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ABSTRACT

Elevated 4N (G2-tetraploid) cell populations are unstable intermediates in
the development of many human cancers. However, 4N cell populations are
intermixed with larger diploid fractions in vivo, limiting investigation of these
key intermediates of neoplastic progression. Therefore, to study elevated 4N
cell populations in human neoplasia, we used flow cytometry to purify pop-
ulations of spontaneously arising TP53wt and TP53mut 4N cells from cell
strains derived from premalignant Barrett’s esophagus biopsies. Using oligo-
nucleotide arrays, we identified 625 genes differentially expressed in at least
one replicate 2N/4N comparison in each strain and in hTERT-immortalized
cultures of the TP53mut strains. Strikingly, when hierarchically clustered,
these data contained a large node of 124 genes that were up-regulated in 4N
TP53mut cells in the absence of condensed chromosomes. Most of these genes
function in G2-M to mediate processes such as chromosome condensation and
segregation. These results describe the molecular phenotype of dysregulated
G2-M functions and cell cycle checkpoints in a key intermediate of human
neoplastic progression.

INTRODUCTION

Neoplastic progression frequently arises as a result of an acquired
genetic instability and the subsequent evolution of clonal populations
with accumulated genetic lesions. This nonlinear evolutionary process
typically involves the appearance of multiple cell lineages with com-
binations of somatic lesions. One of the most common lesions in
human cancers is the development of ploidy abnormalities. Elevated
4N (G2-tetraploid) cell populations have been detected in several
human neoplasias and are associated with subsequent progression in a
variety of cancers (1, 2). We have shown that in patients with the
premalignant condition BE,4 increased 4N flow-cytometric fractions
(�6%) arise interdependently with TP53 lesions in diploid cells,
predict progression to aneuploidy, and have a 57% chance of pro-
gressing to cancer within 5 years (3–7). However, 4N cell populations
are transient intermediates and intermixed with larger diploid frac-
tions in vivo, limiting investigation of these key intermediates of
neoplastic progression. Studies in model systems have shown that
elevated 4N fractions and the development of aneuploidy are associ-
ated with loss of cell cycle regulation, including lesions in the TP53
and Rb pathways, inactivation of G2-M checkpoints, and disruption of
the mitotic spindle (8–12). However, these studies have relied pri-
marily on immortalized cell systems and cell cycle synchronization,
which is often difficult to maintain, in order to purify 4N cells of
interest (e.g., G2-M and tetraploid G1).

BE is a premalignant condition associated with chronic gastroe-
sophageal reflux in which the normal squamous epithelium is replaced
by a metaplastic columnar epithelium. Patients with BE typically have
symptoms of gastroesophageal reflux such as heartburn, and they
frequently seek medical attention before they develop cancer. The
Barrett’s epithelium can be safely visualized and biopsied during
upper gastrointestinal endoscopy, providing a highly favorable model
for studying human neoplastic progression in vivo (13, 14). We have
previously shown that diploid clones with CDKN2A lesions are early
prevalent lesions in BE capable of extensive clonal expansion (15–
17). Furthermore, in the presence of somatically acquired TP53 le-
sions, these progenitors develop elevated 4N fractions, predisposing
them to aneuploidy and to progressive clonal evolution that begins in
premalignant cells, proceeds to cancer over a period of years, and
continues after the emergence of cancer (5).

Primary cultures of Barrett epithelial cells [KR-42421 (CP-A),
CP-52731 (CP-B), and CP-94251 (CP-C)] have been previously es-
tablished from biopsies of patients with premalignant BE (18). Im-
mortalized strains of primary cultures were derived by hTERT trans-
duction to increase the number of replicate cultures and facilitate
molecular studies of these cells. The Barrett epithelial cells contain
CDKN2A abnormalities (9pLOH, with mutation or promoter hyper-
methylation in the remaining allele, CP-A, CP-B, CP-C) and TP53
abnormalities (17p LOH and mutation in the remaining allele, CP-B,
CP-C). All three cultures have elevated flow cytometric 4N (G2-
tetraploid) DNA content fractions (CP-A 11.6%, CP-B 24.9%, and
CP-C 22.8%) in the absence of aneuploidy. These same abnormalities
were also present within the esophagi from which the cell strains were
derived.

