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ABSTRACT 

MicroRNAs (miRNAs) have an important role in a wide range of physiological and pathological 

processes, and their dysregulation has been reported to affect the development and progression of 

cancers, including hepatocellular carcinoma (HCC). However, in the plethora of dysregulated 

miRNAs, it is largely unknown which of them have a causative role in the hepatocarcinogenic 

process. In the present study, we first aimed to determine changes in the expression profile of 

miRNAs in human HCCs and to compare them with liver tumors generated in a rat model of 

chemically induced HCC. We found that members of the miR-100 family (miR-100, miR-99a) were 

downregulated in human HCCs; a similar downregulation was also observed in rat HCCs. Their 

reduction was paralleled by an increased expression of polo like kinase 1 (PLK1), a target of these 

miRNAs. The introduction of miR-100 in HCC cells impaired their growth ability and their capability 

to form colonies in soft agar. Next, we aimed at investigating, in the same animal model, if 

dysregulation of miR-100 and PLK1 is an early or late event along the multistep process of 

hepatocarcinogenesis. The obtained results showed that miR-100 downregulation (i) is already 

evident in very early preneoplastic lesions generated 9 weeks after carcinogenic treatment; (ii) is 

also observed in adenomas and early HCCs; and (iii) is not simply a marker of proliferating 

hepatocytes. To our knowledge, this is the first work unveiling the role of a miRNA family along 

HCC progression. 
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INTRODUCTION 

Hepatocellular carcinoma (HCC) is the third cause of cancer-related deaths worldwide, and a 

major health problem, due to its poor prognosis and few treatment options (Parkin, 2001). 

Genome-wide gene expression microarray and quantitative real-time reverse transcriptase PCR 

(RT–PCR) studies have tried to identify the genes abnormally expressed in HCC and to generate 

molecular signatures able to distinguish among different types of liver tumors and between 

evolutive and non-evolutive lesions (Lee and Thorgeirsson, 2004). These studies indicated a 

general aberrant activation of signaling pathways involved in cellular proliferation, survival, 

differentiation and angiogenesis, which are heterogeneously present in each tumor. However, they 

did not result in a consensus for a signature or for a single pathway that is prominent and 

characteristic of HCC. 

Recently, it became clear that the classification and stratification of tumors can be performed not 

only on the bases of mRNA expression analysis but also—and likely more accurately—by 

evaluating the modulation of microRNAs (miRNAs), small non-coding RNAs that negatively control 

gene expression. The involvement of miRNAs in cancer pathogenesis is now well established and 

miRNA expression profiles accurately classify tumors at different stages and distinguish among 

subsets of patients with different molecular pathologies (Lu et al., 2005). Although changes in the 

expression of miRNAs between tumor specimens and the normal corresponding tissues have been 

investigated also in HCC, nevertheless the obtained results were often discordant and do not yet 

allow the identification of miRNAs critical for HCC development and progression (Imbeaud et al., 

2010). Furthermore, among the miRNAs whose expression is changed, several are probably 

quantitatively altered not as a cause but as a consequence of the tumorigenic status. Microarray 

profiling of mRNAs and miRNAs performed on human HCCs does not help to discriminate the 

alterations that are indeed driving the tumorigenic process from those which are the result of the 

process. Unfortunately, knowledge of the molecular events in early stages of human HCC 

development is hampered by the clinical difficulty of diagnosing early lesions. This problem can be 

circumvented by the use of animal models of hepatocarcinogenesis, in which discrete lesions at 

different stages of progression can be obtained and analyzed. These experimental models could 

thus help to identify molecular alterations already present in early preneoplastic stages. Although 

assessment of the translational value of animal models of human cancer poses a major challenge, 

the usefulness of the resistant hepatocyte (R-H) model (Solt et al., 1977) has already been 

demonstrated; indeed, comparative functional genomics studies on laser-capture microdissected 

early lesions showed that the gene expression signature associated to the progenitor cell marker 

cytokeratin-19 (CK19) can successfully predict the clinical outcome of human HCC (Andersen et 

al., 2010). 

