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Abstract

Human carcinomas are defined by recurrent chromosomal aneuploidies, which result in tissue-

specific distribution of genomic imbalances. In order to develop models for these genome

mutations and determine their role in tumorigenesis, we generated 45 spontaneously transformed

murine cell lines from normal epithelial cells derived from bladder, cervix, colon, kidney, lung,

and mammary gland. Phenotypic changes, chromosomal aberrations, centrosome number, and

telomerase activity were assayed in control uncultured cells and in three subsequent stages of

transformation. Supernumerary centrosomes, bi-nucleate cells, and tetraploidy were observed as

early as 48 hr after explantation. In addition, telomerase activity increased throughout progression.

Live-cell imaging revealed that failure of cytokinesis, not cell fusion, promoted genome

duplication. Spectral karyotyping demonstrated that aneuploidy preceded immortalization,

consisting predominantly of whole chromosome losses (4, 9, 12, 13, 16, and Y) and gains (1, 10,

15, and 19). After transformation, focal amplifications of the oncogenes Myc and Mdm2 were

frequently detected. Fifty percent of the transformed lines resulted in tumors upon injection into

immuno-compromised mice. The phenotypic and genomic alterations observed in spontaneously

transformed murine epithelial cells recapitulated the aberration pattern observed during human

carcinogenesis. The dominant aberration of these cell lines was the presence of specific

chromosomal aneuploidies. We propose that our newly derived cancer models will be useful tools

to dissect the sequential steps of genome mutations during malignant transformation, and also to

identify cancer-specific genes, signaling pathways, and the role of chromosomal instability in this

process.

INTRODUCTION

Human invasive carcinomas develop slowly, sometimes over decades, through stages of

increasing cellular dysplasia. This process requires the acquisition of disease-specific

chromosomal imbalances, which are early and recurrent events, and the gain and loss of

function of oncogenes and tumor suppressor genes, respectively (Ried et al., 1999;
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Albertson et al., 2003). Aberrant promotor methylation patterns, increased telomerase

activity, and abnormalities of the centrosomes accompany the process of malignant

transformation (Kalari and Pfeifer, 2010; Artandi et al., 2000; D’Assoro et al., 2002;

Godinho et al., 2009).

Chromosomal aneuploidy and its consequence on the genome, i.e., the acquisition of

specific genomic imbalances, are defining feature of human carcinomas (Heim and

Mitelman, 2009; Ried, 2009; Hanahan and Weinberg, 2011; Kolodner et al., 2011). Their

conservation and the degree of recurrence are remarkable. For example, the gain of

chromosome arm 3q is the most common abnormality in cervical cancers, and in fact it is a

conditio sine qua non for progression of dysplasia, which advances to premalignant cervical

lesions and eventually to invasive disease (Heselmeyer et al., 1996; Heselmeyer-Haddad et

al., 2005). In colorectal tumorigenesis, the gain of chromosome 7 is one of the earliest

genome alterations observed in adenomas. This is complemented by gains of chromosome

arms 8q, 13q, and 20q, and losses of 17p and 18q in invasive carcinomas (Vogelstein et al.,

1988; Bardi et al., 1991; Ried et al., 1996; Postma et al., 2007; Heim and Mitelman, 2009).

Human breast cancers are characterized by frequent gains of chromosome arms 1q, 8q, 16p,

17q, and 20q, and losses of 8p and 16q (Ried et al., 1995; Friedrich et al., 2009; Heim and

Mitelman, 2009; Smid et al., 2011). The comprehensive evaluation of large datasets of high-

resolution array comparative genomic hybridization (arrayCGH) from histologically distinct

human tumors confirms these observations by solely using the distribution pattern of

chromosomal gains and losses, it is possible to reproduce the classification of tumors

according to their tissue of origin (Beroukhim et al., 2010).

Mouse models of cancer have become valuable tools to dissect the molecular events driving

tumorigenesis. With respect to hematological malignancies, such as leukemias or

lymphomas, the genetic aberration profiles resemble those observed in human diseases.

Mutations of ATM in humans results in ataxia telangiectasia and in mice, the homozygous

deletion of this gene results in thymic lymphomas after a relatively short latency (Barlow et

el., 1996). The T-cell tumors contain translocations of chromosome 14, which contains the

genes for the T-cell receptor chains α and δ; these translocations result in abnormal

rearrangements of these loci, and such rearrangements are also present in human

lymphomagenesis (Liyanage et al., 2000; Petiniot et al., 2002). Multiple transgenic mouse

models have provided valuable information regarding the regulation of genes associated

with leukemias and lymphomas (Janz, 2006; Li et al., 2009).

With respect to models of epithelial cancers, the situation is more complex. In a study of

chemically induced murine colorectal tumors, we failed to detect genomic imbalances (Guda

et al., 2004). In conrast, mouse mammary gland tumors exhibit multiple recurrent genomic

imbalances, including frequent loss of the distal bands of chromosome 4 that is homologous

to human chromosome arm 1p. Additionally, these tumors have chromosomal gains that

map to chromosome 15, containing the Myc oncogene (Ried et al., 2004). However, when

compared with human breast cancer we generally observed considerably fewer copy number

changes in mammary gland carcinomas that occur in transgenic mouse models. This

difference may be attributable to the mode of tumor induction, which in many instances

requires strong tissue-specific expression of oncogenes. Such a powerful and dominant

oncogenic stimulus, which is never observed in human premalignant conditions, may make

the requirement for the acquisition of the recurrent aneuploidies that govern the genomic

aberration profiles during the genesis of human epithelial cancers, superfluous. Since the

sequential acquisition of these chromosomal imbalances is so central to the onset of human

carcinogenesis, we set out to develop models that can be useful for identifying molecular

mechanisms that lead to aneuploidy.
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Typically, normal human cells that are grown in vitro cease to divide after 30–50 population

doublings, then senesce and apoptose. This phenomenon is referred to as the “Hayflick

Limit” (Hayflick and Moorhead, 1961). To circumvent this process numerous investigators

used carcinogenic compounds to transform mammalian cells (Earle, 1943; Gey et al., 1949;