To investigate the molecular phenotype of these cell populations,
we have used flow cytometry to enrich for tetraploid cells in the
spontaneously arising 4N populations present in each of the BE cell
cultures. The number of tetraploid cells in each sorted population was
determined by FISH analysis with chromosome-specific centromeric
probes. We used oligonucleotide arrays to identify genes that were
differentially expressed in replicate 2N/4N comparisons in each cell
strain and in hTERT-immortalized cultures of the TP53mut strains.
This allowed a direct comparison of 4N cell populations of interest
with isogenic diploid populations in the same experiment. In addition,
to further characterize the cell cycle defects in these cells, we com-
pared the expression profiles of sorted tetraploid cells to matching
isogenic G2-sorted cells. Our analyses provide a detailed description
of a key intermediate in neoplastic progression.

MATERIALS AND METHODS

Tissue Culture. Cell strains were established from BE biopsies and were
maintained in modified MCDB 153 as described previously (18). The three
parental strains used in this study were designated as KR-42421 (CP-A),
CP-52731 (CP-B), and CP-94251 (CP-C). Two of the three cultures (CP-B and
CP-C) were derived from biopsies taken from regions of high-grade dysplasia,
whereas the third culture (CP-A) was initiated from biopsies taken from a
region of nondysplastic metaplasia.
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Flow Cytometry. Cells were incubated in growth media containing 10 �M

Hoechst 33342 (Calbiochem, La Jolla, CA) for 30 min at 37°C. Cells were
subsequently trypsinized, resuspended in fresh media containing Hoechst dye,
and kept at room temperature until sorting. All sorting was done using a
Beckman-Coulter Elite cell sorter (Fullerton, CA).

RNA Extraction. All samples used for RNA preparations were fixed in
RNAlater (Ambion, Austin TX) before extraction. Each sample was then
homogenized by resuspension in lysis solution and passage through a
Qiashredder (Qiagen, Valencia, CA) column. Total RNA was extracted with
the Qiagen RNeasy Mini kit using the supplier’s protocol.

cDNA Preparation. For each sample, double-stranded cDNA was pre-
pared with GIBCO/BRL Superscript II (Invitrogen Life Technologies, Inc.,
Carlsbad, CA) using 5–10 �g of total RNA as template. Subsequently, biotin-
labeled cRNA was generated using the Enzo Bioarray RNA transcript-labeling
kit (Affymetrix, Santa Clara, CA). All in vitro transcription reactions were
carried out for 4–5 h according to the supplier’s instructions. All RNA and
cRNA samples were verified by ethidium bromide-stained gel analysis and
quantified by SyBrII (Molecular Probes, Eugene, OR) fluorescence.

Array Hybridization and Data Analysis. All hybridizations were done
with FL6800 chips (Affymetrix). A total of 25–50 �g of each cRNA prepa-
ration was fragmented for 35 min at 94°C in buffer [40 mM Tris-acetate (pH
8.1)/100 mM magnesium acetate]. Aliquots of each cRNA preparation were
then mixed with hybridization buffer at a final volume of 200 �l. Each array
was hybridized, washed, and scanned according to the manufacturer’s instruc-
tions. Scanned output files for each independent experiment were analyzed by
GeneChip MAS 5.0 software (Affymetrix) and exported into the database
program Microsoft Access for additional analysis. The complete set of raw
data files is available on line.5 Expression values for each experiment were
derived from the Affymetrix absolute difference expression values. Genes
differentially expressed between 2N and 4N cells were identified as follows:
2N/4N expression ratio and log 2-transformed expression ratios were first
calculated. We then selected genes to analyze by using a filter to select genes
consistently differentially expressed in both independent sets of a particular 2N
to 4N comparison for both samples in 1 or more of the 10 experimental
comparisons. Thus, the gene had to show a consistent increase [increase (I) or
marginally increase (MI)] or decrease [decrease (D) or marginally decrease
(MD), using the Affymetrix MAS 5.0 differential expression calls, in both
pairs of a sample (19). The differential expression call corresponded to P of
differential expression of �0.003 as generated by the MAS 5.0 software (19).
Because the replicate samples were truly independent (the cells for each pair
of replicate were grown, processed, and hybridized at different times), the
probability of consistent differential expression for one gene across both
replicates of an experiment must be �0.00009. Because a gene was clustered
if it was consistently up- or down-regulated in any 1 of the 10 replicate
experiments, the expected number of observed differentially expressed genes
under the null hypothesis that no genes were differentially expressed is
1 � (1 � 0.00009)10 � (analyzed experiments) � 2 � 7129 � (number of
genes on the array) � 7.6 genes. In our cluster analysis, we identified 625
genes that were consistently differentially expressed between 2N/4N samples
in both replicate samples from one cell line comparison. Thus, we identified
many more differentially expressed genes than the expected number of false
positive genes under the null hypothesis.

