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Abstract

Cux-1 is a member of a family of homeobox genes structurally related to Drosophila Cut. 

Mammalian Cut proteins function as transcriptional repressors of genes specifying terminal 

differentiation in multiple cell lineages. In addition, mammalian Cut proteins serve as cell-cycle-

dependent transcriptional factors in proliferating cells, where they function to repress expression 

of the cyclin kinase inhibitors p21 and p27. Previously we showed that transgenic mice expressing 

Cux-1 under control of the CMV immediate early gene promoter develop multiorgan hyperplasia. 

Here we show that mice constitutively expressing Cux-1 exhibit hepatomegaly correlating with an 

increase in cell proliferation. In addition, the increase in Cux-1 expression in transgenic livers was 

associated with a decrease in p21, but not p27, expression. Within transgenic livers, Cux-1 was 

ectopically expressed in a population of small cells, but not in mature hepatocytes, and many of 

these small cells expressed markers of proliferation. Transgenic livers showed an increase in α-

smooth muscle actin, indicating activation of hepatic stellate cells, and an increase in cells 

expressing chromogranin-A, a marker for hepatocyte precursor cells. Morphological analysis of 

transgenic livers revealed inflammation, hepatocyte swelling, mixed cell foci, and biliary cell 

hyperplasia. These results suggest that increased expression of Cux-1 may play a role in the 

activation of hepatic stem cells, possibly through the repression of the cyclin kinase inhibitor p21.
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INTRODUCTION

Cux-1 is a member of a family of homeobox genes related to the Drosophila cut gene. 

Mammalian Cut homologues have been identified in human {CCAAT displacement protein 

(CDP)} [1], mouse (Cux) [2], dog (Clox) [3], and rat (CDP-2) [4]. While these homologues 

all contain a cut homeodomain and three cut repeats, several truncated Cut proteins have 

been identified, including testis Cux-1 [5] and CASP [6]. Mammalian cut homologues 

function as transcriptional repressors of many different genes including γ-globin [7], c-Myc 

[8], myosin heavy chain [9], NCAM [3], CD8a [10], c-mos [11], gp91-phox [12], p21 [13], 

and p27 [14]. The binding of Cut proteins to the promoters of these genes appears to be 

limited to tissues or developmental stages where the target genes are not expressed. Upon 

terminal differentiation, Cut proteins are down regulated or lose the ability to bind to the 

promoters, and transcription of the target genes is permitted. Cut proteins function to repress 

transcription by two different mechanisms: (1) Competition for CCAAT or Sp1 binding site 

occupancy, preventing activation by the corresponding transcription factors, or (2) active 

repression via a carboxy terminal repression domain following binding at a distance from 

the transcription start site [15,16].

Cux-1 is highly and transiently expressed in multiple tissues during embryogenesis [17]. To 

explore the role of Cux-1 in regulating nephrogenesis, we generated transgenic mice 

constitutively expressing Cux-1 using the cytomegalovirus immediate early gene promoter. 

CMV/Cux-1 mice developed hyperplasia in organs in which the transgene was highly 

expressed [14]. In the kidney, this was associated with down regulation of the cyclin kinase 

inhibitor p27 [14]. Transient transfection experiments revealed that Cux-1 repressed p27 

gene expression [14], supporting its role as a transcriptional regulator of cell cycle 

progression. Here we report the development of hepatomegaly associated with the chronic 

expression of Cux-1 in CMV/Cux-1 transgenic mice.

MATERIALS AND METHODS

Generation of Transgenic Mice

The CMV/Cux-1 mice express the full length Cux-1 cDNA under control of the 

cytomegalovirus (CMV) immediate early gene promoter, and were produced as described 

earlier using (C57/Bl6 × C3H) F1 mice [14]. Transgene screening was performed by 

Southern blot analysis of the tail DNA after digestion with appropriate restriction nucleases. 

Alternatively, transgene screening was performed by PCR analysis using a 5′ primer specific 

for the CMV promoter and a 3′ primer for the Cux-1 cDNA. Transgenic mice were 

maintained in accordance with the Institutional Animal Care and Use Committee at the 

University of Kansas Medical Center.

Anatomical and Histological Analysis

Livers were isolated and weighed from 8-, 10-, and 14-month-old wild type and transgenic 

mice (three males and three females for each genotype and time point). For histological 

analysis, livers were fixed in freshly prepared 4% paraformaldehyde in PBS, cryoprotected 

in 30% sucrose in PBS for 24 h, and frozen in OCT (optimal cutting temperature) compound 
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(Sakura Finetek, Torrance, CA, USA). Alternatively, following fixation, livers were 

dehydrated with graded ethanols, cleared in xylene, and embedded in paraffin. Slides 

prepared with 5-µM-thick tissue sections were stained with hematoxylin and eosin. Analysis 

of liver morphology was performed in a blinded fashion by a board certified veterinary 

pathologist (D.M.P.). For analysis of fatty change, livers were stained with oil-red-O. 