Lee et al., 1989; Li et al., 1997). Additionally, it has been shown that mouse embryonic

fibroblasts after multiple rounds of serial passaging, undergo cellular transformation,

subsequently these cells subsequently developed into an immortal cell line they referred to

as NIH 3T3 (Todaro and Green, 1963). The ability of cells to become immortal after

prolonged in vitro culturing is referred to as “spontaneous transformation” (Sanford, 1967;

Briand, 1970; Ponten, 1971; Sanford and Evans, 1982; Miller and Miller, 1983). In the

majority of these models, the tissue of origin is mesenchymal in nature. We therefore

developed an in vitro model to study sequential genetic and genomic alterations in epithelial

cells, the cell lineage from which human carcinomas are derived. This study was initiated by

culturing murine epithelial cells extracted from six organs: bladder, cervix, colon, kidney,

lung, and mammary glands. We identified three major stages during the spontaneous

transformation process and refer to them as pre-immortal, immortal, and transformed. Using

various analytical approaches our goals were as follows: (1) determine whether the

acquisition of chromosomal aneuploidies is required for spontaneous transformation; (2)

determine the timing of this event; (3) identify if any tissue-specific differences occur during

progression; and (4) explore to what extent which features are associated with human

tumorigenesis, such as centrosome abnormalities and telomerase activation, are required for

spontaneous transformation of murine epithelial cells.

MATERIALS AND METHODS

Mouse Genotypes

Wild type C57BL/6, five to six weeks of age (NIH-Frederick animal facility, Frederick,

MD), and six-week-old nude mice (Athymic NCR-nu/nu 01B74; Frederick, MD) were used

for the spontaneous transformation experiments and tumorigenic mouse assay, respectively.

The following transgenic mice were used for the live cell imaging experiments: histone 2B–

GFP wild type mice (kindly provided by V. Papaioannou, Columbia University, NY), and

Trp53−/− mutants, derived as F1 progeny from heterozygous parents (NIH Mouse

repository Trp53 null [B6.129S2-Trp53tm1Tyj] Strain number 01BM4). All animals were

sacrificed using CO2 prior to dissection, following the protocols outlined in NIH Animal

Protocol Study No. NCI-ASP-MB-045.

Tissue Culture

Bladder, cervix, colon, lung, kidney, and mammary gland organs were excised and

mechanically minced using sterile scalpels. Further disassociation of cells was performed for

1 hr using 0.25% collagenase type I (Invitrogen, Carlsbad, CA), for colon and lungs type III

(Invitrogen) for mammary glands, and type IV (Invitrogen) for bladder, cervix, and kidneys.

Normal murine bladder, cervix, colon, kidney, lung, and mammary gland epithelial cells

were selectively isolated by sedimentation (Adessi et al., 1996). The epithelial cells were

grown in DMEM/F12 media without phenol-red indicator (Invitrogen), at 5% CO2 at 37°C.

All primary cultures were initiated using media supplemented with low serum (2–5% fetal

bovine serum) (Invitrogen), EGF (0.01 µg/ml, Invitrogen), 100x Antibiotic-Antimycotic

(10,000 U/ml Penicillin G Sodium, 10,000 µg/ml Streptomycin sulfate, 25 µg/ml

amphotoericin B, Invitrogen), and fungizone (0.25 µg/ml, Invitrogen). The cervix, colon,

and mammary primary cells additionally required insulin (10 µg/ml, Invitrogen),

hydrocortisone (0.5 µg/ml, Sigma-Aldrich, St. Louis, MO), and bovine pituitary extract

(0.05 mg/ml, Invitrogen). Media without phenol-red was used, as this ingredient has been

shown to have significant estrogen-like activity that increases cellular proliferation,
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particularly in mammary and cervical cells (Berthois et al., 1986). It has been previously

reported that re-feeding primary rodent cells every 10 days rather than every three days

promotes the in vitro cellular transformation process (Kodama et al., 2001). This method

was therefore applied to all of the primary epithelial cultures.

Cell Lines

The spontaneously transformed cell lines created and assayed in this study are listed in

Table 1. Karyotypes of the above mentioned cell lines are provided in the SKY/M-FISH &

CGH database (Knutsen et al., 2005): http://www.ncbi.nlm.nih.gov/projects/sky/ (NCI45

Mouse Cell Line Panel-HPN). The mammary cell line Comma-D (Danielson et al., 1984)

was kindly provided by Dr. Daniel Medina (Baylor College of Medicine, Houston, TX).

SKY

Preparation of mouse SKY probes, slide pre-treatment, slide denaturation, detection, and

imaging have been described previously (Liyanage et al., 1996). Metaphase chromosomes

were prepared according to standard protocols (Padilla-Nash et al., 2006). Approximately 15

metaphase spreads per sample were analyzed and scored for numerical and structural

aberrations following mouse chromosome nomenclature rules established by the Jackson

Laboratories (Bar Harbor, ME): http://www.informatics.jax.org/mgihome/nomen/

gene.shtml. No specific rules exist for the mouse in distinguishing between unbalanced vs.

reciprocal translocations (“T” is currently used for all mouse translocations). Therefore, in

this report we refer to reciprocal translocations herein by using “rT”. Ploidy rules for mouse

chromosome numbers established by Muriel Davisson (Jackson Laboratories, Maine), Turid

Knutsen, and Hesed Padilla-Nash are provided in Supplementary Table 1.

FISH and Immunocytochemistry

BAC clones for gene-specific loci Tert (RP23–412H3, Chr 13), Terc (RP23–404G7, Chr 3),

and Myc (D15Mit17, Chr 15) were purchased from Qiagen (Alameda, CA). Labeling of

DNA was performed by nick-translation following protocols described in http://

www.riedlab.nci.nih.gov/protocols. Telomere DNA repeats were visualized using Telomere

PNA-FISH kit/Cy3 (DAKO Demark A/S, Denmark) following the manufacturer’s protocols.

Cells were grown in polystyrene single-chamber slides (BD Biosciences, Bedford, MA) for

all immunofluorescence assays. Cellular cytoskeleton was visualized with FITC anti-β-actin

(Sigma-Adrich, St. Louis, MO). Cytokeratin 8 and FITC pan-cytokeratin (Sigma-Aldrich)

were used to verify the identity of epithelial cells. Centrosomes were visualized using

monoclonal anti-γ-tubulin (Sigma-Aldrich). All protocols are described in http://

www.riedlab.nci.nih.gov/protocols.

