S-phase of the cell cycle [5], has similar 
pitfalls. The cell cycle-specific regulation of PCNA has not yet 
been worked out and the antibody to PCNA has been reported 
to produce higher background staining than Ki-67 [26]. 
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In contrast, the regulation of expression of the histone H3 
gene which, like the other histone genes, is tightly coupled to 
DNA synthesis, is well characterized. Structural features of its 
mRNA involved in its regulation have been elucidated in regions 
both upstream and downstream from the coding sequences (e.g. 
lack of a poly A-tail). The regulation of histone expression 
within the cell cycle occurs at both transcriptional and post- 
transcriptional levels, resulting in low mRNA levels during Gz, 
M (in this phase mRNA levels should be lowest) and early Gi, 
and high levels in late Gi and the S-phase. In resting (G,,) cells 
no expression should be detectable [29-331. 
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Fii. 1. HhtolKH3snd~-sctin~AlcvclrincultlrrrdhumsnglioMnrtomoeellr~~~~~hJbridhptioll(IsH).Thecellswe~ 
F 7 s+nmmpk slides to semicolltluency, washed with phosphate bldkcd saline (PBS) a&d ikxed ia 4% perafonnauahyde for 15 min. 
~ybr&m~~ to the 33P-labcUd probes was for 5 b at WC. (a) Homogeneous @actin mRNA in PII cells. (b) Histome ii3 QRNA witboat and 
(c), (d), with fresh saum stimulation prior to ISH. (d) Dark field photo&mgmpb to (c). For orientation, two strong@ H3 positive cells are 
marked by arrows, negative or weakly labelled cells ia (b), (c), (d) are marked by arrow heads. Note increase of positive cells from (b) to (c), 

(d). Magaifications: x 380 ia (a), x 800 in(b)(c)(d). 

H3 cDNA clone has indeed been applied in ISH studies to label 
proliferating cells in human oral cancer specimens and in 
experimentally induced tumours in hamster cheek pouch [34, 
351. However, in these studies, neither a direct comparison to 

other established proliferation markers nor a correlation to 
established differentiation markers has been included. Also, no 
ISH to mRNA of intraspecies house keeping genes have been 
performed as internal controls for the efficacy of ISH. 

For the analysis of the differentiation status of the tissues 
under study, we employ molecular probes specilic for individual 
members of the multigene family of cytokeratins (cks), which in 
human epithelia comprises at least 20 polypeptides and has 
proven to provide speci6c and sensitive markers for the differen- 
tiation status of normal as well as neoplastic epithelia [3638]. 
Noteworthy in the context of this study is the fact that cells 
within the suprabasal, differentiated layers of strati&i squam- 
ous epithelia express cks 4 and 13 in non-keratinised regions 
and cks 1 and lO/ll in ortho-keratinised regions. The basal 
keratinocytes express cks 5 and 14 [38, 391. The immunoreactiv- 
ity (reflecting antigen expression) or the signals generated from 

ISH (reflecting expression of the corresponding mRNA) to the 
corresponding probes is a very useful guideline along which the 
expression of different markers of proliferation can be assessed. 

We have collected a large number of tissue specimens which 
could be classifted as histologically inconspicuous, hyperplastic 
and dysplastic squamous and respiratory epithelia, benign and 
mahgnant primary, secondary and recurrent tumours and lymph 
nodes containing regional metastases, respectively. After stain- 
ing many of these tissue specimens with Ki-67, with tmsatisfac- 
tory results, we have set out, as described in the present 
communication, to compare in a representative series of these 
specimens the immunohistochemical staining patterns of Ki-67 
with the mRNA expression patterns of histone H3 and have 
assessed them in correlation to the expression of differentiation 
related cytokeratins and to the histopathological staging and 
grading. The results demonstrate that histone H3 but not K-67 
fulf& the requirements of a reliable proliferation marker in head 
and neck carcinomas. 
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MATERIALS AND METHODS respiratory epithelia in close vicinity to the tumour were also 
Cultured cells obtained from the operation and they were processed separately. 

The cells of a glioblastoma cell line, RO ~94, kindly provided 
by Dr G. Schackert (Institute of Neurosurgery, University of 
Heidelberg) were propagated in Dulbecco’s modified Eagle 
medium supplemented with 10% fetal calf serum. They were 
allowed to attach to microscope slides at semiconfluency by 
overnight incubation. They were then either processed further 
or were restimulated to grow by starvation from and readdition of 
serum, as described [44]. The cells were washed with phosphate 
buffered saline, fixed in 4% formaldehyde (made from 
paraformaldehyde) for 15 min at rcom temperature and hybrid- 
ised for 5 h at 50°C to 32P-labelled histone H3 and p-actin cRNA 
probes. 

