
The ubiquitin (Ub)- proteasome proteolytic system is highly selective, and the specific proteins involved
in cell division, growth, activation, signaling and transcription are degraded at different rate depending
on the physio-pathological state of the cell. Ubiquitination serves first of all as a signal for protein degra-
dation of short-lived and abnormal proteins under several stressful conditions. The immunocytochemical
localization of Ub in some malignant tumours has recently been presented and differences in Ub expres-
sion has been observed during malignant transformation. Change in the level of Ub and Ub-conjugated
proteins might reflect a higher metabolic-catabolic ratio in neoplastic cells. Most studies have been
focused on the malignant stage of tumour progression, and only a few papers have dealt with the change
in Ub and Ub-protein conjugates level during the whole progression. To address this problem, we applied
an azaserine-induced pancreatic carcinogenesis model, in which premalignant and malignant stages were
investigated throughout the progression. The level of Ub immunoreactivity was measured in nucleus and
cytoplasm by electron microscopic immunocytochemical and morphometrical methods. We found a sig-
nificant increase of Ub level in the nucleus and the cytoplasmic area in premalignant atypical acinar cell
nodule (AACN) cells and in malignant adenocarcinoma in situ (CIS) cells at month 20 after initiation.
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INTRODUCTION

Several distinct mechanisms are responsible for intracellular protein degradation.
Among these, the ubiquitin (Ub)-mediated proteasome-dependent proteolytic system
is highly selective, and the specific proteins governing cell division, growth, activa-
tion, signaling and transcription are degraded at greatly different rates [4, 7, 13].
Ubiquitination serves as a signal for protein degradation of short-lived and abnormal
proteins under stressful conditions such as toxic and viral injuries, high temperature,
nutritional deprivation [9].

The role of Ub in pathological processes other than neurodegenerative diseases [2,
3, 7] has been investigated systematically only in the last few years. Immuno-
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cytochemical localization of Ub has recently been reported in several malignant
tumours [14] and alteration in Ub expression has been observed during malignant
transformation [8, 14]. The change of Ub and Ub-conjugated protein level might
reflect a higher metabolic-catabolic ratio in neoplastic sells [14].

The Ub-proteasome proteolytic apparatus plays an important role in cell cycle pro-
gression, since it selectively degrades nuclear oncoproteins such as cyclins, c-fos, c-
myc, p53 [5, 7, 16]. Moreover, several cell surface receptors were shown to be ubiq-
uitinated, suggesting that Ub-proteasome proteolytic system could be involved in
their turnover [6, 31]. This observation confirmed the importance of this specific pro-
teolytic system in some steps of signal transduction of growth factors. These results
suggest a direct/indirect effect of different protein ubiquitinylation on malignant
transformation and tumour progression.

Recently, a down-regulation of Ub gene expression was revealed during differen-
tiation of human leukemia cells [28], but an increased expression in neuroblastoma
cells [18], and a heavy increase of Ub level was found throughout hepatocellular car-
cinoma progression [25]. These results confirmed that Ub level highly depends on
the differentiational state and type of the tumour cell. Most studies are focused on the
malignant stage of tumour progression [8, 15, 17, 24, 29, 30], but only a few papers
have dealt with the change in level of Ub and Ub-protein conjugates during the whole
progression [25, 26].

To address this problem, we applied a pancreatic carcinogenesis model [20, 21],
in which azaserine was used as initiator and a pancreatotrophic diet as promoter.
During the progression of adenocarcinoma, several tumours exist in the same pan-
creas [20, 21]. Firstly, premalignant atypical acinar cell nodules (AACN) appear,
some of which develop benign adenomas and then malignant adenocarcinoma in situ
(CIS) [20, 21]. Cell types investigated in this study were in the aforementioned dif-
ferent stages of tumour progression.

Ub level was morphometrically measured in nucleus and cytoplasm by an electron
microscopic immunocytochemical method. We found a significant increase of Ub
level in nuclear and cytoplasmic area in premalignant (especially in month 5 AACN)
cells and in malignant CIS cells at month 20 after initiation.

MATERIALS AND METHODS

Animals and treatments

Five-week-old male Wistar rats (purchased from Humán Co., Gödöllõ, Hungary)
were fed ad libitum with a standard commercial laboratory diet (Charles River
Hungary Ltd., Budapest, Hungary) for 2 weeks when their body weight reached
200�250 g. Then animals were divided into three experimental groups. The so-called
normal control group of animals was further kept on the aforementioned standard
diet. The other two groups were changed to the semisynthetic pancreatotrophic raw
soybean flour-based diet [27]. One of them received a single carcinogen injection



(i.p., 30 mg/kg b.w.) of aqueous azaserine (Sigma-Aldrich Ltd., Budapest, Hungary)
solution (30 mg/ml) [27, 34]. The rats had free access to this diet and water through-
out the experimental period.