Images were captured on a Leica DMR microscope equipped with an Optronics Magnafire 

digital camera. All images are representative of at least five from each of three wild type or 

four transgenic livers.

Immunohistochemistry

Endogenous peroxidase was blocked with 3% hydrogen peroxide for 30 min and the 

samples were then rinsed in PBS. To obtain adequate signal, the slides were treated with 

antigen unmasking solution (Vector Laboratories, Burlingame, CA, USA) according to 

manufacturer’s protocol. To reduce background, the sections were blocked for 1 h at RT in 

10% normal serum from the species the secondary antibody was made in. Antibody (Ab) 

dilutions were 1:50 for Cux-1 Ab, 1:100 for Ki-67 Ab, 1:100 for chromogranin-A, 1:100 for 

α-smooth muscle actin, 1:250 for CD45, 1:250 for CD90.2, and 1:3000 for proliferating cell 

nuclear antigen (PCNA) in 2% blocking serum in PBS. Slides were incubated at room 

temperature with 100 µL of antibody in a humid chamber and then washed four times in 

PBS. Biotin-conjugated secondary antibodies (Vector) were diluted 1:400 in PBS containing 

2% serum from the species in which the secondary antibody was generated. After incubation 

for 1 h at room temperature, slides were washed four times in PBS, then incubated with 

avidin–biotin–peroxidase complex (ABC-Elite; Vector) and then 3,3′-diaminobenzidine. 

The tissue sections were then dehydrated with graded ethanols and mounted with Permount 

(Fisher Scientific, Pittsburgh, PA, USA). Images were captured on a Leica DMR 

microscope equipped with an Optronics Magnafire digital camera. All images are 

representative of at least five from each of four wild type or four transgenic kidneys.

Western Blot Analysis

Nuclear extracts from 8 month-old wild type and CMV/Cux-1 transgenic livers (50 µg), 

prepared as previously described [5], were solubilized in SDS–PAGE sample buffer, 

electrophoresed on 4–15% gradient polyacrylamide gels, and transferred to nitrocellulose 

filters, as described previously [14]. The immunoblot was blocked in 5% nonfat dry milk in 

PBST (PBS containing 0.1% tween 20) for 1 hr at room temperature, before incubation with 

primary antibodies to Cux-1 (1:100), prepared in blocking solution. After overnight 

incubation at 4°C, filters were washed three times at room temperature with PBST, and 

incubated with secondary antibodies (1:10,000 dilution in blocking solution) for 1 h at room 

temperature. Following three additional washes with PBST, bound antibody was detected by 

chemiluminescence (SuperSignal West Pico Chemiluminescent Substrate; Pierce, Rockford, 

IL, USA) according to manufacturer’s instructions, followed by exposure to X-ray film for 1 

min. The immunoblot was then incubated sequentially with antibodies to p27 (1:100), p21 

(1:100), and β-actin (1:100), to insure equal protein loading. Between Western blotting for 

each antibody, the immunoblot was stripped by incubation in 100 mM β-mercaptoethanol, 

2% SDS, and 62.5 mM Tris-HCl (pH 6.7) for 1 h at 56°C. Western blotting for each 

antibody was repeated three times.
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Cell Proliferation and White Blood Cell Analysis

OCT embedded sections were analyzed by immunohistochemistry using the rat anti-Ki67 

antibody (dilution 1:100) to estimate the degree of cell proliferation. The proliferative index 

was estimated by counting the number of Ki67-positive cells in five high power fields from 

four different animals at each time point. For white blood cell analysis paraffin embedded 

sections were analyzed by immunohistochemistry using a cocktail of the rat anti-CD45 and 

rat anti-CD90.2 antibodies (dilution 1:250) to estimate the degree of inflammation. The 

number of white blood cells was estimated by counting the number of CD45/CD90.2 

positive cells in five high power fields from four different wild type or transgenic animals.