The tissues were snap-frozen in isopentane/liquid nitrogen 
and stored at -80°C. Serial cryostat sections (S-6 pm thick) 
were mounted on 3-aminopropyl-triethoxysilane-coated slides. 

Immunohistochetnical staining 

Tissue specinrens 

The frozen sections were fixed for 10 min in acetone at -20°C 
and air dried. Primary monoclonal antibodies were applied to 
the sections in phosphate buffered saline (pH 7.4). Antibody 
staining, performed on at least two sections per specimen, was 
detected by the alkaline phosphatase-anti-alkaline phosphatase 
(APAAP) method, using either the protocol provided by Dako- 
patts (Kopenhagen, Denmark) or a modified, shortened protocol 
(“SIMIT”-APAAP) developed by Progen Biotechnics 
(Heidelberg, Germany). 

Specimens from different types of head and neck tumours 
were collected in the operation room immediately after oper- 
ation. All specimens of squamous cell carcinomas showed, at 
least in some areas, signs of dedifferentiation, histological grad- 
ing varying between G2 and G4. When large tumour areas 
were to be resected, hyperplastic and dysplastic squamous and 

Antibodies 
The murine monoclonal antibody (Mab) Ki-67, staining a 

nuclear antigen expressed in proliferating cells [ 1, 31, was 
obtained from Dianova (Hamburg, F.R.G.). Some cks-specific 
Mabs were used for comparison. These included K. 8.60 reacting 

Fii. 2. Comparison of histone H3 mRNA expression (a, e, h: bright field; b, fi dark field illumination) with Ki-67 staining (c, g) in hyperplastic 
squamous epithelium of laryngeal ventricle. The upper row shows a region with little intlammation; the lower row (from the same tissue 
sections) shows a region with visible inflammation of the underlying connective tissue. There is little H3 and Ki-67 expression in the 
hyperpb~tic region (a-c), but significantly elevated expression in the inflamed region (e-h). H3 and Ki-67 (compare a, c with e, g) are 
concordant except that some Ki-67 immunoreactive cells are located in suprabasal layers. For comparison, expression of cytokeratin 4 is 
shown in (d). (h) High magnification of part of(e) showing H3 mRNA in parabasal cells rather than in the basahnost cells. Magnification: x 

300 in (a-g), X 800 in(h). 
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Fig. 3. Comparison of Kid7 and H3 expression in hyperpk& vs. dysplasia. (a) Homogeneous but mostly cytopksmic Kid7 stainiq of the 
basal kyer (amnv heads), pb~ nuclear staining of parabasal cells in a hyperplastic squamous epithelium from the base of tongue (arrows). (b) 
Hypeqla& region (at the right) and dyspkstic focus (at the left) from the floor of the mouth. There is homogeneous, mostly cytopksmic 
stainingofthebasallayer,without ’ dmaimkation between hyperplasia and dysplasia. (c) Bright f&i and (d) dark tield photographs of H3 
mRNA in another region of transition from hypexpksia to dysplasia from the same tissue block. Hyperplasia with very little H3 expression is 

seen at the right, and moderate and then severe dysplasia with strongly increasing H3 expression is visibk at the left. 

with cks 10111; 6BlO and lC7, specific for cks 4 and 13, 
respectively (for references and sources [45]). 

In situ hybridisatim 
The procedure, based on the studies of Cox et al. [46], was 

carried out essentially as described previously [41, 451 with some 
minor modifications. For instance, both 32P-labelled as well as 
35S-labelled cRNA probes were employed. In the latter cases, 
the hybridisation solution contained 50 mmoY1 DTT (di- 
thiothreitol) and the sections were covered with par&m in order 
to avoid evaporation of DTT. The probes were prepared by 
incorporation of either alpha-32P or 35S-CTP or UTP into 
transcripts synthesised in vitro from cDNA cloned into Blues- 
tribe or Bluescript vectors (Stratagene). Hybridisations were 
also carried out on sections which, after paraformaldehyde 
fixation and washing, had been refrozen at -80°C. Here, the 
concentration of the proteinase K was lowered from 0.5 to 0.2 
pg/ml. The concentration range of RNase A which is used after 
hybridisation to efficiently remove unbound probes from the 
sections was lower than described previously [41, 451, being 
l-5 kg/ml for 32P-labelled probes and 10 Kg/ml for 35S-labelled 

probes. At least two sections were hybrid&d with each probe. 
The Bluescript-based human histone H3 cDNA, containing a 
330 base pair insert, was the kind gift of Drs H. Smola and 
N.E. Fusenig (German Cancer Research Center, Heidelberg, 
F.R.G.). The cDNA probes used to analyse mRNA expression 
patterns of stratification related cks, were kind gifts of Drs B. 
Bader, R. Leube and W. W. Franke, also of the German Cancer 
Center. 

