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Aims/Background: The development of colorectal cancer depends on at least two distinct pathways
involving genetic instability, namely: chromosome instability (CIN) and microsatellite instability. Cyclin
E is involved in aneuploidy and several cancer types show an abnormal number of chromosomes.
Methods: Cyclin E protein and mRNA values were analysed in human fetal skin fibroblasts and five
colorectal cancer cell lines.
Results: Cells with an aberrant number of chromosomes had higher cyclin E mRNA values and a sig-
nificant increase in protein concentrations.
Conclusions: These data suggest that cyclin E regulation is altered in aneuploid cells and is an impor-
tant factor in the CIN pathway.

The cell cycle is a tightly regulated process that makes cell

division possible through the activity of cyclin/cyclin

dependent kinase (cdk) complexes. The enzymatic activ-

ity of the cdks is controlled by the regulatory subunits of the

complexes (the cyclins, which are synthesised and then

destroyed), whereas cdk protein concentrations remain

constant.1 Cyclin/cdk complexes catalyse the phosphorylation

of substrates essential for the commitment of the cell to pass

through checkpoint barriers.1 The precisely timed degradation

of cyclins is one mechanism that regulates cdk activity, ensur-

ing that the cells move through the cell cycle.1

During the G1 phase of the cell cycle, cyclin E gene

transcription is induced by several signals, such as E2F

transcription factors, and cyclin E protein concentrations rise,

reaching a maximum at the G1–S transition.1 Cyclin E binds to

and activates cdk2, allowing the cell to enter into S phase.

Conversely, impaired activity of the cyclin E/cdk2 complex

arrests the cell before new DNA is synthesised.1 Cyclin E is

degraded by ubiquitin dependent proteolysis.2 3 Phosphoryla-

tion of cyclin triggers its ubiquitination, which is a common

theme in regulated protein turnover.2 3 Often, phosphorylation

of a protein is the end result of a signal transduction pathway

and represents a mechanism that allows ubiquitin conjugat-

ing enzymes to recognise the proteins. Cyclin E protein is

directly phosphorylated by its associated kinase2 3; thus, cyclin

E/cdk2 activity is inherently self limited, because cdk2 activity

initiates the pathway leading to the destruction of cyclin E.2 3

In many human tumours the cyclin E gene is overexpressed

and protein concentrations and related kinase activity are

often altered.4–8 Cyclin E regulation is crucial for several cellu-

lar processes that influence the fidelity of chromosome trans-

mission, including the licensing of the origins of DNA replica-

tion and centrosome duplication.9

“The development of colorectal cancer depends upon
two distinct pathways, both characterised by genetic
instability: microsatellite instability and chromosome
instability”

Recently, Spruck and co-workers9 demonstrated that induc-

tion of the cyclin E transgene in rat embryo fibroblasts and

human breast epithelial cells affects chromosome stability,

thus causing aneuploidy, whereas the overexpression of cyclin

A and cyclin D1 does not induce changes in chromosome

number.9 These data seem to indicate that aberrant regulation

of cyclin E could be responsible for chromosome instability

(CIN).

CIN is one of the pathways that lead to tumorigenesis—

cancer cells frequently show an abnormal chromosome

number.10 Several recent studies link cyclin E and cancer

aneuploidy, showing that cyclin E overexpression is a common

finding in cancer cells and correlates with poor prognosis,

whereas the overexpression of other cyclins is not related to

prognosis.11–16

The development of colorectal cancer depends upon two

distinct pathways, both characterised by genetic instability:

MIN (microsatellite instability) and CIN. The MIN phenotype

is a recessive trait and results from mismatch repair (MMR)

deficiency.10 CIN, as has been demonstrated by cell fusion

experiments with MIN cell lines, acts in a dominant

fashion.10 The cause of CIN remains to be established.10 These

data suggest that during early colorectal tumorigenesis one or

more genes affecting chromosome segregation are mutated in

a dominant fashion, and that the resulting instability drives

the tumorigenic process in the same way as MIN does in MMR

deficient tumours.10

Based on recent findings,9 the cyclin E gene seems to be one

of the candidates responsible for the CIN phenotype. Cyclin E

gene amplification has been seen in a very small proportion of

both primary colorectal tumours and colon cancer cell

lines.17 18 In addition, consistent with a high rate of cell prolif-

eration, higher cyclin E protein concentrations have been

found in cancerous tissue compared with non-neoplastic

mucosa.19 20

In this report, we analyse cyclin E protein and mRNA values

in human fetal skin fibroblasts (hFSF) and in five human

colorectal cancer cell lines. Four of the five cancer cell lines

showed the CIN phenotype. Our data support the idea that

cyclin E overexpression correlates with the CIN pathway,

probably as a consequence of an altered balance of transcrip-

tion, translation, and post-translational regulation.
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MATERIALS AND METHODS
Cell lines
hFSF were obtained by standard methods.21 The LoVo, Hct8,

SW480, CaCo2, and HT29 cell lines were obtained from the

ATCC. The chromosomal content of each cell line was

determined by conventional cytogenetic karyotyping and was

in accordance with data presented in the literature.10 All cell

lines were grown in DMEM + 10% fetal bovine serum, avoid-

ing confluency at any time.