All FISH and immuno-fluorescence images were acquired using a Leica 4000 microscope

(Leica, Germany) and Q-FISH™ software (Leica).

Time-Lapse Imaging

Normal, Trp53 null, and GFP-H2B lung epithelial cells were isolated as described above.

Cells were immediately plated and imaged as previously described (Ravin et al., 2008). The

microscope (Axio Observer, Carl Zeiss Microimaging LLC, Thornwood, NY) was equipped

with a 40x Phase objective, and the imaging chamber was warmed to 37°C before image

acquisition. Images were captured from multiple areas every 2 min for 2 days using a LUDL

Mac5000 motorized stage and MetaMorph software (Universal Imaging Corp., Downington,

PA) software.
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Telomerase Activity (TRAP Assay)

Cell lysates were prepared from freshly explanted normal epithelial cells derived from

bladder, cervix, colon, lung, kidney, and mammary glands excised from five- to six- week-

old C57BL/6 male and female mice. Telomerase activity was assessed from these control

cells and their respective immortal and transformed stages. Negative controls consisted of

lysates derived from freshly explanted spleen cells isolated from Tert-deficient mice (Chiang

et al., 2004). Telomerase activity was detected with a gel-based TRAPeze detection kit

(Intergen, Purchase, NY) following the manufacture’s instruction (Kim et al., 1994).

Telomerase activity was expressed as telomerase units (TU)/5000 cells. For normalization,

telomerase activity was measured using a lysate prepared from the mouse EL4 cell line, a T-

cell tumor line that expresses high levels of telomerase (Hathcock et al., 2003). Three

technical replicates were run per sample.

Nude Mouse Tumorigenicity Assay

Prior to performing the nude mouse assay, cell lines were tested (MTBM-M/R, Animal

Health Diagnostic Laboratory-NCI Frederick, MD), to rule out the presence of bacteria and/

or viruses. Nude mice were anesthetized with 0.25 ml of 1.25% Avertin delivered

intraperitonealy. Approximately 1 × 106 cells were injected subcutaneously into the inter-

scapular region using a volume of 100 µl in 1x PBS. Animals were monitored twice weekly

for a period of 16 weeks. The spontaneously derived and tumorigenic mammary cell line

Comma-D served as our positive control. Animals were euthanized when palpable tumors

(∼ 1–2 cm3) developed, and tumors were then harvested for further analysis.

RESULTS

Morphology

The spontaneous transformation of epithelial cells was a gradual process for all of the

murine cell lines. The experimental design is shown in Figure 1. Based on morphological

changes and different growth rates, we defined three sequential stages of transformation:

pre-immortal, immortal, and transformed (Fig. 1). Cells were designated as pre-immortal

upon initial adhesion of the primary explants, including the time in which cultures

maintained contact inhibition. Subsequently, cells became flat and large, and when passaged

required weeks to become confluent. Actin fibers were uniformly distributed and organized

in a parallel fashion. Cultures were defined as entering the immortal stage when the cells

became more spindle-shaped, and the cytoskeleton became disorganized, with long

protrusions extending in multiple directions. Proliferation increased, with cultures becoming

confluent within one to two days after passaging. Once cells lost their anchorage

dependence and exhibited foci they were designated as transformed, as further defined by a

smaller cytoplasmic to nuclear ratio. Fluorescence labeling of actin revealed numerous

intensely stained foci. Examples of the distinct morphological changes and patterns of actin

staining are displayed in Figure 2.

The length of time epithelial cells remained in the three stages of spontaneous

transformation varied for the different tissue-types. Lung epithelial cells became

transformed in some cultures as quickly as two weeks. In contrast, kidney cells remained in

the pre-immortal stage on average for about one month, and in the immortal stage for two

months on average. Primary cultures derived from bladder, cervix, colon, and mammary

gland remained in the pre-immortal stage for about three to four months. The immortal stage

for cell lines derived from these organs, extended three to six months, with many requiring

another six months to become fully transformed.
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Chromosome Analysis by SKY and FISH

Next, we investigated whether the sequential steps of cellular transformation were

associated with aneuploidy and genomic imbalances, as is the case for human

carcinogenesis. Gains of the same chromosome in two or more cells or losses in three or

more cells were considered clonal changes, and ploidy was determined for each cell

(Supplementary Information Table 1). Table 2 and Supplementary Information Table 2

summarize the numerical and structural aberrations detected at the pre-immortal cultures.

Figure 3 shows examples of aberrant chromosomes and nuclei observed during the

spontaneous transformation process. The appearance of aneuploidy and tetraploidy (Fig. 3A

and B, respectively), and anaphase bridge formation (Fig. 3C) was accompanied by the

formation of dicentric chromosomes (Fig. 3D) identified as early as the pre-immortal stage

and continuing into the immortal stage. At the transformed stage, DNA damage (Fig. 3E),

complex rearrangements (Fig. 3F), and gene amplifications (Fig. 3G and H) prevailed. We

detected clonal chromosome imbalances at the pre-immortal stage and observed that they

were maintained throughout progression. Figure 4A displays the summary of recurrent and

tissue-specific genomic imbalances at the transformed stage for each set of tissues.

While there were subtle differences between the cultures, we observed several consistent

features: 1) numerical changes outnumbered structural aberrations; 2) tetraploidy was a

common and early phenomenon; 3) the loss and/or rearrangement of chromosome 4 was one

of the most recurrent and earliest cytogenetic events; 4) chromosomal instability was in

general more pronounced after the pre-immortal stage; 5) recurrent imbalances were found

in cell lines from all six organs, but were accompanied by tissue specific aneuploidies at the

immortal stage; and 6) gains of whole chromosomes, which occurred early, progressed at

later stages to high-level copy number increases, often in the form of double minute

chromosomes and hsr’s while the initial aneuploidy was maintained.