Here, we analyzed HCCs obtained from human patients and compared them with chemically-

induced rat HCCs. Next, we analyzed the multistep process of liver carcinogenesis in rats over a 

time period of several months, thus allowing the identification of very early lesions (hyperplastic 

nodules), adenomas and early and advanced HCCs. The results showed that miR-100 and miR-

99a, belonging to miR-100 family, were downregulated in both human and rat HCCs. The 

downregulation of these miRNAs is a very early event and it is associated with all phases of the 

hepatocarcinogenic process. The decrease of miR-100 and miR-99a was paralleled by the 

augmented expression of polo like kinase 1 (PLK1), a target of these miRNAs, whose oncogenic 

role has already been established (Pellegrino et al., 2010). The biological significance of miR-100 

was demonstrated in HCC cell lines where its exogenous expression significantly impaired growth 

ability. 
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RESULTS  

miRNA expression profiling in human HCCs 

To identify miRNAs differentially expressed between HCC and peri-tumoral (PT) tissue, we profiled 

specimens obtained from six HCC patients with the TaqMan Low Density Array. In order to avoid 

bias due to samples heterogeneity, we analyzed pooled samples on three different miRNA CARDs: 

(i) RNAs extracted from the PT tissues of six patients, and (ii) two pools of three HCCs each. In our 

study, 85 miRNAs showed a dysregulated expression of at least twofolds in tumors versus PT 

tissues, most of them being downregulated, and only 15 upregulated (see Supplementary Table 1 

for the most downregulated miRNAs). The obtained results were in line with those published by 

other groups (Imbeaud et al., 2010); indeed, the expression of miRNAs, such as miR29c, -130a, -

199a, -199a*, -214, (downregulated) and miR-183, -216, -221, -224 (upregulated), was found to be 

modified. Interestingly, in both the screenings, we found among the first 30 underexpressed 

miRNAs three microRNAs belonging to the same family—namely miR-100, miR-99a and miR-99b. 

According to the main bioinformatic tools available for target prediction these miRNAs share the 

same putative targets; of note, one of them is PLK1, a serine/threonine kinase frequently 

overexpressed in solid tumors (Eckerdt et al., 2005; Pellegrino et al., 2010; Shi et al., 2010). 

Expression of miR-100 family is frequently downregulated in human HCCs 

In light of these results, we focused on miR-100, miR-99a and miR-99b. We first validated the data 

obtained with the miRNA CARDs on matched-pairs of HCC and PT tissues obtained from 34 

patients who underwent surgical resection of the tumor. The characteristic of the tissue samples 

are described in Supplementary Table 2. 

To confirm the downregulation of the three members of the miR-100 family, we performed 

quantitative real time PCR (qRT–PCR) on retro-transcribed RNAs. As shown (Figure 1), miR-100, 

miR-99a and miR-99b were indeed significantly downregulated in tumors compared with their 

normal counterparts in 79%, 88%and 73% of the samples, respectively (P-value=2.1 × 10−5 for 

miR-100; P=2.4 × 10−6 for miR-99a; P=0.00034 for miR-99b). 

Downregulation of miR-100 family correlates with increased expression of PLK1 in human 

HCCs 

Previous works have indicated PLK1, whose oncogenic role has already been reported, as a target 

of miR-100 (Shi et al., 2010). We thus assessed PLK1 expression by qRT–PCR in tumors and 

normal surrounding tissues. As shown inFigure 2a, PLK1 was overexpressed in most of the tumors 

compared with their normal counterparts and a clear inverse correlation with the expression of 

miR-100 family members was observed. The anti-correlation is also evident in the scatter plots 

shown in Figure 2b, where we defined a Pearson value of −0.605 and of −0.498 for miR-100 and 

miR-99a, respectively. It is noteworthy that, as highlighted by the dendrogram (Figure 2a), among 

the members of this miRNA family, miR-100 and miR-99a showed an almost superimposable 

expression in human HCCs, while miR-99b was slightly divergent, suggesting a different 

regulation. 

To confirm that the increased level of PLK1 mRNA indeed corresponded to an increase of PLK1 

protein, we performed immunohistochemistry on slices derived from the same human HCCs. As 

seen in Figure 2c and in Supplementary Figure 1, while the expression of PLK1 was almost 

completely absent in the PT tissue, a clear positivity was observed in the tumor area. 