Protein analysis
Cell pellets were split into two. One part was used for

immunoblot assays and the other for mRNA detection. The

extracts were obtained by lysing the cells in lysis buffer

(50mM Tris, 5mM EDTA, 250mM NaCl, 50mM NaF, 0.1%

Triton, 0.1mM Na3VO4, and 10 µg/ml aprotinin, leupeptin, and

phenylmethylsulphonyl fluoride). The protein concentration

was determined by means of the Bradford assay (Biorad, Cali-

fornia, USA), following the manufacturer’s instructions, and

using bovine serum albumin as a standard. The samples

(50 µg of total cell lysate) were resolved on a 10% sodium

dodecyl sulfate/polyacrylamide gel and transferred to a PVDF

filter (Millipore Corporation, Bedford, Massachusetts, USA) at

4°C and 70 V for two hours. To ensure equal transference, 0.5%

Ponceau red was used. The blots were blocked with Tris buff-

ered saline (×l)—Tween 20 (0.1%) (TBST) containing 5%

non-fat dry milk. Anti-cyclin E (1/500 dilution; Rockland,

Pennsylvania, USA) polyclonal antibody and anti-β-tubulin

(1/100 dilution; T-4026) monoclonal antibody were used in

TBST containing 5% non-fat dry milk, according to the West-

ern blot conditions suggested by Santa Cruz (Santa Cruz Bio-

technology, Santa Cruz, California, USA). Peroxidase conju-

gated antirabbit and antimouse antibodies (1/20000 dilution;

Amersham, Arlington Heights, Illinois, USA) and the ECL

detection system (NENTM; Du Pont, Mississipi, USA) were used

for detection. The results were quantified by scoring the

intensity of the cyclin E band with a densitometer (Ultrascan

XL; LKB-Pharmacia) and normalised with the intensity of the

β-tubulin band.

Figure 1 Overexpression of the cyclin E protein in aneuploid colon cancer cells depends on the increased transcription of cyclin E mRNA.
(A,C) Immunoblot assay of 50 µg of total cell lysate from the indicated cell lines probed with anti-cyclin E antibody. The same extracts were
probed with anti-β-tubulin and the results were normalised after densitometer analysis. (B,D) The reverse transcription polymerase chain reaction
was performed on total RNA extracted from the same cells used for immunoblot analysis. cDNA was obtained with actin and cyclin E specific
primers and resolved on a polyacrylamide gel. The data presented were obtained with densitometer analysis and normalisation on actin
values. (E) The histogram illustrates the modal number of chromosomes for each cell line.
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RNA extraction and reverse transcription
Total cellular RNA was extracted using Trizol reagent (Gibco

Life Technologies). Reverse transcription (RT) was performed

using 400 U MMLV-RT point mutation (Promega) in the

manufacturer’s buffer, 0.5mM dNTPs, and 1 µg of pd(N)6

examers.

Polymerase chain reaction (PCR)
The primers for cyclin E were designed to span an intron,

hence avoiding confusion between RNA and the genomic

DNA derived product, according to the published cDNA

sequence (exon 2 CycE forward, 5′-cagcggagcagccccatc-3′;
exon 3–4 CycE reverse, 5′-aaaacggtcacgtttgccttc-3′). cDNA

amplification was performed in 1× buffer gold (Perkin Elmer)

using 25 pmols of each primer, 0.26mM each dNTP, 2.5 mM

MgCl2, and 1 U Taq polymerase gold in a 50 µl final volume,

with appropriate positive and negative controls. Cycling was

carried out on a Hybaid express thermal cycler and the PCR

conditions were as follows: variable number of cycles of 94°C

denaturation for 30 seconds, annealing at 60°C for 30 seconds,

and polymerisation at 72°C for 30 seconds. A final extension

step of 72°C for seven minutes was performed to ensure com-

pletion of all initiated polymerisation events. The target (cyc-

lin E) and internal standard (β actin) were amplified in the

same tube; the ratios of the amount of PCR products generated

by target and endogenous standard sequences obtained in

repeated experiments using different cancer cell lines were

determined and compared. The data from this experiment

were obtained before the amplification reaction reached the

plateau phase. PCR products were resolved on a 6%

non-denaturing polyacrylamide gel. The bands were silver

stained. The results of the RT-PCR were semi-quantified by

scoring the intensity of the fragment of cyclin E (≈ 130 bp)

with a densitometer (Ultrascan XL) and normalised with the

intensity of the β actin band.

RESULTS
Figure 1E shows the chromosomal content (expressed as a

modal number) of the six cell lines (our unpublished

observation).10

All the data shown in this figure are representative of four

independent experiments.

Total lysates obtained from logarithmically growing hFSF,

LoVo, Hct8, SW480, CaCo2, and HT29 cancer cell lines were

analysed by immunoblot analysis.