RESULTS 
Hiswne H3 mRNA expression in cell culture 

A non-synchronised human glioblastoma cell line, RO ~94, 
was used to test whether in situ hybridisation with the histone 
H3 cRNA probe yielded the expected signals over a certain 
fraction of these cells [40], in comparison to an expected 
homogeneous hybrid&ion signal generated by a probe specific 
for the cytoskeletal gene @actin. After a l-day growth period, 
which in some cases was followed by serum restimulation, the 
cells were washed with phosphate buffered saline and subjected 
to ISH with 32P-labelled human histone H3 and p-actin probes 
as described [41, 421. As outlined in the Introduction, the 



Fig. 4. Comparison of Ki-67 and H3 mRNA expression in akanthotic epithelium vs. invasive, poorly differentiated squamous ceU carcinoma, 
ia semi-malignant basal cell carcinoma, and ia anaplastic squamous cell carcinoma with small cell morphology~olow illustration. The left 
column shows Ki-67 staining, the right column shows dark field photomicrographs from ISH with the 35S-labelled H3-probe. (a), (b) Akanthotic 
epithelium. Note coofinement of H3 expression to a few basal cells but homogeneous basal staining with Ki-67 (arrows). (c), (d) Adjacent 
invasive tumour nodules on the same section. Very few tumour cells are nuclearly stained with Ki-67; many tumour cells are labelled with H3 
(see arrows in c, d). (e), (r) Semi-malignant basal ceU carcinoma. Uniform, perinuclear Ki-67 staining (e) but clustered H3 mRNA expression 
ia some peripheral tumour cells (f, arrows). (g), (h) Undifferentiated squamous ceU carcinoma, T4N2&i1/G4. Strong, but dispersed nuclear 
Ki-67 staining (g) in contrast to extremely strong H3 expression ia all peripheral tumour cells, in many central tumour cells and in individual 

tumour cells in the stroma (h, see arrows). E: epithelium, T: hunour, S: stroma. Magnification: x 800. 
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histone H3 mKNA should display a very heterogeneous pattern 
of expression, depending on the cell cycle status of the cells, 
whereas the mKNA of the @-actin gene should be unpressed 
constitutively in all cells in a cell cycle-independent manner. 
Fig. 1 confirmed these differential expression patterns. As 
visualised by dark field microscopy, the hybridisation signals 
specific for the p-actin mKNA were fairly homogeneous in 
intensity and all cells were labelled (Fig. la), wheseas a strong 
H3 hybridisation signal could be seen only in a subpopulation of 
cells (approximately 25%), presumably those in late Gt and S- 
phase (Fig. lb). Other cells (indicated by arrow heads) showed 
a much lower but detectable accumulation of silver grains over 
their cytoplasm, consistent with their being in other phases of 
the cell cycle. The percentage of cells with strong H3 expression 
could be significantly increased to about 40-50% by addition of 
fresh serum prior to ISH, as demonstrated in Fig. lc (bright 
field) and Fig. Id (dark field photomicrograph to Fig. lc), 
consistent with serum stimulation of growth. 

Comparison of histone H3 mRNA expression pattems with Kid7 
immunostaining pattems 

Non-tumorous squamous epitheiia. We examined frozen sec- 
tions of approximately 25 different non-tumorous, squamous or 
respiratory epithelia obtained from the vicinity of surgically 
removed head and neck tumours. As a typical example, Fig. 2 
shows staining of a hypcrplastic, non-keratinising epithelium of 
the laryngeal ventricle in the vicinity of a squamous cell carci- 
noma of the larytiypopharynx. Both histone HIISH as well 
as Ki-67-IHC yielded similar signals in cell layers close to the 
basal layer (the parabasal compartment), varying from very little 
to significant (compare Fig. 2b, cwithf, g). Thisdifferenceinthe 
proliferative activity might be due to the presence of increased 
mtlammation in the underlying connective tissue in the region 
shown in Fig. 2e-h. In these areas, the expression of H3 as well 
as of the Ki-67 antigen was elevated (Fig. 2e-g). Such variation 
was’not observed when expression of cks 4 (Fig. 2d) and 13 (not 
shown), which are typical suprabasal components of this type of 
epithelium, was analysed. It was interesting to note that the cells 
positive for Ki-67 and H3 were mainly located in the parabasal 
compartment, as shown in Fig. 2c, g (Ki-67) and h (H3, bright 
field high magnification photomicrograph), suggestive of a 
reserve cell character of the basal-most cell layer. Although a 
few cells in suprabasal layers were stiIl positive for Ki-67 but not 
for H3 (compare Fig. 2c, g with f, g; this phenomenon due to 
the longer half life of the Ki-67 antigen), in the majority of non- 
tumorous epithelia the H3 and Ki-67 expression patterns were 
concordant. It may also be mentioned that in uninvolved lymph 
nodes which were occasionally included in tumour resections, 
the H3 probe reproducibly hybridised to the germinal (i.e. 
proliferative) centres of these lymph nodes. These also reacted 
positively with the Ki-67 antibody (data not shown). 