The log 2-transformed expression ratios for these genes were subjected
to pair wise average-linkage cluster analysis with the Cluster program
(Michael Eisen)6 using Pearson’s correlation as a distance metric. The log ratio
used for clustering was the log ratio generated by MAS 5.0, except that in cases
where MAS 5.0 called a no change (NC), the log 2 ratio was set to 0. The
hierarchical tree was visualized using TreeView (M. Eisen).6 To identify genes
differentially expressed in TP53wt versus TP53mut cells, clustering and data
visualization followed the procedure used for the 2N/4N comparisons. All
statistical tests used for this analysis were performed using Microsoft Excel.

FISH. Sorted cells were resuspended in 5 mM CaCl2 then dropped onto
clean slides and allowed to dry overnight. Slides were then processed for FISH
as previously described using a rhodamine-labeled (red) chromosome 11
centromere probe (Vysis, Inc., Downers Grove, IL) and a FITC-labeled (green)
chromosome 17 centromere probe (Vysis, Inc.) (20). Slides were counter-

stained with 0.23 �g/ml 4�, 6-diamindino-2-phenyl indole (Sigma), examined
with �100 oil immersion on an epifluorescence microscope, and the numbers
of red and green FISH spots were counted in each of at least 100 nuclei by a
blinded observer. Cells were simultaneously evaluated for the presence of
condensed mitotic chromatin. Cells were scored as tetraploid if they contained
four or more red and four or more green spots. Because a FISH spot is
sometimes overlapping or otherwise missed, cells with four red and three green
or three red and four green spots were also counted as tetraploid.

Quantitative RT-PCR. Aliquots from total RNA samples used in the array
experiments were used in real time PCR (TaqMan) assays. All assays were
performed on the ABI Prism 7900 detection system (Applied Biosystems)
using TaqMan EZ RT-PCR Core Reagents with glyceraldehyde-3-phosphate
dehydrogenase controls for normalization. All reactions were done in triplicate
according to the supplier’s instructions. The primers and probes used in this
study were: p55CDC20F, CATTCACCCAGCATCAAGGG; p55CDC20
probe, CTGTCAAGGCCGTAGCATGGTGTCC; p55CDC20R, CCAGGA-
CATTGGACTGCCA; NEK2F, TGAGGACTATGAAGTGTTGTACACCA;
NEK2 probe, TGGCACAGGCTCCTACGGCCG; NEK2R, CCTCCGGAT-
CTTCTGGCA; CENPAF, CCTTACATGCAGGCCGAGTT; CENPA probe,
CTCTCTTCCCAAAGGATGTGCAACTGG; CENPAR, CCCCGGATCCT-
CCGG; RRM1F, CCTTCAGAGCCTCAGCCACTAG; RRM1 probe, TGC-
GATGCATGTGATCAAGCGAGA; and RRM1R, CTCGTTCTTGGCGGCC.

RESULTS

To enrich for tetraploid cells in each 4N population, cells from
asynchronous cultures were viably sorted into 2N (diploid G1) and 4N
(G2-tetraploid) fractions (Fig. 1). The 2N cell fractions were stored,
whereas the 4N cell fractions were recultured for 12–14 days to allow
G2 or transiently arrested cells to progress through the cell cycle and
then re-sorted to obtain enriched 4N (tetraploid) cells. The expression
profiles of single-sorted 2N and re-sorted 4N cell populations from
each culture were compared in duplicate independent experiments. A
total of 695 genes was identified that the GeneChip scoring software
indicated were significantly differentially expressed (P � 0.003) in
each of duplicate experiments comparing 2N versus 4N cells in each
culture. Approximately 8 of these genes would be expected to be false
positives (see “Materials and Methods”). Pairwise average linkage
clustering identified a single predominant node of 124 genes (Fig. 2a).

5 Internet address: http://www.fhcrc.org/phs/barretts/cancer-research/.
6 Internet address: http://www.microarrays.org/software.

Fig. 1. Cell sorting enrichment of tetraploid and G2 cells. a, asynchronous cultures
containing 2N and 4N populations were sorted viably by DNA content (ploidy) using
Hoechst 33242. The 2N cells (diploid G1) from the first sort (e) were stored. The 4N cells
(diploid G2-tetraploid G1) from the same sort (b) were returned to culture for 12–14 days
to enrich for tetraploid-arrested cells (c). These were then resorted by ploidy to obtain
enriched samples of 4N tetraploid cells (d). In separate experiments, populations of G2