Groups of 4 animals were used 5, 6, 8, 10, 15 and 20 month after the azaserine
injection. The aspecific effects of soya diet (soya control) and azaserine treatment
(host tissue control) on Ub level was investigated only at month 6 after initiation. The
rats were sacrificed by decapitation under ether anesthesia and their pancreata were
processed for light and electron microscopy.

Immunocytochemistry

Tissue pieces were fixed for 2 h in 0.1 M sodium cacodylate-HCl-buffered (pH 7.2)
2% v/v paraformaldehyde/0.5% glutaraldehyde, containing 1% w/v sucrose and
2 mM CaCl2. Samples were post-fixed in cacodylate-buffered 1% osmium tetroxide
acid solution for 1 h. This was followed by block contrasting in 2% aquaeous uranyle
acetate and embedding in Durcupan (Fluka Chemie AG, Buchs, Switzerland).

Semithin sections of the tissue samples were made and stained either with tolui-
dine blue-Azure II, or methylene blue-basic fuchsin mixture to phenotypically deter-
mine the tumour stage. AACNs and the surrounding host tissue cells were distin-
guished in the light microscope by their differential morphology and basophilic stain-
ing. Adenomas and CIS of macroscopic size were isolated from the fresh tissue and
processed individually for electron microscopy. At least four tumour samples were
taken for ultrathin sectioning from each animal.

Immunogold labelling was carried out by a postembedding biotin-antibiotin
method using affinity-purified rabbit antibody to ubiquitin-protein conjugates [12].
The sections were treated with 5% H2O2 solution for 5 min, and then washed in phos-
phate-buffered saline (PBS). After a blocking procedure, sections were incubated
overnight at 4 °C with the antibody against Ub (1 : 100, Dako A/S, Glostrup, Den-
mark). Sections were then washed in PBS-BSA-azide solution, and incubated for an
hour at room temperature with biotinylated goat anti-rabbit IgG (1 : 300, Dako A/S,
Glostrup, Denmark). After rinsing, sections were incubated for 5 hours at 4 °C with
goat anti-biotin gold (1 : 100, Plano W. Plannet GmbH, Wetzlar, Germany), and then
washed in TRIS buffer solution and nanopure water. Sections were counterstained for
5 min with lead-citrate solution.

Ten electron micrographs were taken per sample at a primary magnification of
8000 in a Jeol JEM-100 CX II electron microscope operated at 60 kV. Number of
gold granules in nuclear and cytoplasmic surface was counted and density of Ub pos-
itivity was determined (number of gold in a unit area) with a measurement carried
out by the point counting method as described by Weibel [33]. The Mann-Whitney
u-test was used for statistical evaluation.
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RESULTS

There were no significant differences in Ub levels between the control cell types
(normal control, soya control and host tissue control), indicating that neither soya
diet nor azaserine treatment effected Ub immunoreactivity (Figs 1, 2, 3).

Fig. 1. Ub density on the total cell sectional surface (nucleus + cytoplasm) expressed in number of gold
per unit area. 6n � normal control, 6s � soya control and 6h � host control in month 6. 5, 6, 8 � AACN
cells in the respective month after initiation. 10, 15 � adenomas in the month 10 and 15, respectively. 20

� CIS cells in month 20

Fig. 2. Ub density on the nuclear sectional surface in number 
of gold per unit area. Labeling as in Fig. 1



Significant changes were found in Ub positivity throughout tumour progression
(Fig. 1). In month 5 AACN cells, the total Ub density was three times higher (0.35)
than that measured in any control cell type. This increased Ub positivity sharply
decreased to its half (0.18) at month 6 and remained unchanged until month 8. Then
it decreased again in adenoma cells at month 10 to the control level (0.11). From
month 15 on, a slow increase in Ub density was found, its value in month 20 CIS
cells reached 0.21.

The same pattern of changes in Ub level was observed in case of nucleus and cyto-
plasm (Figs 2 and 3). We obtained a very high Ub density in nucleus of month 5 pre-
malignant cells (0.73), more than four times greater than that measured in control cell
types (0.16). In the latter AACN cells, this value decreased to its half (0.40). This fall
in Ub density went on also in the benign adenoma cells (0.22), but in month 20 CIS
cells, a significant increase of nuclear Ub positivity was observed again (Fig. 2).