As early as the pre-immortal stage, cultures from the six organs revealed clones with distinct

stem lines, i.e., with modal chromosome numbers in the near-diploid and near-tetraploid

range, or, with much lower incidence, in the near triploid range (Fig. 4B). In the lung and

kidney cultures, the majority of the cells in the pre-immortal stage were normal diploid/near-

diploid, but increased in both ploidy and the number of chromosomal aberrations when

becoming immortalized and transformed. In contrast, tetraploidization appeared to be the

predominant initial event in mammary cultures, and it was accompanied by tissue specific

genomic imbalances (Fig. 4B and Supplementary Information Fig. 1). In all spontaneously

transformed cultures, both chromosome numbers and ploidies continuously underwent

changes throughout the process.

Despite a considerable amount of chromosomal instability, the resulting distribution of

genomic imbalances was non-random. We observed recurrent imbalances such as losses of

chromosomes 4, 9, 12, and 16, and gains of chromosomes 1, 10, 15, and 19, as early as the

pre-immortal stage. Some cell lines from the different organs revealed specific genomic

patterns at the transformed stage, e.g., gains of chromosomes 1, 6, 11, 18, and 19 in colon,

mammary, bladder, cervix and kidney cultures, respectively, and losses of chromosomes 8

in colon, and 16 in cervix cells (Fig. 4A). In addition, bladder cells rarely lost chromosome

13; mammary gland cells did not lose chromosomes 12, and kidney cells did not exhibit

losses of chromosome 3.

At the transformed stage, cell lines continued to be aneuploid and additionally exhibited

chromosome breakage, and complex unbalanced translocations. There is a type of

chromosomal aberration called a jumping translocation, where a specific chromosomal arm

or segment becomes fused to different chromosomes. These rearrangements are often

observed in human carcinoma cell lines, and were also identified primarily at the later stages
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of transformation in our murine cell lines (Fig. 3E and F and Supplementary Information

Fig. 2) (Padilla-Nash et al., 2001). Micronuclei were observed, and identified by FISH as

containing hundreds of copies of oncogenes, e.g. Myc and Mdm2, particularly in the bladder

cell lines (Fig. 3H). Many unbalanced structural aberrations involved chromosome 4 with

breaks localized either near bands 4C3-C6 or bands 4D–E. (Supplementary Information Fig.

2 and Supplementary Information Table 2). In all cell lines, regardless of the organ of origin,

reciprocal translocations were rare.

Human cancers of epithelial origin, i.e., carcinomas, are defined by a non-random

distribution of genomic imbalances. This distribution is to a certain extent tissue specific,

but the survey of all carcinomas clearly shows that some chromosomes are more often

gained, while others are usually lost. For instance, chromosome arms 1p, 3p, and 9p show

reduced copy numbers while 5p and 8q are subject to increased copy numbers among

different cancer entities. We were curious as to whether these “master” chromosomes of

human cancer were similarly affected accordingly in our mouse models of spontaneous

transformation. This was achieved by comparing regions of frequent imbalances in human

carcinomas with the orthologous regions mapping to mouse chromosomes (Fig. 5).

Chromosome 4 has regions homologous to human chromosome arms 1p and 9p (Fig. 5A);

both are frequently lost in many human cancers. Chromosome 9 was also lost in the majority

of the cell lines that contains another region homologous to chromosome arm 3p, deleted in

numerous human carcinomas (Fig. 5B). Conversely, mouse chromosome 15, containing

chromosome regions homologous to human chromosome arms 8q and 5p, was also one of

the most commonly gained chromosomes (Fig. 5C), both of which are subject to recurrent

copy number increase in human carcinomas. A small region at the proximal end of

chromosome 4 also has sequences homologous to human chromosome arm 8q (Fig. 5A).

This region was also gained in four cell lines from the kidney and colon (Fig. 4A and

Supplementary Information Table 4). Therefore, regions of frequent copy number changes

in human carcinomas were also affected with the same directionality in the spontaneously

transformed mouse epithelial cells.

Binucleated Cells and Live Cell Imaging at the Pre-Immortal Stage

SKY analysis frequently revealed karyotypes with a tetraploidization of the chromosome

content. This was consistent with the presence of binucleated cells, which we observed as

early as the pre-immortal stages (Fig. 6A and B). While the percentages of binucleated cells

differed among tissues (Supplementary Information Fig. 3), they persisted throughout

progression. In order to determine the mechanisms driving the formation of binucleated cells

and genome tetraploidization, we used live-cell imaging of three different primary lung

epithelial cell cultures, isolated as described above, from C57BL/6, Trp53 null, and GFP-

H2B mice. Cells were imaged periodically for 48 hrs and found to form binucleated cells

repeatedly. From the sequential images it was revealed that binucleation was a result of

failure of cytokinesis (cell from C57BL/6 mouse, Fig. 6C) rather than cell fusion. It was

observed in GFP-H2B cells that during mitoses these cells were prone to chromosome

segregation errors consisting of loss of chromosomes, which was in agreement with our

SKY results (Supplementary Information Fig. 4).

Centrosome Analysis

Proper centrosome physiology is crucial for faithful mitotic chromosome segregation and

maintenance of genomic stability, with normal cell divisions requiring two centrosomes,

whereas abnormal centrosome numbers are often a feature of cancer cells (Boveri, 1914;

Ghadimi et al., 2000; D’Assoro et al., 2002; Nigg, 2002; Acilan and Saunders, 2008;

Godinho et al., 2009). Using an antibody against γ-tubulin, one of the main centrosomal

proteins, we analyzed centrosome numbers and morphology throughout the spontaneous
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transformation of epithelial cells. Abnormal centrosome numbers, and distributions, such as

clusters or rings, were observed as early as 48 hrs in cells from all six organs (Fig. 7).

Abnormal centrosome numbers were evident in mono-nucleate as well as in bi- or multi-

nucleated cells (Fig. 7D). Of note, generally once cells reached the transformation stage, the

majority of cells contained 1–2 centrosomes even though the cells were often highly

aneuploid and exhibited extensive chromosome instability. Thus, there appears to be a

reversal of the defective centrosome maintenance phenomenon concurrent with

transformation.