Immunohistochemical evaluation showed that PLK1 was more expressed in HCC compared with 

the PT in 27 out of 28 samples examined. In particular, we observed a weak PLK1 increase (one- 
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to threefold increase) in 18%, a moderate (four- to eightfold increase) in 35% and a strong increase 

(>eightfold increase) in 42% of the samples. 

MiR-100 overexpression impairs proliferation of HCC cell lines 

To define the biological link between the miR-100 family and PLK1, we moved to in vitro studies. 

We first evaluated the endogenous expression of miR-100, miR-99a and PLK1 in nine human HCC 

cell lines. As shown in Figure 3a and in the scatter plots (Figure 3b), in cells where the miRNAs 

were expressed at high levels, PLK1 was present in low amount and vice versa, confirming the 

inverse correlation observed in vivo (Pearson value −0.836 for miR-100/PLK1 and −0.866 for miR-

99a/PLK1). 

To establish the biological effect of the modulation of miR-100 levels in HCC cells, we performed 

growth curve assays and soft agar assays (measuring, respectively, the ability of the cells to grow 

in an anchorage-dependent or -independent manner). To prove the physiological role of miR-100, 

we transfected different liver cancer cell lines with a specific miR-100 inhibitor (antagomir). As 

shown in Figure 4a, inhibition of the endogenous miRNA resulted in a significative increase of 

growth ability. On the other hand, miR-100 overexpression significantly impaired the ability of HCC 

cells to grow in an anchorage-independent manner (Figure 4b). It has to be noted that miR-100 

inhibition was accompanied by an increase of PLK1 levels, whereas miRNA overexpression 

induced downregulation of PLK1 (Figure 4c). 

All together these results suggest that restoration of miR-100 can hamper the growth of HCC cells. 

MiR-100 and miR-99a are downregulated and PLK1 is increased in rat HCCs 

As reported above, we found downregulation of the three members of the miR-100 family in human 

liver tumors. As we were interested in evaluating the exact stage of neoplastic progression where 

this alteration occurs, we investigated this problem in a model of rat carcinogenesis, the so called 

R-H model (Solt et al., 1977), where the different steps of tumorigenesis can be dissected. In this 

model, liver cells are initiated by a single dose of a chemical carcinogen (for example, 

diethylnitrosamine) and promoted by a brief treatment with 2-acetylaminofluorene combined with 

partial hepatectomy (PH). A total of 100% of the animals subjected to this protocol develop HCCs 

in 14 months after diethylnitrosamine initiation. We thus killed the rats at this time and explanted 

their livers. Macroscopically, several tumors were clearly identifiable in the liver of all animals 

examined; by microscopic analysis these tumors showed the characteristic pattern of HCC (Figure 

5a, left). To establish whether rat HCCs also had an altered expression of miR-100 and miR-99a, 

we performed qRT–PCR on RNA extracted from eight tumors. As shown (Figure 5b), neoplastic 

lesions showed a significant decrease of both miR-100 and miR-99a, compared with non-

neoplastic liver (P=4.3 × 10−5 for miR-100; P=3.4 × 10−5 for miR-99a). Western blot analysis 

performed on proteins extracted from the same samples (Figure 5b, lower panels) showed that 

miRNA downregulation was paralleled by increase of PLK1 in all the HCCs examined, confirming 

the inverse correlation observed in human tumors (Pearson value=−0.522 for miR-100/PLK1 and 

−0.449 for miR-99a/PLK1; Figure 5c). Accordingly, immunohistochemical analysis showed a clear 

PLK1 positivity of the neoplastic cells, whereas the surrounding PT tissue was essentially negative 

(Figure 5a, right). 