Hvperpksia vs. dysplasia (grade Il). In some biopsy specimens 
from the oral cavity displaying hyperplasia, the Ki-67 antibody 
yielded a mixture of nuclear staining of individual parabasal cells 
and a homogeneous, but mostly cytoplasmic staining of the basal 
layer (Fig. 3a, see arrows and arrow heads, respectively). In 
most hyperplastic specimens containing dysplastic regions (n = 
lo), there was a homogeneous, but mostly cytoplasmic staining 
of the basal layer both in the hyperplastic areas as well as in the 
dysplastic regions (Fig. 3b, the dysplasia being at the left 
margin). Since the Ki-67 antigen is generally accepted to be 
nuclearly localised, the authenticity of these staining patterns is 

diflicult to evaluate. Indeed, the presence of proliferation in 
the regions showing cytoplasmic staining with Ki-67 was not 
confinned by ISH with the H3 probe. On the contrary, as shown 
in Fig. 3c (bright field) and Fig. 3d (dark field 
photomicrographs), the number of H3 mKNA-expressing cells 
in the area of moderate hyperplasia was low (see right margin of 
Fig. 3c) but increased strongly a small distance further along the 
same section where the hyperplasia turned into moderate and 
severe dysplasia (grade II dysplasia at left margin of Fig. 3c, d). 

Ahanthotic squamous epithelium vs. areas of invasive tumour 
(T4N3Mx; G3 grade). In four different tumour specimens 
which displayed akanthotic/dysplastic squamous epithelium and 
poorly differentiated or undifferentiated tumour nodules close 
by, the failure of Ki-67 to correlate with these features was 
clearly evident. In Fig. 4a-d, the Ki-67 staining in akanthotic 
squamous epithelium (Fig. 4a) is compared with that in invasive 
areas with poorly differentiated tumour cells (Fig. 4c) and is 
contrasted to the H3 mKNA expression patterns. A largely 
homogeneous, nuclear as well as cytoplasmic basal Ki-67 staining 
demarcated the akanthotic epithelium, whereas in the small 
invasive tumour islands only very few cells were stained, the 
staining pattern being of the expected nuclear nature (see arrows 
in Fig. 4a and c, respectively). ISH with the H3 probe resulted 
in the opposite labelling pattern, as demonstrated in Fig. 4b and 
d by dark field illumination. It can be seen that only individual 
basal keratinocytes in the akanthotic epithelium (arrows in Fig. 
4b) showed distinct labelling, whereas an invasive tumour 
island of poorly differentiated cells showed very extensive H3 
expression indicating aggressive proliferation (Fig. 4d, arrows). 
It must be stressed that these differential expression patterns 
shown were in both cases derived from the same tissue section 
and similar regions from a consecutive series of sections were 
compared. 

Semi-malignant basal cell carcinoma vs. highly malignant, undif- 
ferentiated squamous cell carcinoma (T4N2bMl; G4 grade). A 
positive immunoreactivity to the Ki-67 antibody in a basal cell 
carcinoma tumour specimen was observed in virtually all nunour 
cells. Again, however, this staining pattern was mostly perin- 
uclear and/or cytoplasmatic (Fig. 4e) and, therefore, difficult to 
assess. In contrast, the results of ISH with the histone H3 probe 
revealed that in large tumour islands, only a small fraction of 
evenly distributed tumour cells was moderately labelled. Clus- 
ters of tumour cells expressing significant H3 mKNA levels were 
to be seen only in small tumour islands expanding into the 
connective tissue (Fig. 4f; the arrows demarcate the tumour 
front). 