Telomerase Assay

Another cellular parameter intricately involved in tumorigenesis relates to the activity of the

telomerase complex (Blackburn et al., 2006; Belgiovine et al., 2008). Telomerase activity

was measured in normal uncultured epithelial cells and from the six organ-derived cell lines.

The average telomerase activity increased during the transformation process, yet varied

between the cell lines from different organs as well as between stages (Fig. 8). Two specific

cell lines, M1C Bladder and M2C Bladder, were found to have telomerase activities more

than 50 – 100 fold higher than their normal counterparts. Both cell lines contained high-level

amplifications (more than 100 dmin/cell) of the Myc oncogene (Supplementary Information

Table 3). Robertsonian translocations were observed by SKY throughout progression, and in

particular in the colon cell lines that had the lowest levels of telomerase enzyme activity.

These translocations arise through the breakage and fusion of the short arms of the

acrocentric mouse chromosomes. FISH probes for telomere DNA repeats revealed that

specific chromosomes in M2C Colon cells/cell lines had weak or missing telomeres, which

subsequently became involved in Robertsonian translocations at the different stages of

transformation (Supplementary Information Fig. 5 and Supplementary Information Table 4).

The number of chromosome fusions therefore appears to be directly attributed to the loss of

telomere sequences. Additionally, the two bladder cell lines that showed the highest levels

of telomerase activity carried genomic amplification of both the Terc and Tert loci, genes

encoding the proteins that form the telomerase holoenzyme (Supplementary Information

Table 3 and Supplementary Information Fig. 6).

Nude Mouse Assay

Finally, we were interested to learn to what extent the transformed cell lines had acquired

the ultimate phenotype of malignancy, the potential to induce tumors when transplanted into

nude mice. We injected 14 cell lines (five bladder, six kidney, two mammary, and positive

control cell line Comma-D), and the experiment was terminated by 16 weeks, or earlier if

the tumor reached 1 cm3 in size. Three kidney cultures and three bladder cultures yielded

tumors, as did Comma-D. SKY of chromosomes prepared from various tumors revealed

chromosomal aberrations similar to those detected in the parental cell line. Initially, one

bladder cell line (M1I Bladder) that contained genomic amplifications of the oncogene

Mdm2 did not form tumors. In a second round of injections, this cell line did produce

tumors, but only after a prolonged latency of 52 weeks (Table 3). To determine how early a

cell line developed its tumorigenic potential, M1C Bladder that contains multiple double

minute chromosomes (dmin’s) for Myc and that had produced tumors in two weeks was re-

injected with cells from its immortal stage, which does not contain any Myc amplifications.

The immortal cells were not tumorigenic after 52 weeks of incubation. At present, we

cannot identify any specific marker that would predict tumor formation, including the

presence of dmin’s containing oncogenes or overt chromosomal instability.

In summary, we have established and characterized 45 spontaneously transformed epithelial

cell lines from six different mouse organs. As in human carcinogenesis, aneuploidy and the
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acquisition of specific genomic imbalances define these new tumor models and our findings

suggest that they will be useful for preclinical testing of candidate cancer therapeutics.

DISCUSSION

Tumors of epithelial origin, carcinomas, are the most common types of cancers in humans.

They are defined by the presence of chromosomal aneuploidies, which result in specific

genomic imbalances (Albertson et al., 2003; Baudis, 2007; Heim and Mitelman, 2009; Ried,

2009; Beroukhim et al., 2010). These imbalances result in a massive deregulation of the

transcriptome of cancer cells, because genomic copy number directly influences transcript

levels (Upender et al., 2004; Grade et al., 2007; Hanahan and Weinberg, 2011). The mouse

has become a widely used model for the study of human tumorigenesis, including preclinical

testing of novel drugs (Balmain and Harris, 2000; Hansen and Khanna, 2004; Hu et al.,

2004; Green and Hudson, 2005; Foijer et al., 2008; Telang and Katdare, 2011). We and

others have used molecular cytogenetic tools, such as SKY and CGH, to establish maps of

chromosomal aberrations in murine tumor models (Ogawa et al., 1999; Liyanage et al.,

2000; Sargent et al., 2002; Herzog et al., 2004; Ried et al., 2004; Zimonjic et al., 2009).

From these analyses it has become clear that the translocation-induced activation of

oncogenes, the paradigm of tumorigenesis, is recapitulated in relevant models of

hematological malignancies (Janz, 2006; Potter, 2007; Li et al., 2009; Hamblin, 2010; Qi et

al., 2010). However, many mouse models of human solid tumors reveal fewer chromosomal

aneuploidies than their human counterparts (Ried et al., 2004; Schvartzman et al., 2010).

This could be attributable to the fact that many of these tumor models require strong tissue

specific expression of oncogenes, a situation not usually found in premalignant lesions of

human carcinomas. Based on the presence of such a strong oncogenic stimulus, murine

epithelial tumorigenesis does not require the acquisition of specific genomic imbalances. We

hypothesized that spontaneous transformation of normal epithelial cells would more closely

mimic the genomic aberration pattern observed in human cancers. Previous studies of

spontaneous cellular transformation have primarily used viruses, radiation or chemical

exposure, and largely relied on easily cultured fibroblasts, which may not accurately reflect

the changes that lead to epithelial oncogenesis (Sanford and Evans, 1982). The study

presented here is the first comprehensive analysis of morphological and genetic events

associated with cellular transformation of murine epithelial cells derived from bladder,

colon, cervix, kidney, lung, and mammary glands utilizing multiple molecular cytogenetic

methods. In this study we established 45 murine epithelial cell lines using the isogenic

C57BL/6 mouse strain that is MMTV-free (mouse mammary tumor virus), and has low

propensities for spontaneous in vivo tumor formation in the organs selected for this study

(http://www.informatics.jax.org/mtbwi/tumorFrequencyGrid.do). The morphological

changes observed throughout the spontaneous transformation of murine epithelial cells

recapitulated many of the phenotypes that have been described for human in vitro cultures,

with the exception that normal epithelial mouse cells do not enter two distinct crisis stages

that were described for the spontaneous transformation of human mammary epithelial cells

(Stampfer and Yaswen, 2000; Tlsty et al., 2004). We identified three main stages that were

similar among tissue types assayed: pre-immortal, immortal, and transformed stages. The

pre-immortal and immortal stages were defined by morphological criteria, including cellular

shape, and their cytoplasmic/nuclear ratio using actin staining, and on their proliferative

activity. The transformed stage was further defined by the formation of elevated foci and an

actin-staining pattern consistent with pseudopodia and podosomes, one of the prerequisites

for cancer cell invasion and metastasis (McNiven et al., 2004; Murphy and Courtneidge,

2011).