cells were obtained from 2N cells (diploid G1) from the first sort (e) by returning these
cells to culture for 24–48 h and resorting for G2 cells (g). Samples e and d were processed
in parallel for 2N/4N array analyses, whereas samples e and g were processed in parallel
for 2N/G2 array analyses.
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Fig. 2. Clustering and identification of genes
differentially expressed in tetraploid Barrett’s epi-
thelial cells. Replicate experiments comparing flow
sorted diploid and tetraploid populations were done
with each of five cultures (CP-A, CP-B, CP-C,
CP-BhTERT, and CP-ChTERT) with hierarchical
clustering of the 695 differentially expressed genes
(see text), illustrating (a) the cluster of 124 genes
up-regulated in TP53 mutant 4N Barrett’s epithelial
cells. Expression of these same genes in G2-G1

comparisons is also illustrated (b).
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Strikingly, all of these genes were uniquely overexpressed in the 4N
TP53mut cultures and of those showing �1.5-fold changes (101 of
124), most have G2-M-related functions (Table 1). These genes are
hereafter referred to as the TP53mut gene cluster.

Examples of these genes include CDK1 and regulators of CDK1
activation (CDC25C, CCNB, CCNA, CCNF, CKS1, CKS2, and
CDKN3) that control progression through G2 and entry into mitosis
(21, 22). The largest functional group consists of mitosis-associated
genes. These include mediators of chromosome segregation such as
the centrosomal kinase NEK2, regulators of the anaphase-promoting
complex (p55CDC20, PLK, CSE1L, and E2-EPF), microtubule-
dependent motor proteins (CENPF, CENPE, and HKSP), and cohesin
(SMC) subunits (23–27). The node also contained genes associated
with chromatin structure and condensation (CENPA, core histones,
XCAPH, and EZH2), cell adhesion (RHAMM, TROAP, and MCAM),
and 7 genes of unknown function that may also mediate some of these
processes. The striking functional conservation of these genes addi-
tionally validates our clustering results. The altered expression of 4 of
the genes in the node, RRM1, p55CDC2, CENP-A, and NEK2 was
confirmed by real-time RT-PCR (supplemental Fig. 1 available on
line),5 although the absolute magnitude of expression differences was
larger by RT-PCR, as has been found by many other investigators.

Although these genes included some of the major regulators of the
G2-M phase of the cell cycle, we did not detect mitotic chromosomes
in the nuclei of the re-sorted 4N cell populations. FISH analysis with
chromosome 11 and 17-specific centromeric probes revealed variable
numbers of tetraploid cells (23.5–81.5%) in each of the re-sorted 4N

Table 1 Biological Function of Genes in TP53�/� Tetraploid Cluster

Gene name Accession number

Fold
overexpression
in 4N versus

2N cellsa

DNA replication/repair (n � 18)
DNMT1 (DNA cytosine-5-methyltransferase 1) X63692 1.7
mKI67 X65550 5.4
RPA3 (replication protein A 14 kd subunit) L07493 2.0
RRM1 (M1 subunit of ribonucleotide reductase) X59543 2.3b

RRM2 (RR2 small subunit of ribonucleotide
reductase)

X59618 1.9

DHFR J00139 2.2
RFC4 (replication factor C 37 kd subunit) M87339 2.3
RFC3 (replication factor C 38 kd subunit) L07541 1.8
POLA2 (DNA polymerase �-subunit p70) L24559 1.5
PRIM1 (DNA primase subunit p49) X74330 2.0
PRIM2A (DNA primase subunit p58) X74331 1.9
TK1 (thymidine kinase) M15205 1.6
MTHFR J04031 1.9
RAD21 D38551 1.5
PRKDC U47077 1.5
DUT (dUTP pyrophosphatase) U31930 1.5
Guanosine 5� monophosphate synthase HG4716–HT5158 1.5
MLH1 U07418 1.5

G1-S transition (n � 8)
CDC7L1 AB003698 1.8
E2F1 S49592 1.5
PCNA M15796 3.0
MCM3 D38073 1.8
MCM5 X74795 1.5
MCM4 X74794 1.5
MCM7 D55716 1.9
RB1 L41870 1.5

G2-M transition (n � 9)
CDK1 X05360 5.7
CCNB M25753 5.1
CDC25C M34065 4.6
CKS1 (CDC28 protein kinase 1) X54941 3.2
CKS2 (CDC28 protein kinase 2) X54942 2.6
CDKN3 L25876 4.0
CCNA X51688 3.8
CCNF Z36714 3.2
FOXM1 (hepatocyte nuclear factor3/forkhead

homolog 11A)
U74612 5.4

Mitosis (n � 42)
Chromosome segregation (n � 22)