Antibodies

Commercial reagents used were: rabbit anti-CDP (Cux-1) (Santa Cruz Biotechnology Inc., 

Santa Cruz, CA, USA #sc-13024); rat anti-Ki-67 (Dako Cytomation California Inc., 

Carpinteria, CA, USA #M 7249); mouse anti-PCNA (Sigma-Aldrich, St. Louis, MO, USA 

#P 8825); rabbit anti-Chromogranin-A (Santa Cruz # sc-13090); rabbit anti-p27 (Santa Cruz 

# sc-528); mouse anti-p21 (Santa Cruz # sc-6246); mouse anti-β-actin (Sigma # A-5441); rat 

anti-CD45 (BD Biosciences, Palo Alto, CA, USA # 550539); rat anti-CD90.2 (BD 

Biosciences # 550543); mouse anti-α-smooth muscle actin (Sigma # A2547); biotin 

conjugated Goat anti-rabbit IgG (Vector); biotin conjugated rabbit anti-mouse IgG (Vector); 

biotin conjugated Goat anti-mouse IgG (Vector); and peroxidase conjugated anti-rabbit IgG 

(Sigma).

Serum Chemistry

Mice were anesthetized with carbon dioxide and then killed by cervical dislocation. Blood 

(200–500 µL) was collected prior to sacrifice. Serum alanine aminotransferase (ALT) levels 

were determined using an autoanalyzer (Physicians Reference Laboratory, LLC, Overland 

Park, KS).

RESULTS

In our previous studies we generated transgenic mice constitutively expressing the 

homeobox gene Cux-1 using the CMV immediate early gene promoter. Three independent 

transgenic mouse lines were established, and Southern blotting of mouse genomic DNA 

showed each lineage had a distinct integration pattern [14]. Two of the three lines, 2189 and 

2200, ectopically expressed the transgene at high levels in a number of organs resulting in 

hyperplasia. While mice from these two lines were indistinguishable from each other, mice 

from the third line, 2235, did not express the transgene. In the kidney, ectopic expression of 

Cux-1 was associated with the down regulation of the cyclin kinase inhibitor p27, and 

transient transfection experiments revealed that Cux-1 represses p27 gene expression. In this 

study we describe the impact of chronic expression of Cux-1 in the liver.

Previously, we showed an increase in liver weight in the transgenic livers, with a two-fold 

increase at 6 wk of age, an 80% increase at 3 months of age, and a 50% increase at 6 months 

of age, compared to wild type livers. At these ages, the body weight was not different 

between transgenic and wild type mice [14]. To determine the effects of chronic Cux-1 
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expression on liver growth, we compared the liver to body weight ratio of transgenic mice to 

wild type mice at three different ages ranging from 8 to 14 months. As shown in Figure 1, 

the liver/body weight ratio was greater in transgenic than wild type mice at all the ages 

examined. Similar to our previous results, we saw no difference in body weight between 

wild type and transgenic mice at each of the ages examined. However, the transgenic liver 

weight was increased at each of the ages examined compared to wild type. Previously we 

showed that Cux-1 expression was significantly elevated in transgenic livers compared to 

wild type at 6 wk of age [14]. Figure 2 shows that Cux-1 expression remained elevated in 

transgenic livers at 8 months of age, compared to wild type. In Cux-1 transgenic kidneys, we 

showed that ectopic expression correlated with a decrease in p27 gene expression, 

suggesting a mechanism in which Cux-1 regulates cell proliferation [14]. To determine 

whether ectopic Cux-1 expression in the liver altered the expression of p21 and/or p27 

expression, we evaluated their expression by Western blot analysis. Figure 2 shows that p27 

expression was not changed in the transgenic livers. In contrast, p21 expression was reduced 

in the transgenic liver compared to wild type. To determine whether constitutive expression 

of Cux-1 in the liver resulted in increased cell proliferation, as described for transgenic 

kidneys, we counted the number of Ki67 positive cells in sections from 7-, 10-, and 14-

month wild type and transgenic livers. At all three ages there were more proliferating cells 

in transgenic livers than in wild type livers (Figure 3).

To determine which cells were proliferating, and whether ectopic Cux-1 expression 

correlated with proliferation, we performed immunohistochemical studies on Cux-1 

transgenic and wild type liver sections from mice 8 months of age. Cux-1 protein was not 

detected in the hepatocytes of either wild type or transgenic livers. However, high levels of 

Cux-1 protein were observed in a population of small cells in transgenic liver sections 

(Figure 4B). In contrast, there were relatively few positively staining cells in the wild type 

liver (Figure 4A). In addition, there was an increase in the number of cells positively stained 

with antibodies directed against chromogranin-A, a marker for hepatic precursor cells 

(Figure 4C and D). The chromogranin-A positive cells included both small cells and cells 

that morphologically resembled hepatocytes (inset in Figure 4D). Moreover, staining with 

PCNA revealed that most of the proliferating cells in the transgenic liver corresponded to 

the small cells (Figure 4E and F). To further characterize the transgenic livers, we labeled 

sections of wild type and transgenic livers from 8-month-old mice with antibodies directed 

against α-smooth muscle actin. Figure 5A shows that α-smooth muscle actin was found only 

in the blood vessel wall of the wild type liver. In contrast, there was abundant α-smooth 

muscle actin staining in cells throughout the parenchyma of the transgenic liver (Figure 5B).