Our main focus was directed on querying whether the process of spontaneous transformation

required the acquisition of tissue-specific chromosomal aneuploidies. Indeed, the acquisition
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of chromosomal aneuploidies was present as early as the pre-immortal stage that increased

upon immortalization and transformation. Interestingly, aneuploidy was observed in

different genetic backgrounds, as for example in pre-immortal lung cultures where the

majority of cells were diploid, and in mammary cultures where there existed a balance two

states, cells containing either diploid or tetraploid genomes. Tetraploidy and

polyploidization occurs frequently in human cancers (Vitale et al., 2010; Davoli and de

Lange, 2011). For example, our diagnostic FISH applications in cervical carcinogenesis has

revealed two distinct genome patterns as well, both resulting in either the acquisition of

extra copies of chromosome arm 3q in a diploid cell, or copy number increases of this

chromosome arm after acquiring a tetraploid intermediate (Heselmeyer-Haddad et al., 2005;

Andersson et al., 2009).

Early investigations of primary murine brain and lung fibroblast and epithelial cells cultured

in vitro revealed numerous morphological changes including the presence of abnormal

mitotic figures, anaphase bridges, and lagging chromosomes (Levan and Biesele, 1958). In

the pre-immortal stage, we also observed these mitotic abnormalities in our spontaneously

transformed cells. In addition, dicentric chromosomes (Fig. 3C and D) and other structural

aberrations, including deletions, Robertsonian translocations, and unbalanced translocations

were detected (Supplementary Information Table 2). Reciprocal translocations were rarely

observed in the majority of the cell lines throughout progression (Supplementary

Information Table 4). This is also a consistent feature observed in human carcinomas.

Cowell established nine mouse epithelial bladder cell lines from C57BL/lcrf-at adult male

bladders treated in vitro with the carcinogen DMBA (7,12-dimethylbenz[a]anthracene)

(Cowell, 1980). The controls, normal epithelial bladder cell, became spontaneously

transformed. Subsequently these were determined by G-banding as being either near-diploid

or near-tetraploid. The transformed control and treated bladder cells exhibited recurrent

gains of chromosomes X, 6, and 15 as well as loss of chromosomes 4 and Y. Our mouse

bladder transformed cell lines also contained gains of these same chromosomes, with

additional gains of chromosomes 5, 10, 11, and 19 (Fig. 4A). Cytogenetic studies of

chemically-induced murine tumors derived from the cervix (Endo et al., 1994) and lung

(Sargent et al., 2002; Herzog et al., 2004) revealed gains of chromosomes 1, 6, 15, and 19,

and losses of 4, 7, and 12, also detected in our spontaneously transformed cervix and lung

cultures. This observation supports the interpretation that it is rather the tissue of origin, and

not the mode of induction, which eventually determines the signature of genomic

imbalances, another consistent feature of human cancers (Ried et al., 1999; Beroukhim et

al., 2010).

Mouse chromosomes are highly rearranged relative to their human homologues, with

individual human chromosome arms often mapping to multiple mouse chromosomes (http://

useast.ensembl.org/Mus_musculus/Info/Index). This provides an opportunity to further

refine the regions of tissue-specific deletions, and amplifications observed in human cancers.

By projecting the map of genomic imbalances we observed in our mouse model onto the

homologous regions detected in human carcinomas, we observed remarkable similarities.

The most consistently deleted region on mouse chromosome 4 is orthologous to human

chromosome arm 9p, and contains the tumor suppressor gene Cdkn2a (Ink4a/p16), a gene

frequently mutated, deleted, or epigenetically inactivated in a variety of immortalized

murine cells and human cancers (Serrano, 2000; Munot et al., 2006; Tzatsos et al., 2009;

Lomberk, 2011). Its frequent deletion in our mouse models supports the dominant role of

this tumor suppressor and suggests that its function presents a bottleneck that must be

removed in order for spontaneous transformation to procede.
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Human 1p, a chromosome arm consistently subject to copy number losses in human

carcinomas, maps to four different mouse chromosomes (1, 3, 4, and 5) with the largest

portion localized to the distal end of chromosome 4. The central role of genes on distal

mouse chromosome 4 involved with cellular transformation is further corroborated by the

fact that it contains a number of genes involved in DNA repair (e.g. Rad54l and Mad2l2),

the tumor suppressor gene Trp73, numerous apoptotic genes (Bcl10, Casp9, etc), as well as

multiple micro-RNAs (e.g. Mir200a, Mir200b, and Mir34-a) (Payne et al., 2011). The same

reasoning may also apply to mouse chromosome 9, which is always lost in our cell lines and

that contains segments homologous to portions of human chromosome arm 3p (3p21.2–3).

(Fig. 4B and Supplementary Information Table 5). Again, one can hypothesize that this is

another critical region, whose loss is required for tumorigenesis. In both species this region

contains genes such as Parp3, Dock3/Moca, and Rhoa, which are involved in regulating

genomic stability, cytokinesis, and migration and invasion, respectively (Caspi and Rosin-

Arbesfeld, 2008; Boehler et al., 2011; Vega et al., 2011).

Chromosome 15 is never lost in our transformed cell lines and contains portions homolgous

to human chromosome arm 8q, where the oncogene MYC is localized (Fig. 4A and

Supplementary Information Table 5). This oncogene is frequently amplified and

overexpressed in human carcinomas and transformed rodent cell lines (Popescu and

Zimonjic, 2002; Meyer and Penn, 2008; Prochownik, 2008). Other chromosomes that are

most often gained in our mouse model includes other oncogenes such as Mdm2 (Chr10),

Erbb2 (Chr11), and the homologous region HSA 5p (mapping to both mouse Chr15 and

Chr17) gained with high frequency in multiple human carcinomas, highlighting the

conservation of tissue-specific chromosome imbalances associated with transformation in

both species.