 

MiR-100 downregulation is an early event in the process of hepatocarcinogenesis and is 

associated with all the phases of the process 

The R-H model allows dissecting the different steps of the carcinogenic process, as it is possible to 

isolate phenotypically distinct lesions at well-defined timings. Histologically, the livers sequentially 
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develop hyperplastic nodules (1–2 months after initiation), adenomas and early HCCs (9 months), 

and by 14 months fully advanced HCCs, with possible lung metastases. To determine whether 

miR-100 downregulation is an early event during liver carcinogenesis, we laser micro-dissected 

preneoplastic lesions developed 9 weeks after initiation and identified by their positivity for 

placental form of glutathione-S-transferase (GSTP) (Satoh et al., 1985) (Figure 6b). As shown 

in Figure 6a, miR-100 was significantly downregulated in the nodules examined, compared with the 

non-nodular liver tissue (P=4.4 × 10−9). Accordingly, PLK1 expression was increased (Figure 6c), 

as observed in human and rat HCCs. These results thus demonstrate that the decrease of miR-

100 and the upregulation of PLK1 are very early events during the carcinogenic process. Due to 

the low amount of RNA extracted from the nodules, the expression of miR-99a could not be 

evaluated. 

Next, we analyzed miR-100 expression in adenomas and early HCCs that developed 9 months 

after diethylnitrosamine initiation. Adenomas were composed of cells closely resembling normal 

hepatocytes, although not organized in plates and lacking a lobular architecture (Supplementary 

Figure 2A). Early HCCs had cell plates thicker than three cells, no discernible normal lobular 

architecture and signs of nuclear atypia (large and small hepatocytes were seen in the same 

lesion) (Supplementary Figure 2B). The absence of a glandular appearance indicates that these 

lesions were still in an early stage of cancer progression. Microdissection of adenomas and early 

HCCs and determination of miR-100 expression revealed that this miRNA was downregulated in 

8/9 lesions, with values ranging from 2 to 10 folds, compared with non-tumoral liver (P=0.017 for 

adenomas, P=0.023 for early carcinomas) (Supplementary Figure 2C). We conclude that 

downregulation of miR-100 coincided spatially and temporally with the onset of preneoplastic 

lesions in the liver, and that continued downregulation of miR-100 expression is probably 

necessary for the maintenance and progression of these lesions. 

MiR-100 and PLK1 dysregulation are not simply markers of hepatocyte proliferation 

Preneoplastic and neoplastic hepatocytes are characterized by a proliferative rate higher than that 

of normal hepatocytes. Therefore, it is possible that the observed downregulation of miR-100 can 

be simply a marker of cell proliferation. To establish whether miR-100 downregulation is simply a 

reflection of increased proliferative activity of preneoplastic and neoplastic cells, we performed 

experiments in regenerating livers upon 2/3 PH. As shown in Figure 7, expression of miR-100 and 

miR-99a was not significantly modified 24 h after PH (time of maximal DNA synthesis), compared 

with livers from the same animals excised at the time of surgery (P=0.339 for miR-100 

and P=0.511 for miR-99a). It should be noted that the labeling index of hepatocytes 24 h after PH 

(25%±0.6 s.e.m.) was higher than that of preneoplastic lesions (12%±1 s.e.m.) (Supplementary 

Figure 3). No significant change in PLK1 protein expression was observed during liver 

regeneration (Figures 6d and 7 lower panels). 

We conclude that miR-100 downregulation and PLK1 upregulation are intimately linked to the 

carcinogenic process and not merely to the reentry of hepatocytes into the cell cycle. 

 

DISCUSSION 

The miR-100 family of miRNAs comprises three members, namely miR-100, miR-99a and miR-

99b. Comparative studies indicate that miR-100 is the oldest known animal miRNA 

(Christodoulou et al., 2010) and that it is widely expressed in vertebrates (Wienholds et al., 2005). 