Beginning at 8 months of age, we observed alterations in the appearance of the livers 

isolated from transgenic mice that ranged from small discolorations to tumors (Figure 6 and 

summarized in Table 1). To evaluate the morphological changes in transgenic livers, we 

performed histological analysis of the region containing the nodule on livers isolated from 

wild type and CMV/Cux-1 mice (results summarized in Table 2). No changes in 

morphology were observed at 6 months of age (Figure 7A and B). At 8 months of age, most 

of the transgenic livers showed inflammation (Figure 7C, Table 1), while the wild type 

livers appeared normal (Table 2). We also observed fatty cell change by 8 months of age. To 
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confirm this, transgenic livers were stained with Oil red-O (Figure 8B). We also observed an 

increase in PAS positive material in the transgenic livers (Figure 8C). By 10 months of age, 

mixed cell foci were evident in both male and female transgenic mice (Figure 7F, Table 2), 

although there was evidence of hepatocellular carcinoma in one out of four wild type male 

mice. By 14 months of age, inflammation and mixed cell foci were evident in six of six 

transgenic mice examined, with the appearance of bile duct hyperplasia (Figure 7H, Table 2) 

and hepatocellular carcinoma in both male and female mice. Again, we observed 

hepatocellular carcinoma in one out of six wild type male mice (Table 2).

To evaluate expression of Cux-1 protein in the various lesions we performed 

immunohistochemical studies. Expression of Cux-1 was observed within areas of fatty cell 

change (Figure 9A and B), within mixed cell foci (Figure 9C and D), and in areas of 

hepatocellular carcinoma (Figure 9E and F). In all the lesions examined, Cux-1 was 

expressed in the small cells, but not in hepatocytes. We also observed ectopic Cux-1 

expression in small cells in the perivascular area. Adjacent sections of the same liver showed 

that these cells were highly proliferative and appeared to be morphologically distinct from 

inflammatory cells (Figure 10). To determine whether these cells could be inflammatory 

cells and whether the phenotypic changes observed in the transgenic livers were in response 

to inflammation, we labeled wild type and transgenic liver sections from 8-month-old mice 

with a cocktail of antibodies directed against leukocytes (CD45 and CD90.2). White blood 

cells were present both in wild type and transgenic livers, and some inflammatory cells were 

present in the perivascular region (Figure 11A and B). However, when the number of CD45/

CD90.2 positive cells was counted within high power fields, no significant difference 

between wild type and transgenic was observed (18±2/hpf for TG, 15±2/hpf for WT). 

Rather, most of the cells found in the perivascular region of the transgenic livers stained 

positively for α-smooth muscle actin (Figure 11C). To determine whether the tumor 

formation we observed in the transgenic livers could be in response to inflammation, we 

compared Cux-1, CD45/CD90.2, and α-smooth muscle actin expression in a section of liver 

tumor from a 14-month-old transgenic mouse. Figure 12 shows that ectopic expression of 

Cux-1 was more closely associated with an increase in α-smooth muscle actin positive cells 

than inflammatory cells within tumors.

To evaluate liver function, ALT levels were measured in mice between the ages of 3 and 14 

months. In transgenic mice, ALT levels were 86.5±79.7 IU/L (n=86) and in non-transgenic 

mice ALT levels were 82.4±43.8 IU/L (n=11) (statistically not significant).

DISCUSSION

Mammalian Cut protein expression or activity seems to be limited to proliferating cells in 

many different tissues [16]. Cux-1 is highly expressed in multiple tissues in the developing 

embryo, but is down regulated at later stages of development, coinciding with exit from the 

cell cycle and terminal differentiation [17]. Cell proliferation is positively regulated by 

cyclins and cyclin-dependent kinases, and negatively regulated by cyclin kinase inhibitors. 

Cyclins and CDKs are located in the nucleus and together form an active complex [18]. 