The frequent presence of tetraploid clones was consistent with our observation of bi-

nucleated cells in primary cultures as early as 48 hours for all cell types and present at all

stages of transformation. Binucleated cells can arise through cell fusion or failure of

cytokinesis (Duelli and Lazebnik, 2003; Shi and King, 2005). In order to identify which of

these mechanisms is responsible for bi-nucleation in our model, we used live cell imaging of

GFP-H2B lung cells. This analysis revealed that bi-nucleated cells were generated from

failure of cytokinesis, with subsequent loss of chromosomal material (Supplementary

Information Fig. 4), thereby providing a potential mechanism accounting for the

chromosomal aneuploidy observed at the pre-immortal stage. Due to the fact that the

ensuing tetraploidization was frequently observed and that it led to an increased rate of

chromosome segregation errors, and hence genomic imbalances, we can conclude that one

of the first oncogenic events in the spontaneous transformation of mouse epithelial cells is

indeed failure of cytokinesis after DNA replication and chromosome segregation.

Chromosomal instability has been linked to abnormal numbers of centrosomes (Nigg, 2002;

Acilan and Saunders, 2008; Difilippantonio et al., 2009; Ganem et al., 2009; Godinho et al.,

2009). We observed centrosome abnormalities as early as 48 hr; they continued into the

immortal stage, an observation that would be consistent with both tetraploidization and

chromosome mis-segregation. Transformed cells exhibited extensive aneuploidy and

numerous structurally aberrant chromosomes. However, at this later stage, centrosome

numbers became normalized. These data suggest that abnormal centrosome numbers result

in abnormal mitoses that produce daughter cells with genomic aberration patterns conducive

for immortalization and clonal selection. Therefore, the maintenance of the transformed

state, and the tumorigenic potential in this mouse model can occur with, or possibly requires,

normalized centrosome numbers (Table 3).
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Telomerase regulation in human cancers is a complex process, with activation of telomerase

or decreased telomerase activity both associated with cellular immortalization and

tumorigenicity of human and murine cancers (Artandi et al., 2000; Belgiovine et al., 2008).

In our cell lines, telomerase activity usually increased during the transformation process yet

was different for cells derived from the different organs (Fig. 8 and Supplementary

Information Table 3). Telomere erosion has been implicated in the formation of

chromosome aberrations in human cancers (Stimpson et al., 2010). The colon cell lines in

particular exhibited loss of telomere sequences and continuously generated Robertsonian

translocations and dicentric chromosomes during progression. (Supplementary Information

Fig. 5). Two cell lines have both amplifications of Myc as well as copy number gains of

both Tert and Terc. They also had greater than 50 – 100-fold higher telomerase activity than

their normal counterparts, and additionally had high-level amplifications (>100 dmin/cell) of

the Myc oncogene. In human mammary cells, MYC has been shown to directly interact and

activate the promoter of the TERT telomerase gene (Wang et al., 1998; Bazarov et al.,

2009). These two bladder cell lines potentially present a unique opportunity to determine the

interactions between Tert, Terc, and Myc and their influence on telomerase activity

throughout the transformation process.

To test the tumorigenic potential of the spontaneously transformed cell lines, we injected 14

cell lines into immuno-compromised mice. Half of the cell lines resulted in visible masses,

which, upon histological evaluation, were confirmed as malignant tumors (Padilla-Nash et

al., manuscript in preparation). This clearly suggests that the process of spontaneous

immortalization and transformation and the emergence of aneuploidy and genomic

imbalances resulted in an aberration pattern consistent with malignancy. However, neither

the degree of aneuploidy, the presence of dmin and oncogene amplification, nor, in fact, any

other parameter that we have assessed with these methods distinguished between

tumorigenic vs. non-tumorigenic cell lines.

Comparative studies between in vivo tumors and carcinoma cell lines have previously

shown that the genomic aberration pattern that so recurrently defines solid tumors of

epithelial origin is maintained in cell lines derived from primary tumors (Ghadimi et al.,

1999; Camps et al., 2009). In addition, using RNA microarrays we have demonstrated that

approximately 75% of genes are deregulated in the same directionality when comparing

primary tumors and cell lines (Grade et al., 2011). The selective pressures exerted on the in

vitro culture of epithelial cells appear to be similar to the selective pressures found in vivo,

in particular with respect to the conversion of the cellular morphology of a normal cell to a

more invasive form, potentially creating a metastatic tumor.

Taken together, these results validate the use of cell lines as cancer models. Currently we are

in the process of performing global gene expression profiling to potentially identify a set of

differentially expressed genes that might explain the distinct phenotypes for the transformed

cell lines with respect to their tumorigenic potential.

In summary, our mouse model of cellular transformation has revealed that the progression

from the pre-malignant state to malignancy is driven by a specific pattern of genomic

imbalances, mainly the result of non-random whole chromosomal aneuploidy and

unbalanced structural aberrations. This observation is similar to the sequential acquisition of

chromosomal aneuploidies that occurs during human carcinogenesis. As in human cancer,

we have identified “master” chromosomes that were consistently gained or lost; it is

noteworthy that these chromosomes contained orthologous segments to the “master”

chromosomes in human cancers. Along with other changes representative of human

tumorigenesis, such as centrosome abnormalities and telomerase activation, we conclude

that our novel mouse model closely emulates the sequential stages of increasing cellular
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dysplasia towards invasive disease that is so specific for human tumors of epithelial origin.

Therefore, our mouse models are valuable tools to study carcinogenesis, cancer prevention,

and for testing novel therapeutic interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental scheme used for spontaneous transformation of murine epithelial cells
This figure describes the experimental design used for isolation and culture of murine

epithelial cells derived from bladder, cervix, colon, kidney, lung, and mammary glands.