The comparison presented in Fig. 4g and h revealed another 
deficiency of Ki-67 in the head and neck tissues under study, 
i.e. its failme to specifically demarcate the expanding zones of 
tumours or premalignant lesions. Here we have examined the 
case of a highly aggressive, undifferentiated squamous cell 
carcinoma of the hypopharynx displaying the morphology of a 
small cell carcinoma. In Fig. 4g, the Ki-67 staining of this 
tumour is contrasted to the histone H3 mKNA expression 
pattern (Fig. 4h, dark field photomicrograph). The Ki-67 posi- 
tive tumour cells are relatively dispersed. However, the periph- 
ery of the tumour islands is not demarcated by an accumulation 
of Ki-67 positive cells. In contrast, the periphery of such tumour 
islands is very strongly and almost homogeneously labelled after 
ISH with the H3 probe. Clearly, many centrally located tumour 
cells also proliferate and even individual invasive tumour cells 
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can be seen in the stroma (at the bottom left in Fig. 4h, see 
arrows). 

DISCUSSION 
We have compared the expression of the histone H3 gene 

analysed at the mRNA level with the expression of the Ki- 
67 antigen as detected by immunohistochemical staining in 
hyperplastic and neoplastic human epithelial tissues from the 
head and neck region. This comparison has been performed 
because Ki-67, whose high value as proliferation marker in other 
cell types, in particular in haematopoietic cells is undisputed, in 
many cases gave results which were in conflict with histological 
and histopathological assessments. The data presented show that 
Ki-67 failed to reliably measure proliferation in the neoplastic 
epithelial tissues analysed. Only in sections lacking neoplastic 
features, i.e. in hyperplastic epithelia, including areas of 
inflammation, were the Ki-67 staining patterns accordant with 
histological criteria, at least with some consistency. In these 
sections both Ki-67 as well as the histone H3 cRNA probe 
labelled similarly low numbers of cells in the basal and parabasal 
cell layers (Fig. 2). Therefore, when assessing tumour biopsies, 
in should be kept in mind that inflammation of the connective 
tissue may add significantly to the proliferation index of the 
epithelial lesion. 

In hyperplastic epithelia containing dysplastic areas, the Ki- 
67 antibody staining failed to correlate reliably with proliferation 
as assessed by other criteria and often differed drastically from 
the histone H3 labelling patterns. In addition, the Ki-67 positive 
reactivity frequently involved cytoplasmic staining, making 
interpretation difficult. In line with the findings of Van Dieren- 
donck et al. [ 10, 111, one could speculate that in these cells, the 
down-regulation of expression and degradation of the Ki-67 
antigen is very slow and immunoreactive degradation products 
appear in the cytoplasm, yielding the observed Ki-67 staining. 
In contrast, the number of H3-expressing cells was low in 
hyperplasia without dysplasia, but increased strongly in the 
epithelial tips of dysplastic foci (Fig. 3). Whether this surpris- 
ingly low H3 mRNA expression in hyperplastic regions devoid 
of visible dysplastic features (Fig. 3) is a diagnostic finding 
awaits the analysis of a larger number of hyperplasias with and 
without dysplastic foci. 

As exemplified in Fig. 4a-d, the Ki-67 staining was often 
inverse to the H3 mRNA expression patterns. There was too 
much and partially cytoplasmic Ki-67 staining in akanthotic 
squamous epithelium, too little in the invasive tumour. 

Not considering the cytoplasmic staining, the uniform Ki-67 
staining pattern of the basal cell carcinoma (Fig. 4e, f) which 
appeared to consist of a single cell type, could be regarded as 
being compatible with the concept that all tumour cells were 
cycling. However, it is incompatible with the slow growth 
behaviour of this tumour. The slow growth of this tumour was 
reflected much better by the observed H3 mRNA labelling 
pattern which was low in the majority of tumour cells and 
relatively high only in small (“young”) tumour islands at the 
tumour front. 

The lack of a specific demarcation of the expanding zones of 
various types of head and neck tumours by Ki-67 was another 
observation in this study. Although in some biopsies of squam- 
ous cell carcinomas with regions of moderate to well differen- 
tiated morphology and significant keratinisation, the Ki-67 
staining was nuclear and confined to peripheral tumour cells 
(data not shown), in many others a growth cone with highest 
proliferative potential was not evident from the Ki-67 staining 

pattern. In contrast, the H3 mRNA invariably showed a topo- 
graphical distribution consistent with increased proliferation in 
the labelled region (e.g. see Fig. 4g, h). Again, the H3 expression 
pattern demarcated the expanding zone and reflected the aggress- 
ive nature of this tumour much better than the Ki-67 staining. 