These complexes phosphorylate the protein retinoblastoma (RB), resulting in the release of 

the transcription factor E2F, which activates genes involved in DNA synthesis [19]. Specific 
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cyclin–CDK complexes are expressed in each phase of the cell cycle. Cyclin kinase 

inhibitors (CKI) are nuclear proteins that bind to cyclin–CDK complexes preventing 

phosphorylation of RB and other substrates. This prevents E2F release and subsequent gene 

activation dependent on E2F, resulting in cell cycle arrest [20,21].

A growing number of studies have demonstrated a role for mammalian cut proteins in cell 

cycle regulation. The DNA binding activity of Cux-1 was shown to fluctuate during the cell 

cycle, with highest activity during late G1 and S phase [13,22]. Several of the targets of 

Cux-1 repression are cell cycle regulated, including the cyclin kinase inhibitors p21 and p27 

[13,14]. CDP/cut (Cux-1) was found to be the DNA binding component of the cell cycle 

regulated histone gene transcription factor HiNF-D [22]. Moreover, this DNA binding 

activity is developmentally regulated in the liver, with highest activity in the embryonic liver 

and no activity detected in adult liver [23]. Other growth related targets of Cux-1 include c-

myc [8], c-mos [11], and thymidine kinase [24].

Previously, we showed that two independent lines of transgenic mice constitutively 

expressing the homeobox gene Cux-1 under the direction of the CMV promoter develop 

multiorgan hyperplasia, including a two-fold increased in liver size, beginning at 6 wk of 

age [14]. These results provide in vivo evidence for the growing role of mammalian Cut 

proteins as transcriptional regulators of the cell cycle. In the present study, we describe the 

effects of chronic expression of Cux-1 in the livers of CMV/Cux-1 mice.

In the CMV/Cux-1 transgenic mice, ectopic Cux-1 expression was restricted to a population 

of small cells located between the hepatocytes. These cells stained positively for α-smooth 

muscle actin and PCNA, and were increased in number in the transgenic livers, suggesting 

that the ectopic expression of Cux-1 in the liver resulted in proliferation of these cells. 

Hepatic stellate cells (also called Ito cells) are a population of cells that exist in the space 

between the liver parenchyma and the sinusoidal endothelial cells, and are involved in 

retanoid storage [25]. In pathological conditions, these cells change morphology and are 

thought to be the precursor cells to myofibroblast cells found in cirrhosis [26], adenoma 

[27], and hepatocellular carcinoma [27]. This transformation is accompanied by the 

increased expression of α-smooth muscle actin [27]. The considerable increase in α-smooth 

muscle actin observed in the transgenic livers, together with the observed expression of 

Cux-1 in cells that morphologically resemble fibroblasts, raises the possibility that Cux-1 is 

ectopically expressed in the hepatic stellate cell lineage resulting in both proliferation and 

conversion to the myofibroblast phenotype.

We also observed cells that morphologically appeared to be inflammatory cells in the 

perivascular region of the transgenic livers. And ectopic Cux-1 expression was observed in 

cells in the perivascular region of the transgenic livers. Taken together, this raised the 

possibility that the morphologic changes seen in the transgenic livers resulted from an 

inflammatory response. While we cannot rule out that increased inflammation promotes 

tumor formation in the livers of the transgenic mice, the expression of Cux-1 within both the 

perivascular region and the tumors correlated more closely with the number of α-smooth 

muscle actin positive cells, than the number of CD45/CD90.2 positive cells.
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In contrast to the hepatic stellate cells, which do not differentiate into hepatocytes, a class of 

hepatocyte precursor cells, called oval cells, is believed to exist [28]. These cells are thought 

to exist in the canals of Hering and bile ductules and differentiate into hepatocytes or biliary 

epithelial cells [29]. Chromogranin-A is expressed in hepatic progenitor cells and in 

intermediate hepatocyte-like cells [30,31]. After loss of hepatocytes and/or cholangiocytes, 

hepatocyte precursor cells are believed to proliferate and differentiate towards the biliary 

and/or hepatocyte lineage (reviewed in [31–33]). Activation of hepatocyte precursor cells 

has been described in a number of liver diseases, including acute liver necrosis [34], 

hemochromatosis [35], alcoholic liver disease [36,37], and chronic viral hepatitis [35,38]. 

Although we observed high levels of Cux-1 expression in the fibroblast shaped cells, we did 

not detect Cux-1 expression in intermediate hepatocyte like cells, or in mature hepatocytes, 

suggesting that Cux-1 was not expressed in this lineage. However, we did detect 

chromogranin A expression both in small cells and in larger cells that morphologically 

resembled hepatocytes, suggesting the differentiation of hepatocyte precursor cells toward 

the hepatocyte lineage.