The cytoplasmic Ub density increased moderately in premalignant cells (from
0.10 measured in control cells to 0.25 in month 5 � and 0.14 in month 6, 8 AACN
cells). After a transitional decrease of Ub density in month 10 adenoma cells (0.07),
malignant CIS cells showed again a significant increase of cytoplasmic Ub immu-
noreactivity (Fig. 3).
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Fig. 3. Ub density on the cytoplasmic sectional surface in number
of gold per unit area. Labeling as in Fig. 1
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DISCUSSION

Several reports have described increased intensity of Ub immunoreactivity in neo-
plastic cells [10, 14, 17, 22, 25]. Our results indicate that there are no significant
changes in the level of Ub and/or Ub-protein conjugates due to soya diet feeding or
azaserine treatment, but it changed considerably in premalignant and malignant cells
throughout tumour progression.

In our experimental model, phenotypically well-determined stages were described
[20, 21]. In this report we showed that premalignant cells have an increased nuclear
and cytoplasmic Ub positivity. This observation is in line with the results published
recently by Osada and coworkers [25], i.e. in precancerous lesions and early hepato-
carcinoma cells showed increased intensity of immunostaining according to the
malignancy of the lesions. However, in our investigations, we obtained no such one-
way changes throughout tumour progression. AACN cells, although showing the
same phenotype exhibited different Ub levels at different time points of progression.
Contrary to some recent results [22], a further moderate change in Ub immunoreac-
tivity was observed in benign adenoma cells in month 10 and 15 after initiation.
However, after the premalignant-malignant transformation, month 20 CIS cells
showed again an elevated nuclear and cytoplasmic Ub/Ub-protein conjugates level.
Similar result was reported in case of hepatocellular [25], and renal carcinoma [17].

It is unclear whether this changes in Ub immunoreactivity are due to free Ub or
ubiquitinylated proteins. In case of hepatocellular carcinoma, no significant increase
of free Ub level was observed [25], but an increase was shown in some ubiquitini-
lated proteins in tumour tissues according to the degree of malignancy [25, 26]. The
accumulation of Ub-protein conjugates which are unique to premalignant or malig-
nant cells may most likely account for increased nuclear and/or cytoplasmic Ub
immunoreactivity. Ub system overloaded by large quantity of protein to be digested
could lead to an increase of Ub synthesis. These proteins may be specific for neo-
plastic cells, and their resistance to proteasome proteolysis might lead to their accu-
mulation [24, 26]. For example, in hepatocellular carcinoma, ubiquitinylated gluta-
mine synthetase was obtained to correlate with progression [26]. In our experimen-
tal model, these proteins are not known at present.

Changes in Ub immunoreactivity may also be linked to the apoptotic process dur-
ing tumour progression. Some papers revealed a possible relationship between apop-
tosis and the Ub pathway. Soldatenkov and coworkers [30] recently showed that Ub
level increased in human breast carcinoma cells after apoptotic induction. A similar
result was reported in case of Ewing sarcoma cells [29]. Accumulation of Ub-protein
conjugates was observed specifically in cells which exhibited apoptotic morphology
[30]. Several papers have recently reported that inhibition of the Ub-proteasome
pathway and dysregulation of degradation of proteins involved in cell cycle and
growth control caused apoptosis in malignant cells [1, 11]. This observation may be
another possible explanation for the elevated Ub immunoreactivity, because a part of
AACNs are supposed to rapidly regress, and a great number of apoptotic cells was
observed in the malignant CIS stage. Since the ubiquitin-proteasome apparatus is



responsible for the degradation of some proteins playing a critical role in apoptotic
process, upregulation of their degradation may be a novel survival mechanism in
tumour cells [19].

In our experiment, the most intensive increase was observed in the nuclear Ub
immunoreactivity of premalignant and malignant cells. In transformed human cells,
an increased level of ubiquitinated histone H2A was found compared to that in nor-
mal cells [32]. Interestingly, these Ub-histone conjugates disappeared in induced
apoptosis [23].

To summarize our results, we showed that the level of Ub and/or Ub-protein con-
jugates significantly changed throughout tumour progression. We found two peaks of
Ub immunoreactivity, first at the premalignant stages (especially in month 5 AACN
cells) and then in malignant CIS cells. Identification of ubiquitinylated proteins in
our system will hopefully shed light on the background of this phenomenon.
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