The two peculiar features of Ki-67 already mentioned, i.e. the 
very low level of expression at entry into S-phase and the 
persistence of immunoreactive antigen when the cells leave the 
cell cycle [lo, 111, may be relevant to the observed unreliable 
Ki-67 immunoreactivity. We, therefore, propose that the assess- 
ment of proliferation in epithelial diseases should not be 
addressed by Ki-67 immunohistochemistry alone. 

A realistic measure of the proliferation status of the head and 
neck tumours was provided by the analysis of the histone H3 
gene expression. Both tumour stage and differentiation grade 
were closely reflected by the expression profile of the histone H3 
gene. This conclusion was further substantiated by the analysis 
of the differentiation status. The expression of the keratinisation- 
related cks showed an inverse relationship to the expression of 
histone H3 (Fig. 2 and unpublished data). 

Our choice of employing ISH to histone H3 mRNA as a 
reliable proliferation marker was based on the fact that H3, like 
the other histone genes, is actively expressed only in cycling 
cells, its mRNA synthesis is completely shut down when cells 
leave the cell cycle (while the protein will persist as is probably 
also the case with the Ki-67 antigen) and some of the mechanisms 
governing regulation of H3 mRNA expression within the cell 
cycle have been elucidated [33]. Besides the regulation occurring 
at the transcriptional level, the very selective modulation of the 
stability of the H3 mRNA adds substantially to the efficacy of 
regulation of H3 gene expression [43]. Consequently, analysing 
mRNA levels rather than antigen levels (a suitable antibody or 
antiserum for H3 is not available) should, in fact, reflect much 
closer the dynamics of growth. In all specimens analysed, 
starting from the arbitrarily chosen tumour cell line to the most 
aggressive carcinomas, the dynamics of cell proliferation were 
apparently correctly reflected by the gene expression profile of 
histone H3. In several instances the ISH results with the H3 
probe actually assisted in identifying small areas of increased 
growth (Figs 2,3 and unpublished observations), particularly so 
in biopsies taken in close vicinity to some of these tumours. 
Thus, the data presented indicate that the expression of the 
histone H3 gene can be used as a highly sensitive and reliable 
marker of proliferation in head and neck tumours and presum- 
ably in other tumours as well. 

1. 

2. 

3. 

4. 

5. 

6. 

Gerdes J, Schwab U, Lemke H, Stem H. Production of a mouse 
monoclonal antibody reactive with a nuclear antigen associated with 
cell proliferation. ZntJ Cancer 1983,31,13-20. 
Gerdes J, Lemke H, Baisch H, Wacker H, Schwab U, Stein H. 
Cell cycle analysis of a cell proliferation-associated human nuclear 
antigen defined bv the monoclonal antibodv Ki-67.7 Zmmuwl1984, 
133;171&1715. _ 
Gerdes J, Li L, Schliiter C, Duchrow M, et al. Immunobiochemical 
and molecular biologic characterization of the cell proliferation- 
associated nuclear antigen that is defined by monoclonal antibody 
Ki-67. AmJ Path01 1991,138,867-873. 
Guillaud P, Vermont J, Seigneurin D. Automatic classification of 
cells in cell cycle phases based on Ki-67 antigen quantification by 
fluorescence microscopy. Cell Prolifl991,24,481-491. 
Kurki P, Vanderlaan M, Dolbeare F, Gray J. Tan EM. Expression 
of proliferating cell nuclear antigen (PCNA)/cyclin during the cell 
cycle. Exp Cell Res 1986,166,209-219. 
Landberg G, Tan EM, Roos G. Flow cytometric multiparameter 
analysis of proliferating cell nuclear antigenkyclin and Ki-67 anti- 
gen: a new view of the cell cycle. Exp Cell Res 1990,187,111-118. 



Head and Neck Tumours, Proliferation and Histone H3 1461 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

Lopez F, Belloc F, Lacombe F, et al. Modalities of synthesis of Ki- gene expression: transcriptional and posttranscriptional control in 
67 antigen during the stimulation of lymphocytes. Cytomety 1991, the coupling of histone mRNA stability with DNA replication. 
12,42-49. Biockemisty 1987,26,6178-6187. 

30. Pelz SW, Ross J. Autogenous regulation of histone mRNA decay 
by histone proteins in a cell-free system. Molec Cell Biol 1987, 7, 
4345-4356. 

31. 

32. 

33. 

34. 

35. 

36. 