Moreover, it has been shown that this miRNA modulates differentiation of mouse embryonic stem 
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cells (Tarantino et al., 2010). Its role in cancer is quite contradictory as it can behave either as an 

oncogene or a tumor suppressor gene, depending on the tumor type examined. Decreased 

expression of miR-100 has been found, in fact, in nasopharyngeal cancer (Shi et al., 2010), oral 

cancer (Henson et al., 2009), squamous cell carcinomas of tongue (Wong et al., 2008), 

hepatoblastoma (Cairo et al., 2010) and serous ovarian carcinomas (Nam et al., 2008), whereas 

overexpression has been described in medulloblastomas (Liu et al., 2009), gastric (Ueda et al., 

2010), pancreatic (Lee et al., 2007) and prostate (Leite et al., 2009) cancers. Also in HCC, the role 

of miR-100 is controversial, as a decreased expression of miR-100 has been reported bySu et 

al. (2009) and Hou et al. (2011), while Varnholt et al. found miR-100 overexpression in HCV-

associated HCCs (Varnholt et al., 2008). Very recently, Cairo et al. (2010) have shown a Myc-

dependent downregulation of the miR-100/let-7a-2/miR125b-1 cluster in poorly differentiated 

hepatoblastomas. However, as underlined by Thorgeirsson in a commentary to this paper, 

although these results give an important contribution to the understanding of hepatoblastoma, the 

role of Myc and miRNAs in HCC pathogenesis still remains to be elucidated (Thorgeirsson, 2011). 

Our present study clearly demonstrates that the miR-100 family is downregulated in human HCCs 

of different etiology. Moreover, it shows that reduced expression of these miRNAs is also species 

independent, as a strong decrease takes place also in rat HCCs. 

More important, a novel and relevant finding of this study is the discovery of miR-100 

downregulation from very early phases (9 weeks after initiation) of a process that culminates in 

advanced HCCs, 12–14 months later. Moreover, the finding of miR-100 downregulation also in 

adenomas and early HCCs, further supports a critical role of this miRNA along all HCC 

development. 

Although assessment of the translational value of animal models of human cancer poses a major 

challenge, the usefulness of the R-H model has been clearly demonstrated (Andersen et al., 2010). 

Early rat lesions positive for the progenitor cell marker CK19+, in fact, display a gene expression 

profile that robustly cosegregates with the human CK19+HCC subtype, characterized by the worst 

clinical prognosis. Thus, the downregulation of miR-100 observed in the several phases of the 

multistep process of hepatocarcinogenesis (early preneoplastic lesions, adenomas, early HCCs 

and advanced HCCs) is likely to recapitulate the natural history of human HCC. 

Another critical finding stemming from this study is that downregulation of miR-100 is not simply a 

marker of proliferating hepatocytes. Since the early lesions developed in the R-H model are 

characterized by a proliferation rate higher than that of the surrounding liver, we indeed considered 

the possibility that the decreased miR-100/miR-99a expression could simply be linked to cell 

division—either as a trigger or as a consequence—and not necessarily to events related to the 

carcinogenic process. However, this possibility was ruled out by the finding that no significant 

variations of miR-100/miR-99a levels took place during liver regeneration post-PH, a condition 

characterized by a proliferative response considerably higher than that found in preneoplastic 

lesions. These findings, together with the observation that miR-100/miR-99a are downregulated in 

HCC of different etiology and in two diverse species, strongly support the role of these miRNAs in 

the tumorigenic process. 

Nevertheless, although downregulation of these miRNAs appears to be critical in the cancer 

process, the loss of the oncosuppressive ability of miR-100 may not be sufficient to allow the 

evolution of HCC. Indeed, miR-100 was found to be downregulated in almost 100% of the rat 

preneoplastic lesions; however, it is well established that during the carcinogenic process, a slow 

but continuous regression of the vast majority of the preneoplastic lesions occurs, that is 
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characterized by a progressive loss of the less-differentiated phenotype and by the return to a 

normal one (remodeling) (Enomoto and Farber, 1982). MiR-100 downregulation is likely not to 

discriminate between lesions that undergo spontaneous regression and those that will progress to 

HCC. If this is the case, one possible interpretation is that, as in the case of many other genes 

endowed with an oncosuppressive function, the loss of miR-100 represents a permissive condition 

for the development of preneoplastic lesions but not sufficient for progression to HCC. We 

presume that additional lesions have to take place in a cellular context where miR-100 is poorly 

expressed, to allow progression. In the absence of this further event, the preneoplastic lesions 

possibly undergo regression. 