A number of non-hepatocytic epithelial cell lines have been isolated from liver and shown to 

differentiate into hepatocytes or biliary epithelial cells, suggesting they are hepatic 

progenitor cells [39,40]. Interestingly, co-culturing these cells with hepatic stellate cells 

resulted in the differentiation of the progenitor cells into hepatocytes [41]. Accordingly, one 

possible explanation for the hepatomegaly observed in the Cux-1 transgenic mice, is that an 

increased number of hepatic stellate cells influences the differentiation of hepatic progenitor 

cells into hepatocytes. Thus, the increased liver growth we observed in the Cux-1 transgenic 

mice, prior to any pathological condition, could result from the differentiation of hepatic 

precursor cells into hepatocytes as a reaction to an increased number of hepatic stellate cells, 

and not from a direct effect of Cux-1 expression in hepatocytes. Since the hepatic stellate 

cells are considered to be a mesenchymal cell type this would be consistent with the 

predicted expression of the transgene [25,42]. However, expression of lacZ under the control 

of the CMV promoter was detected in the livers of embryonic transgenic mice [43], so we 

cannot rule out the possibility that Cux-1 is expressed in hepatic precursor cells before 

differentiating into hepatocytes in the Cux-1 transgenic livers.

We also observed a progression of liver lesions beginning with inflammation and leading to 

the development of mixed cell foci and hyperplasia. While we observed hepatocellular 

carcinoma in some transgenic animals, we also observed HCC in wild type animals. This 

may be explained by the fact that the transgenic mice were generated on a C57Bl/6 × C3H 

mixed background, and C3H male mice show an increased incidence of HCC [44]. While 

the primary phenotype we observed in the Cux-1 transgenic livers was hyperplasia of small 

cells that are likely hepatic stellate cells, one possibility is that activation of these cells in 

C57Bl/6 × C3H mice contributed to the incidence of tumors and hepatocellular carcinoma. 

Of interest, rearrangements or deletions of the chromosome region 7q22, the site of the 

human Cux-1 gene (CUTL1), frequently occur in uterine leiomyomas [45], acute myeloid 

leukemia [46], and hepatocellular carcinoma [47].

In the livers from transgenic mice, the ectopic expression of Cux-1 correlated with a down 

regulation of p21. In contrast, the expression of p27 was unchanged between wild type and 
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transgenic livers. In our previous studies, we showed that ectopic expression of Cux-1 in the 

kidney resulted in the down regulation of p27, leading to hyperplasia [14]. One possible 

explanation of our results is that Cux-1 regulates cell proliferation by different mechanisms 

in the transgenic kidney and liver. The ability of the liver to readily undergo regeneration 

following partial hepatectomy suggests that cell proliferation is regulated by a different 

mechanism in the liver than in the kidney. Interestingly, targeted expression of p21 in the 

livers of transgenic mice prevents cell cycle progression and regeneration after partial 

hepatectomy [48]. Thus, a down regulation of p21 is required for cell cycle entry. Moreover, 

the activation of hepatic stellate cells is regulated by p21 [49]. Treatment of hepatic stellate 

cells with the antioxidant (NAC), used in the treatment of some liver diseases, resulted in the 

upregulation of p21 through the Sp1 transcription activator-dependent mechanism, leading 

to cell cycle arrest [49]. Since Cux-1 represses p21 by competing with Sp1 for binding site 

occupancy [13], one possible mechanism for the activation and proliferation of hepatic 

stellate cells is the upregulation of Cux-1. A number of studies have demonstrated a 

decrease in hepatoma cell proliferation associated with the expression of p21 [50,51]. And, a 

decrease in p21 expression is observed in human patients with HCC [52]. Thus, the down 

regulation of p21 expression may be an important factor in the progression of liver lesions in 

these mice.
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Figure 1. 
Increased liver/body weight ratios in transgenic mice. Three male and three female CMV/

Cux-1 mice and wild-type littermates were weighed at 8, 10, and 14 months. The livers from 

these mice were isolated and weighed. The data are plotted as the average liver/body weight 

ratio for transgenic (filled diamonds) and wild type (open boxes) mice. Standard deviation is 

indicated.
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Figure 2. 
Expression of Cux-1, p21, and p27 protein in livers from wild type and transgenic mice. 