Plumb M, Stein JL, Stein GS. Coordinate regulation of multiple 
histone mRNAs during the cell cycle in HeLa cells. Nucleic Acids 
Res 1983,11,2391-2410. 
Stein GS, Lian J, Stein JS, et al. Altered binding of human histone 
gene transcription factors during the shutdown of proliferation and 
onset of differentiation in HL-60 cells. Proc Nat1 Acad Sci USA 
1989,86,1865-1869. 
Schiimperli D. Multilevel regulation of replication-dependent 
histone genes. Trolls Genet 1988,4,187-191. 
Chou MY, Chang ALC, McBride J, Donoff B, Gallagher GT, Wong 
DTW. A rapid method to determine proliferation patterns of normal 
and maligmmt tissues by H3 mRNA in situ hybridization. Am 3 
Pa&l 1990,136,729-733. 
Wong DTW, Chou MY, Chang L-C, Gallagher GT. Use of intra- 
cellular H3 messenger RNA as a marker to determine the prolifer- 
ation pattern of normal and 7,12&nethylbenz[alfa]anthracene- 
transformed hamster oral epithelium. Cancer Res 1990, 50, 
5107-5111. 

37. 

Verheijen R, Kuijpers HJH, Schlingemann RO, etal. Ki-67 detects 
a nuclear matrix-associated proliferation-related antigen. I. Species 
distribution and intracellular localization during interphase. 3 Cell 
Science 1989,92,123-130. 
Verheijen R, Kuijpers HJH, Van Driel R, et al. Ki-67 detects a 
nuclear matrix-associated proliferation-related antigen. II. Locahz- 
ation in mitotic cells and association with chromosomes. 3 Cell 
Science 1989,92,531-538. 
Van Dierendonck JH, Keijzer R, Van de Velde CJH, Comelisse, 
C J . Nuclear distribution of the Ki-67 antigen during the cell cycle. 
Comparison with growth fraction in human breast cancer cells. 
Cancer Res 1989,49,2999-3006. 
Van Dierendonck JH, Wijsman JH, Keijzer R, Van de Velde 
CJH, Comelisse CJ. Cell-cycle-related staining patterns of anti- 
proliferating cell nuclear antigen monoclonal antibodies. Am 3 
P&o1 1991,138,1165-1172. 
Gerdes J, Dallenbach F, Lennert K. Growth fraction in malignant 
non-Hodgkin’s lymphomas as determined in situ with the mono- 
clonal antibody Ki-67. Henurtol Oncoll984,2,365-371. 
Gerdes J, Van Baarlen J, Pileri S, Schwarting R, Van Unnik JAM, 
Stein H. Tumor cell growth fraction in Hodgkin’s disease. Am3 
Path01 1987,128,390-393. 
Nickoloff BJ, Gtiths CEM: Intraepithelial but not dermal T 
lymphocytes are positive for a cell-cycle-associated antigen (Ki-67) 
in mycosis fungoides. AmJ Path01 1990,136,261-266. 
Swanson SA, Brooks JJ. Proliferation markers Ki-67 and ~105 in 
soft-tissue lesions. AmJ Path01 1990,137,1491-1500. 
Ueda T, Aozasa K, Tsujimoto M. Prognostic signilicance of Ki-67 
reactivity in soft tissue sarcomas. Cancer 1989,63,1607-1611. 
Zehr RJ, Bauer TW, Marks KE, Weltevreden A. Ki-67 and grading 
of malignant histiocytomas. Cancer 1990,66,1984-1990. 
Charpin C, Andrac L, Vacheret H, et al. Multiparametric evaluation 
(SAMBA) of growth fraction (monoclonal Ki-67) in breast carci- 
noma tissue sections. Cancer Res 1988,48,436%4374. 
Kamel OW, Franklin WA, Ringus JC, Meyer JS.Thymidine labe- 
ling index and Ki-67 growth fraction in lesions of the breast. Am3 
Pa&l 1989,34,107-113. 
Lanza G. Jr., Cavazzini L, Borghi L, Ferretti S, Buccoliero F, 
Rubbini M. Immunohistochemical assessment of growth fractions 
in colorectal adenocarcinomas with monoclonal antibody Ki-67- 
relation to clinical and pathological variables. Purh Res Pruct 1990, 
l&608-618. 
Lelle RJ, Heidenreich W, Stauch G, Gerdes J. The correlation of 
growth fractions with histologic grading and lymph node status in 
human mammary carcinoma. Cancer 1987,59,83-88. 
Porschen R, Lohe B, Hengels K-J, Borchard F. Assessment of cell 
proliferation in colorectal carcinomas using the monoclonal antibody 
Ki-67. Cancer 1989,64,2501-2505. 
Shepherd NA, Richman PI, England J. Ki-67 derived proliferative 
activity in colorectal adenocarcinoma with prognostic correlations. 
3 Patho 1988,155,213-219. 43. 
Vescio RA, Connors KM, Youngkin T, et al. Cancer biology for 
individualized therapy: correlation of growth fraction index in 
native-state histoculture with tumor grade and stage. Proc Nut1 44. 
Acad Sci USA 1990,7,691-695. 
Walker RA, Camplejohn RS. Comparison of the monoclonal anti- 
body Ki-67 reactivity with grade and DNA flow cytometry of breast 45. 
carcinomas. Br3 Cancer 1988,57,281-293. 
Dawson AE, Norton JA, Weinberg DS. Comparative assessment of 
proliferation and DNA content in breast carcinoma by image 46. 
analysisandflowcytometry.AmJPatho11990,136,1115-1124. 
Domagala W, Lasota J, Bartkowiak J, Weber K, Osborn M. 