From fig 1A,C,E it can be seen that the hFSF and Hct8 cell

lines, both euploid (2n = 46), contained comparable amounts

of cyclin E. In contrast, the LoVo, CaCo2, and HT29 cell lines,

which are clearly aneuploid, showed increased amounts of

cyclin E (fig 1A,C, lanes 4–6). It has been shown that the HT29

cell line can maintain the CIN trait after fusion with DLD1, a

MIN cell line.10 Interestingly, Sw480 cells, despite their high

chromosome number, showed similar cyclin E protein

concentrations to that found in euploid cells.

To understand the nature of cyclin E overexpression, we

decided to analyse mRNA values. RT-PCR was performed on

total RNA extracted from the same cells used for the immuno-

blot analysis. In fig 1D, cyclin E mRNA values are shown after

normalisation with actin. The increased mRNA values seen can

explain the increased cyclin E protein concentrations found in

the LoVo, CaCo2, and HT29 cells (fig 1B,D, lanes 4–6). Once

again, Sw480 cells showed a distinct feature: their cyclin E

mRNA values were comparable to those of the euploid cells.

Our results indicate that cyclin E is overexpressed in LoVo,

CaCo2, and HT29 colon cancer cell lines and that this overex-

pression is the consequence of an increased transcription rate

and protein translation.

DISCUSSION
Several steps of colorectal cancer progression have now been

clarified and the importance of cyclin E altered turnover is

Figure 2 Graphic representation of well characterised pathways that control entry into S phase of the cell cycle. Mutations of the APC gene
inhibit its control on β-catenin, which could also be affected by mutation. These carcinogenic events lead to increased Tcf/Lef translocation to
the nucleus and the activation of specific gene transcription. One of these genes is c-Myc, which at the end of this process increases cyclin E
activity. A detailed explanation is provided in the Discussion section. Cdk, cyclin dependent kinase; cyc, cyclin; P, phosphate; pRb,
retinoblastoma protein; Ub, ubiquitin.
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continually being highlighted. Almost all CIN tumours show

mutations at the APC or β-catenin loci (fig 2),22 and it has been

shown that both of these proteins act at the transcriptional

level by controlling the Lef and Tcf transcription factors (fig

2).23 One of the targets of this cascade is the basic helix–loop–

helix/leucine zipper transcription factor c-Myc, which has

been implicated in at least three distinct genetic pathways

controlling progression through the G1 phase of the cell cycle

(fig 2).23 c-Myc controls G1 progression by suppressing the

function of p27, inducing the transcriptional activity of the

E2F/DP family of transcription factors, and promoting cell

growth and increase in cell mass (fig 2).23 At least two of these

three pathways involve cyclin E regulation; in fact, p27 is a

cyclin E/cdk2 inhibitor and six E2F sites are present on the

promoter of the cyclin E gene (fig 2).23 24 Once the cycE/cdk2

complex is activated, it is able to reinforce cyclin E gene tran-

scription through phosphorylation of the retinoblastoma pro-

tein (pRb), thereby liberating transcriptionally active E2F. This

mechanism involves a positive feedback loop and allows the

transition from a mitogen dependent route (via cyclin D) to a

mitogen independent route (via cyclin E) for maintaining pRb

phosphorylation and progression through the cell cycle (fig

2).25 In addition, this mechanism involves the regulation of the

G1–S transition by pRb2/p130, which downregulates cyclin

E/cdk2 kinase activity by both physical binding and p27

protein stabilisation. Conversely, cyclin E/cdk2 negatively

regulates both p27 and pRb2/p130 protein stability through

phosphorylation of specific residues that trigger ubiquitina-

tion and degradation via the proteasome pathway (fig 2).26

“Cyclin E overexpression could maintain the altered
chromosome number through each cell division and
select a population of cells with a high rate of prolifera-
tion and altered genotype”

All these data indicate that an abnormal environment exists

in colon cancer cells, and that this could affect cyclin E protein

regulation. The abnormal cellular environment present in

colon cancer cells showing CIN could explain the results seen

in the Sw480 cell line. In these cells, characterised by a modal

number of 119 chromosomes, cyclin E protein and mRNA

values are relatively normal, indicating that the CIN pathway

involves many different factors that in turn might be altered to

give rise to colon cancer tumorigenesis and that concur to

establish the cancer phenotype.

The overexpression of cyclin E could increase cell prolifera-

tion through forced entrance into S phase, and the increased

proliferation could cause the altered segregation of the

chromosomes, thereby promoting aneuploidy. Cyclin E over-

expression could maintain the altered chromosome number

through each cell division and select a population of cells with

a high rate of proliferation and altered genotype.

Further studies aimed at better understanding of the CIN

pathway are necessary to identify the correct targets for colon

cancer treatment.
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Take home messages

• Those cell lines with an aberrant number of chromosomes
(LoVo, CaCo2, and HT29) had higher cyclin E mRNA
values and significantly increased protein concentrations

• Cyclin E regulation appears to be altered in aneuploid cells
and could be an important factor in the chromosome insta-
bility pathway
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