Fifty micrograms of nuclear extract prepared from 8-month-old transgenic and wild type 

livers was subjected to SDS–PAGE and transferred to nitrocellulose membranes. The 

presence of Cux-1, p21, p27, and β-actin (as a loading control) was detected by Western blot 

analysis as described in the ‘‘Materials and Methods.’’ Cux-1 protein was elevated in the 

transgenic livers compared to wild type. p21 expression was decreased in the transgenic 

livers, compared to wild type, while p27 expression was unchanged.
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Figure 3. 
Increased proliferation in transgenic livers. The proportion of proliferating cells is increased 

in livers from CMV/Cux-1 mice (A). The data are plotted as the number of Ki67 positive 

cells per high power field. Ki67 positive cells were counted in five high power fields from 

four different animals at each time point. Cell counts in transgenic animals were obtained 

from extrafocal regions. Sections are shown from 10-month-old wild type liver (B) and 

extra-focal region of transgenic liver (C). Standard deviation is indicated by error bars. 
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Original magnification: 100× (Bar, 5 µm). [Color figure can be viewed in the online issue, 

which is available at www.interscience.wiley.com.]
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Figure 4. 
Increased proliferation of hepatocyte precursor cells in transgenic livers. Wild type (A, C, E) 

and transgenic (B, D, F) liver sections from 8-month-old mice were labeled with antibodies 

directed against Cux-1 (A, B), chromogranin-A (C, D), or PCNA (E, F). Cux-1 was 

ectopically expressed in small cells (arrows in B) between the hepatocytes in transgenic 

livers, but was not detected in wild type livers (A). Transgenic livers showed an increase in 

the number of cells labeled positively for chromogranin-A (arrows in D), a marker for 

hepatocyte precursor cells. Inset in (D) shows that chromogranin-A was detected in cells 
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morphologically resembling hepatocytes, indicating differentiation to the hepatocyte 

lineage. No chromogranin-A positive cells were observed in the wild type liver (C). The 

small, fibroblastic shaped cells, but not the hepatocytes, labeled positively for PCNA 

(arrows in F), indicating that they are proliferating. No PCNA positive cells were detected in 

the wild type liver (E). Original magnification: 400× (Bar, 50 µm). [Color figure can be 

viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 5. 
Increased expression of α-smooth muscle actin in transgenic livers. Light micrographs of 

wild type (A) and transgenic livers (B) from 8-month-old mice labeled with antibodies to α-

smooth muscle actin. α-smooth muscle actin was found only in the blood vessel wall of liver 

isolated from an 8-month-old wild type mouse (A). α-smooth muscle actin staining is 

observed in cells throughout the parenchyma of liver isolated from an 8-month-old 

transgenic mouse (B). Original magnification: 200×. [Color figure can be viewed in the 

online issue, which is available at www.interscience.wiley.com.]
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Figure 6. 
Gross appearance of liver lesions in CMV/Cux-1 transgenic mice. Beginning at 8 months of 

age we observed gross alterations in the appearance of transgenic livers, ranging from small 

discolorations (arrow) to large tumors (arrowhead). [Color figure can be viewed in the 

online issue, which is available at www.interscience.wiley.com.]
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Figure 7. 
Progression of liver lesions in CMV/Cux-1 transgenic mice. Light micrographs of wild type 

(A) and transgenic livers (B-H). At 6 months of age, transgenic livers (B) are 

indistinguishable from wild type livers (A). At 8 months of age, non-suppurative 

inflammation (C) and fatty cell change (D) are observed in transgenic livers. At 10 months 

of age, multifocal lesions are evident in transgenic livers (asterisks in E). Higher 

magnification reveals that these are of the mixed cell type (F). At 14 months of age, 

hepatocellular carcinoma is present in transgenic livers (G). Biliary hyperplasia is also 
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observed (H). Original magnification: (A–D, F–H) 200× (Bar, 100 µm). (E) 13×. [Color 

figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 8. 
Fatty cell change in transgenic livers. Wild type (A) and transgenic (B, C) livers were 

stained with Oil-red-O (A, B) or periodic acid schiff (C) stains. Oil-red-O stain reveals fatty 

change in transgenic livers (arrows in B) compared to wild type, and an increase in PAS 

positive material in the transgenic livers. Original magnification: 200× (Bar, 100 µm). 