In in vitro experiments, we show that reintroduction of miR-100 in HCC cells was able to impair cell 

growth; on the other hand, inhibition of the endogenous miRNA resulted in increased growth ability, 

further supporting the oncosuppressive role of this miRNA. Several targets have been proposed for 

miR-100; among them are PLK1, mTOR (Wang et al., 2008) and FGFR3 (Oneyama et al., 2011). 

Although we did not find any correlation between mTOR or FGFR3 and miR-100 expression in 

HCC samples (data not shown), we did find an inverse correlation between miR-100 and PLK1. 

PLK1 is a protein involved in the control of the G2/M phase and whose oncogenic role has been 

demonstrated in vitro (Smith et al., 1997). Moreover, several works have shown that this protein is 

frequently overexpressed in human tumors and that its expression correlates with tumor genetic 

instability (Eckerdt et al., 2005). As we have not been able to revert the inhibitory growth effect or 

miR-100 by reexpressing PLK1 in miR-100-transfected cells (data not shown), it is plausible that, 

since miRNAs have several targets, the reexpression of PLK1 alone might not be sufficient to 

recover the inhibitory effect on cell growth due to miR-100 overexpression. Alternatively, the main 

role of PLK1 in HCC cells may not be linked to cell proliferation but rather to other properties of this 

molecule. The present work unveils an important contribution for miR-100 and its family in the early 

phases of hepatocarcinogenesis and suggests a post-transcriptional regulation mechanism that 

can explain the increase of PLK1 expression, frequently observed in human HCCs, in the absence 

of gene amplification. It has to be noted that, although PLK1 was increased in most of the human 

HCCs and in all rat HCCs, there was not a strict mathematic anti-correlation between the levels of 

miR-100 and PLK1. It is likely that the level of expression of PLK1 does not depend only on the 

presence of the miRNAs but also on other regulators, such as transcription factors or proteins that 

modulate its degradation. As a consequence, the amplitude of PLK1 increase due to miR-100 

downregulation is likely to be context dependent. 

In conclusion, the findings reported in this work have potential translational outcomes. As miR-100 

downregulation and PLK1 overexpression are early events during hepatocarcinogenesis, they can 

represent new biomarkers of the neoplastic evolution of a pathological liver and could help in the 

identification of progressive lesions that are not clearly identified at the pathological analysis. 

Moreover, as we showed that reintroduction of miR-100 in HCC cell lines resulted in impairment of 

their growth, it is likely that the restoration of this miRNA in the neoplastic liver could affect tumor 

progression. A recent work demonstrates that in a mouse model of liver cancer, ectopic expression 

of a single miRNA (miR-26) could reverse disease progression (Kota et al., 2009). Restoring 

miRNA levels in hepatic cancer cells is therefore a new therapeutic option for the treatment of liver 

cancer. In this context, miR-100 could be a promising tool, being lost in cancer cells but expressed 

at considerable levels in normal hepatocytes and being able to interfere with cancer cell growth 

upon reexpression. 
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MATERIAL AND METHODS 

Cell lines and animals 

For cell lines and in vitro experiments see Supplementary Information. 

Guidelines for the Care and Use of Laboratory Animals were followed during the investigation. All 

animal procedures were approved by the Ethical Commission of the University of Cagliari and the 

Italian Ministry of Health. Male Fischer F-344 rats (100–125 g) were purchased from Charles River 

Italia (Lecco, Italy). Preneoplastic lesions and HCCs were induced according to the R-H model 

(Solt et al., 1977). For detailed experimental procedures see Supplementary Information. 

Quantitative analysis of miRNAs and mRNAs in human and rat samples 

Human HCC samples (n=34) and the corresponding PT tissues (resected 1–2 cm from the tumor) 

were from specimens surgically resected for pathological examination. The clinicopathological 

features of HCCs are summarized in Supplementary Table 2. Each specimen was obtained with 

the patient's informed consent. A sample of each HCC and corresponding PT was processed for 

total RNA extraction (De Petro et al., 1998), whereas the remaining tissue was fixed in 

10%buffered formalin and embedded in paraffin for histological analysis. 

Analysis of miRNAs and PLK1 expression was performed as described in Supplementary 

Information. 