Multiple techniques were used to monitor morphological and genomic changes that occurred

throughout culture during spontaneous transformation. We identified three sequential stages:

pre-immortal, immortal, and transformed based on distinct morphologies.
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Figure 2. Pre-immortal, immortal and transformed stages exhibit distinct morphologies
Sequential stages designated as (A) pre-immortal, (B) immortal, and (C) transformed for

bladder epithelial cells. Sequential stages designated as (D) pre-immortal, (E) immortal, and

(F) transformed for cervical epithelial cells. Note the pronounced formation of foci in (C)

and (F). Actin staining (green) of mammary epithelial cells designated as pre-immortal (G),

immortal (H) and transformed (I). DNA was counterstained with DAPI (orange pseudo-

color). Note that at the immortal stage; the actin fibers are more disorganized compared with

pre-immortal. At the transformed stage, actin becomes concentrated into dense figures. In

(H) we show a binucleated cell (center of image). (I) Note the enlarged nucleus (center)

resulting from increased DNA content.
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Figure 3. Chromosomal aberrations during spontaneous transformation
Representative karyotypes after SKY analysis of the pre-immortal stage from cells derived

from the cervix (A) and colon (B). These karyotypes are all near-tetraploid (±4n) with

recurrent chromosomal aneuploidies (loss of Chrs 4, 7, and 18). White arrows denote

numerical aberrations. (C) Example of an anaphase bridge. DNA is stained with DAPI

(blue) and cytoplasm with cytokeratin (red). (D) Additional examples of specific

chromosomal aberrations, specifically dicentric chromosomes (upper and bottom panel). (E)

Examples of profound chromosomal instability in immortal bladder cells in the form of

acentric fragments, chromosome breakage, and tri-radial exchanges. (F) Example of

metaphase spread from transformed kidney cell line analyzed by SKY containing multiple
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complex chromosome aberrations. (G) FISH analysis of transformed kidney cells. DAPI

stain shows chromosomes in blue, chromosome 17 (red signal), and chromosome 2 (green

signal). Note the presence of enormous numbers of double minute chromosomes (dmin)

derived from chromosome 2. (H) FISH analysis using DNA probe for Myc (yellow) in a

transformed bladder cell, with DNA counterstained with DAPI (pseudo-color red). Massive

amplification of the Myc oncogene is seen in an interphase nucleus and micronuclei.
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Figure 4. Chromosomal gains and losses and patterns of aneuploidy
(A) Chromosomal gains and losses based on SKY analysis of cell lines from all six organs at

the transformed stage (green, gains; red, losses). X-axis: chromosomes in numerical order

starting with 1; Y-axis: total percentage of cases with a given aberration. Note that some

chromosomes are subject to frequent gains (e.g., chromosome 15) or losses (chromosome 4).

Dashed areas indicate that the chromosome is only partially gained or lost. In addition to

chromosomes that are subject to imbalances in all tissues, we observed also tissue specific

imbalances. Note that some aberrations occurred in all cases of a given tissue. (B)

Distribution of ploidy levels determined by SKY analysis. These circular plots indicate

ploidy ranges of the different tissues for the three different stages in different colors as
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determined by the number of chromosomes. For instance, regarding lung, the majority of the

pre-immortal cells were diploid (2n=40), or near-diploid, ±2n). This was followed by a

frequent tetraploidization (or near-tetraploidization) when the cells immortalized, and

became near-triploid by the sequential loss of chromosomes when transformed. In contrast,

regarding the bladder, most cells became immediately near-tetraploid at the pre-immortal

stage, whereas in the cervix we observed a substantial fraction of triploid (or near-triploid)

cells. Each radial line indicates an individual cell for which cytogenetic analysis was

conducted in all three stages.

Padilla-Nash et al. Page 24

Genes Chromosomes Cancer. Author manuscript; available in PMC 2013 April 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 5. Cross-species comparison of genomic imbalances in mouse (MMU) and human (HSA)
chromosomes
Visualization of genomic imbalances observed in human carcinomas (our own data derived

from CGH analysis colon, breast, cervical, and lung cancers) and those detected in the

mouse models (mammary gland, lung, colon, bladder, kidney, and cervix). (A) Ideogram of

mouse chromosome 4 (MMU4) mapped with human orthologous regions. HSA 1p and 9p

are frequently lost in human carcinomas, as are the orthologous regions on MMU 4. Note

that the tumor suppressor gene CDKN2A/INK4A/p16, which maps to chromosome arm 9p,

is included in the region frequently lost within MMU4, also containing the orthologous gene

Cdkn2a/Ink4a/p16. (B) Display of chromosome arm lost from HSA3 in human cancers

homologous to MMU 9. (C) MMU 15 contains two homologous segments from human

chromosomes frequently subject to gains (HSA 8q and 5p). These regions contain the Myc

oncogene, and the RNA component of the telomerase complex, Tert. All respective

homologous segments are highlighted in color on MMU and HSA chromosomes. Data for

mouse orthologous regions was obtained from: http://useast.ensembl.org/Mus_musculus/

Location/Synteny/
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Figure 6. Binucleate cell analysis
(A) Bi-nucleate mammary cells stained for actin (green) to visualize cytoskeletal structure;

DNA stained with DAPI (pseudo-color red); (B) Binucleated cells (arrows) in bladder

culture, passage 0; (C) Images taken from live-cell imaging of a primary C57BL/6 normal

lung cell undergoing the process of binucleation. Arrows identify the number of nuclei

present within the cell.
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Figure 7. Centrosome analysis
Examples of centrosome amplifications. Centrosome abnormalities were observed early in

the transformation process (48 hr). (A), Bladder cell exhibiting centrosome duplication; (B)

Binucleated mammary cell with multiple centrosomes; and (C) mitotic colon-derived cell.

(Yellow = FITC-labeled anti γ-tubulin; red = DNA). (D) Graph displaying numbers of cells

containing abnormal centrosome counts for 17 cell cultures and their derived cell lines at

three stages of spontaneous transformation.
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Figure 8. Average telomerase activity
Graphical display of the average telomerase activity levels using the TRAP-assay for normal

uncultured cells from six different organs, and for spontaneously transformed cells at two

stages of transformation (immortal and transformation). Tert-deficient cells served as the

negative control, and murine E4 cells that over-express telomerase enzyme activity, were

used for normalization.
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TABLE 2

Chromosome Imbalances in Pre-immortal Cultures: SKY Analysis
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