[Color figure can be viewed in the online issue, which is available at 

www.interscience.wiley.com.]
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Figure 9. 
Ectopic expression of Cux-1 increases in lesion progression. Localization of Cux-1 protein 

in 8-, 10-, and 14-month-old transgenic livers showing fatty cell change (A, B), mixed cell 

foci (C, D), and hepatocellular carcinoma (E, F). Small Cux-1 positive cells were observed 

throughout the 8-month-old transgenic livers in areas of fatty cell change (A, and arrows in 

B). In some areas of 10-month-old transgenic liver, corresponding to mixed cell foci, high 

concentrations of Cux-1 positive cells were observed (C). Higher magnification revealed 

that the Cux-1 positive cells corresponded to only small cells (arrows in D), while 
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hepatocytes were not labeled for Cux-1. In a section of 14-month-old transgenic liver 

corresponding to hepatocellular carcinoma, Cux-1 positive cells were observed (E), and 

higher magnification revealed that these cells were small cells (arrows in F), but not 

hepatocytes. Original magnification: (A, C, E) 100× (Bar, 100 µm). (B, D, F) 400× (Bar, 50 

µm). [Color figure can be viewed in the online issue, which is available at 

www.interscience.wiley.com.]
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Figure 10. 
Co-expression of Cux-1 and PCNA in perivascular cells. Adjacent sections of the same liver 

isolated from CMV/Cux-1 transgenic were stained with PAS (A), labeled with antibodies 

directed against Cux-1 (B), and labeled with antibodies directed against PCNA (C), showing 

that cells ectopically expressing Cux-1 were highly proliferative. Original magnification: 

200×. [Color figure can be viewed in the online issue, which is available at 

www.interscience.wiley.com.]
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Figure 11. 
Survey of white blood cells in wild type and transgenic liver. Sections of wild type (A) and 

transgenic (B) livers isolated from 8-month-old mice were labeled with antibodies directed 

against CD45 (leukocyte common antigen) and CD90.2 to detect all white blood cells. 

Positive staining cells were detected throughout both livers and cell counting revealed no 

significant differences in white blood cell number between wild type and transgenic. 

Labeling with antibodies directed against α-smooth muscle actin (C) showed that the 

perivascular cells were myofibroblasts. Original magnification: 200×. [Color figure can be 

viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 12. 
Expression of Cux-1 in liver tumor of CMV/Cux-1 mouse corresponds to α-smooth muscle 

actin expression. Adjacent sections from the same tumor were labeled with antibodies 

directed against Cux-1 (A), α-smooth muscle actin (B), and CD45/CD90.2. Cux-1 positive 

cells show a similar pattern as α-smooth muscle actin positive cells (Arrows in A and B). In 

contrast, there are relatively few CD45/CD90.2 positive cells in the tumor. Original 

magnification: 200×. [Color figure can be viewed in the online issue, which is available at 

www.interscience.wiley.com.]
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Table 1

Animals Exhibiting Liver Nodules

8 months 10 months 14 months

CMV/Cux-1

   Female 6 (17) 5 (17) 3 (12)

   Male 4 (10) 4 (18) 3 (12)

Wild type

   Female 0 (5) 1 (6) 0 (3)

   Male 0 (3) 1 (4) 0 (3)

Summarized numbers of animals from CMV/Cux-1 transgenic mice exhibiting gross discolorations and/or nodules on the livers. The total number 
of animals is listed in parentheses.
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Table 2

Types of Cell Foci in CMV/Cux-1 Transgenic and Non-transgenic Livers

Type 8 months 10 months 14 months

CMV/Cux-1 transgenic

   Female

Inflammation (non-suppurative) 4 (6) 3 (5) 3 (3)

Mixed cell foci 0 (6) 3 (5) 2 (3)

Oval cell hyperplasia 0 (6) 0 (5) 1 (3)

Hepatocellular carcinoma 0 (6) 0 (5) 1 (3)

   Male

Inflammation (non-suppurative) 3 (4) 4 (4) 3 (3)

Mixed cell foci 1 (4) 4 (4) 3 (3)

Oval cell hyperplasia 0 (4) 0 (4) 1 (3)

Hepatocellular carcinoma 0 (4) 1 (4) 2 (3)

Non-transgenic

   Female

Inflammation (non-suppurative) 0 (5) 1 (6) 0 (3)

Mixed cell foci 0 (5) 1 (6) 0 (3)

Oval cell hyperplasia 0 (5) 1 (6) 0 (3)

Hepatocellular carcinoma 0 (5) 1 (6) 0 (3)

   Male

Inflammation (non-suppurative) 0 (3) 1 (4) 0 (3)

Mixed cell foci 0 (3) 1 (4) 0 (3)

Oval cell hyperplasia 0 (3) 0 (4) 0 (3)

Hepatocellular carcinoma 0 (3) 1 (4) 0 (3)

Summarized numbers of animals exhibiting preneoplastic lesions and hepatocellular carcinoma in H&E sections of the liver in CMV/Cux-1 
transgenic and non-transgenic mice 8, 10, and 14 months after birth. The total number of animals is listed in parentheses.
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