Protein extraction and western blot 

For protein analysis, cells and rat liver samples were lysed in 2% SDS, 0.5 M Tris–HCl. Western 

blots were performed according to standard methods. The following antibodies were used: anti-

PLK1 (Cell Signalling Technologies, Beverly, MA, USA), anti-vinculin (Sigma, St Louis, MO, USA) 

and anti–β-actin (I-9, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Final detection was done 

with the ECL system (Amersham, Uppsala, Sweden). 

Histology, histochemistry and immunohistochemistry 

Human HCC serial sections were immunostained for PLK1 with the Abcam (Cambridge, MA, USA) 

monoclonal antibody (ab17056); Bond Polymer Refine Detection kit allowed to reveal the presence 

of PLK1 protein. Rat liver sections were fixed in 10% formalin, embedded in paraffin and stained 

with H&E or processed for immunohistochemical detection. BrdU incorporation into nuclei was 

stained with mouse antibodies from Becton Dickinson (Franklin Lakes, NJ, USA) (Ledda-

Columbano et al., 1998). Placental form of GSTP in the liver was determined by using an anti-rat 

GSTP polyclonal antibody (MBL, Nagoya, Japan); horseradish peroxidase (for BrdU) or alkaline 

phosphatase (for GSTP) secondary conjugates were used in double staining. Anti-PLK1 antibody 

(Abcam, ab47867) was visualized with 3,3′-diaminobenzidine (DAB) in formalin fixed sections or 

with mouse Alexafluor488 secondary antibody (Molecular Probes, Carlsbad, CA, USA) in cryostat 

sections. 

Laser-capture microdissection 

Fifteen-μm-thick serial frozen sections of rat livers were attached to 2 μm RNase-free PEN-

membrane slides (Leica, Wetzlar, Germany). Microdissection (Leica, LMD6000) was followed by 

acetone fixation and a 3½-min H&E staining. Handling time per slide did not exceed 20 min. RNA 

was extracted from micro-dissected samples using the mirVana miRNA Isolation Kit (Applied 

Biosystems, Carlsbad, CA, USA). 
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Statistical analysis 

Statistical analysis was performed with Student's t-test and using GraphPad Prism version 5.00 for 

Windows. To visualize the expression data of miR-100, miR-99a, miR-99b and PLK1 shown 

in Figure 2a, we exploited the Gedas software (Fu and Medico, 2007). 
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Figure 1. 

The miR-100 family is downregulated in human HCCs. MiRNA expression was assessed by 

quantitative TaqMan RT–PCR in both the tumor (HCC) and peri-tumoral (PT) tissue for each 

patient. The levels were calculated as fold change difference between the expression in matched 

HCCs and PTs and reported in log scale. Values <1 represent decreased expressions in HCC 

compared with the corresponding PT. RNU48 was used as endogenous control. Error bars 

represent the standard deviation of technical triplicates. (P value=2.1 × 10−5 for miR-100; P=2.4 × 

10−6 for miR-99a; and P=0.00034 for miR-99b). 

 

 



 
 

Figure 2. 

 

MiR-100 family downregulation correlates with increased expression of PLK1. PLK1 expression 

was evaluated in HCC and PT for each patient using quantitative TaqMan RT–PCR and calculated 

as ratio between the expression in HCC and PT. Beta-actin was used as endogenous control. (a) 

The expression data of PLK1, miR-100, -99a and -99b were visualized exploiting the GEDAS 

software (Fu and Medico, 2007). As shown, low levels of miRNAs correlate with high levels of 



PLK1. (b) Scatter plots representing the inverse correlation between miR-100 and PLK1 (upper 

panel, P=0.0001) or miR-99a and PLK1 (lower panel, P=0.0027) expression in HCCs. The values 

are reported as log fold change of HCC/PT. (c) IHC for PLK1 performed on two representative 

cases of human HCC samples (magnification 20 × ). In PT tissues PLK1 was barely detectable, 

whereas increased expression was observed in 27/28 tumors (see also Supplementary Figure 1). 

 

 

 

 
 

Figure 3. 