38. 

39. 

40. 

41. 

42. 

Franke WW, Jahn L, Knapp AC. Cytokeratins and desmosomal 
proteins in certain epithelioid and nonepithelial cells. In Osbom M, 
Weber K, eds. Cytoskeletnl Proteins in Tumor Diagnosis. Current 
Communications in Moleculur Biology. New York, Cold Spring 
Harbor Laboratory, 1989,151. 
Franke WW, Moll R, Achstitter T, Kuhn C. Cell typing of epithelia 
and carcinomas of the female genital tract using cytoskeletal proteins 
as markers. In Peto R, zur Hausen H, eds. Viral Etiology of 
Cervicul Cancer. Banbury report 21. New York, Cold Spring Harbor 
Laboratory, 1986,121. 
Moll R, Franke WW, Schiller DL, Geiger B, Kepler R. The catalog 
of human cytokeratin polypeptides: patterns of expression of specific 
cytokeratins in normal epithelia, tumors and cultured cells. Cell 
1982,31,11-24. 
Nagle RB, Mall R, Weidauer H, Nemetschek H, Franke WW. 
Different patterns of cytokeratin expression in the normal epitheha 
of the upper respiratory tract. Differentiation 1985,30,130-140. 
Lawrence JB, Singer RI-I, Villnave CA, Stein JL, Stein GS. 
Intracellular distribution of histone mRNAs in human fibroblasts 
studied bv in situ hvbridization. Proc Nat1 Acad Sci USA 1988.85. 
463-467: = 

I I 

Bosch FX, Schwarz E, Boukamp P, Fusenig NE, Bartsch D, zur 
Hausen H. Suppression in wiwo of human papilloma virus 18 E6-E7 
gene expression in non-tumorigenic HeLa-fibroblast hybrid cells. 3 
Viral 1990,44,4743-4754. 
Knapp AC, Bosch FX, Hergt M, et al. Cytokeratins and cytokeratin 
filaments in subpopulations of cultured human and rodent cells of 
nonepithelial origin: Modes and patterns of formation. Diff&n- 
fiazion 1989,42,81-102. 
Morris TD, Weber LA, Hickey E, Stein GS, Stein JL. Changes in 
the stabilitv of a human histone H3 mRNA durina the HeLa cell 
cycle. MO& CellBioll991,11,544-553. 
Stewart AF, Herrera RE, Nordheim A. Rapid induction of c-fos 
transcription reveals quantitative linkage of RNA Polymerase II and 
DNA Topoisomerase I enzyme activities. Cell 1990,&l, 141-149. 
Bosch FX, Ouhayoun J-P, Bader B, et al. Extensive changes in 
cytokeratin expression patterns in pathologically affected human 
gingiva. Virchows Archiv B Cell Patkoll989,5l3,5!J-77. 
Cox KH, DeLeon DV, Angerer LM, Angerer RC. Detection of 
mRNAs in sea urchin embryos by in situ hybridization using 
asymmetric RNA probes. Dev Bioll984,101,485-502. 

Vimentin is preferentially expressed in human breast carcinomas 
with low estrogen receptor and high Ki-67 growth fraction. Am 3 

Acknowledgementa-We gratefully acknowledge the great help of all 
medical colleagues in gathering the tumour biopsies. We thank Mrs 

Pa&l 1990,136,219-227. Christel Enders and Hilde Discher for expert technical assistance, Dr 
Bravo R, Frank R, Bhmdell PA, Macdonald-Bravo H. J.V. Bosch, Anja Zimmerer, Thomas And1 and Nils Homann for 
CyclinPCNA is the auxilliary protein of DNA polymerase delta. valuable discussions and Mrs Sybille Wegner for photographic work. 
Nature 1987,326,515-517. This work was generously supported by the “Verein zur Fijrderung der 
Baumbach LL, Stein GS, Stein JL. Regulation of human histone Krebsforschung in Deutschland e.V.“. 