MiR-100 and -99a anti-correlate with PLK1 expression in HCC cell lines. (a) miRNA expression 

was evaluated by quantitative TaqMan RT–PCR and reported as ratio between the levels of 

miRNA in each cell line and the level in HA22T/VGH cells that was set as 1. Error bars represent 

the standard deviation of TaqMan RT–PCR performed in technical triplicates. PLK1 expression 

was evaluated in the same cells by western blot. The bands of PLK1 were quantified using the 

ImageJ software and normalized to vinculin. MiRNA and PLK1 quantifications were reported in 

scatter plots (b) showing a statistically significant anti-correlation (P=0.0049 for miR-100 

and P=0.0025 for -99a). 

 

 



 
 

Figure 4. 

MiR-100 overexpression impairs HCC cell growth. (a) HuH7, HA22T/VGH and SNU423 cells were 

transiently transfected with a specific miR-100 inhibitor (antagomir) or a scrambled siRNA 

(scramble) as a control and then seeded in 96-well plates to perform a growth curve assay (see 

Materials and methods for details). MiRNA inhibition significantly enhanced cell proliferation 

(O.D.=Optical Density at 590 nm; ***P<0.0005;**P<0.001). (b) HepG2, HuH7, SKHep1C3 and 

Mahlavu cells, constitutively expressing miR-100, were seeded in soft agar to evaluate anchorage-

independent growth; at the end of the assay, either colony area (left panel) or the ability to 

metabolize Alamar blue (right panel) was evaluated (see Materials and methods for details). 

MiRNA overexpression significantly impaired HCC cells ability to grow in anchorage-independent 

conditions (***P<0.0005; **P<0.005; *P<0.05). (c) HCC cells were transiently transfected with 

either a specific miR-100 inhibitor (antagomir) or pre-miR-100 or a scrambled siRNA, as a control, 

and then processed for western blot analysis. In the presence of the miRNA, PLK1 was 

downregulated, whereas an increase was detected upon miR-100 inhibition. 

 



 
 

Figure 5. 

 

MiR-100 and -99a downregulation correlates with increased expression of PLK1 in a rat model of 

liver tumorigenesis. (a) Representative microphotography illustrating a HCC developed in rats 

exposed to the R-H model. Left panel: H&E (original magnification 40 × ); right panel: IHC staining 

for PLK1 (10 × ). HCC: tumoral tissue; S: surrounding tissue. (b) Expression levels of miR-100 and 

-99a were evaluated by TaqMan RT–PCR in rat liver carcinoma samples (290T3 to 295T1) and 



compared with normal rat liver (Normal). The 4.5S RNA was used as endogenous control. The two 

miRNAs were significantly downregulated in rat liver tumors (upper panel). Western blot analysis 

(lower panels) showed an increased expression of PLK1 in the same tumors, compared with 

normal tissue. (c) PLK1 bands were quantified using the ImageJ software and normalized to 

vinculin. The values obtained were compared with miRNA expression, as shown in the scatter 

plots. 

 

 

 

 

 
 

Figure 6. 

 

MiR-100 downregulation correlates with increased expression of PLK1 in rat preneoplastic lesions. 

(a) MiR-100 expression was evaluated in 21 laser microdissected rat nodules obtained from 

different animals (251N1 to 281N2) and compared with normal liver. A striking downregulation of 

the miRNA was detected in the preneoplastic lesions (***P<0.0001). (b) GSTP staining of 

preneoplastic lesions. PL: preneoplastic lesions; S: surrounding tissue (4 × ). (c) Dual-color 

immunofluorescence staining with DAPI (blue) and PLK1 (green) in preneoplastic lesions or (d) in 

regenerating liver (PH) (10 × ). As shown, PLK1 is highly expressed in PL but not in the non-

tumorigenic liver and in proliferating hepatocytes. 

 

 

 

 



 
 

Figure 7. 

Expression of miR-100, -99a and PLK1 is not significantly modified upon PH. MiR-100 and -99a 

expression was assessed 24 h upon PH in regenerating livers (PH samples) from different animals 

and compared with the same liver before surgery (C samples). No significant modification of the 

miRNAs was observed in regenerating livers. PLK1 expression was not significantly modified 

(lower panels). 

 

 

 