CENPF (mitosin) U30872 5.0
HKSP (kinesin-like spindle protein) U37426 5.1
KNSL1 (kinesin-related protein) X85137 2.8
KNSL6 (mitotic centromere-associated kinesin) U63743 4.3
KNSL5 (mitotic kinesin-like protein 1) X67155 5.2
CENPE Z15005 3.0
KIAA0042 (kinesin superfamily member) D26361 4.2
SMC1L1 D80000 2.2
KIAA0159 (SMC-associated protein) D63880 2.1
TOP2A (topoisomerase II �) J04088 4.7
� Topoisomerase (truncated form) L47276 7.0
TOPBP1 (topoisomerase �-binding protein 1) D87448 1.9
p55CDC20 U05340 3.8b

TTK M86699 3.5
PLK (polo-like kinase) U01038 3.0
STK18 Y13115 1.9
E2-EPF (ubiquitin carrier protein) M91670 2.8
NEK2 Z29066 6.8b

UBE2C (cyclin-selective ubiquitin carrier
protein)

U73379 7.6

MPP1 (M-phase phosphoprotein 1) L16782 2.4
CSE1L (chromosome segregation 1) U33286 1.8
STMN1 (stathmin 1) M31303 1.5

Chromatin organization (n � 20)
CENP-A U14518 5.0b

HMG-2 X62534 2.9
LMNB M34458 3.7
KIAA0101 (H3 homologue) D14657 2.5
KIAA0074 (condensin XCAPH) D38553 2.4
TUBB1 (�-Tubulin clone m40) J00314 1.9
Tubulin � HG4322–HT4592 1.5
Tubulin � 2 HG1980–HT2023 2.3
KIAA0097 (XMAP 215 homologue) D43948 1.8
EZH2 (Enhancer of zeste homologue 2) U61145 2.0
H2A.X X14850 2.4
CHC1 (chromosome condensation 1) D00591 1.5
H3.3A X05855 1.8
TUBA1 X06956 1.7

Table 1 Continued

Gene name Accession number

Fold
overexpression
in 4N versus

2N cellsa

TUBG1 M61764 1.8
RBBP7 X72841 1.5
HNRPA1 U00947 1.7
H2A.Z M37583 1.8
HNRPA2B1 M29064 1.5
CHAF1A (chromatin assembly factor 1

subunit A)
U20979 1.7

Cell adhesion (n � 4)
TROAP (Tastin) U04810 7.7
RHAMM U29343 3.7
MCAM (JuSo MUC18 glycoprotein) M28882 1.7
ITGB3BP U37139 1.8

Other (n � 14)
YWAH (14-3-3 protein � chain) D78577 1.6
BIRC3 U37547 1.7
BARD1 (BRCA1-associated RING domain

protein)
U76638 2.0

DDXL (nuclear RNA helicase) U90426 2.0
KPNA2 (nuclear localization sequence receptor) U28386 5.4
NUP153 (nuclear pore complex protein

hnup153)
Z25535 1.7

a-MYB X66087 2.1
b-MYB X13293 2.0
PSIP2 U94319 1.5
HUMGT198A L38933 1.9
GABPB1 HG1686–HT4572 2.2
ARL6IP D31885 2.4
RPL39L HG2874–HT3018 1.7
NR4A1 L13740 1.5

Unknown function (n � 6)
MAC30 L19183 1.5
HPV 16 E1 protein-binding protein U96131 2.1
Ifp35 L78833 1.9
KIAA0008 D13633 4.3
KIAA0175 D79997 2.5
KIAA0186 D80008 1.8
a Average values from duplicate experiments with each TP53�/� cells (CP-B, CP-C,

CP-BhTERT, and CP-ChTERT).
b Fold increases confirmed by real-time PCR assays as shown in supplemental Fig. 1

available on line.5
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cell populations (Table 2). However, the mean expression level of the
124 gene 4N TP53mut cluster was not significantly related to the
percentage of tetraploid cells in the sorted 4N fractions by regression
analysis and was similar in TP53mut cells with low (CP-B, CP-
BhTERT) or high (CP-C, CP-ChTERT) proportions of tetraploid cells
(paired t test).

In comparison, 4N TP53wt cells (CP-A), although mainly (73%)
tetraploid by FISH analysis, displayed little difference in expression
pattern with their isogenic 2N cells (2.5% tetraploid) in the filtered set
of 695 genes (Fig. 2a). Therefore, we reanalyzed the absolute expres-
sion values for all 20 hybridizations in the 2N versus re-sorted 4N cell
populations dataset and looked for differences between TP53wt and
TP53mut strains. This identified a unique set of 42 genes that was
up-regulated in both 2N and 4N TP53wt cells compared with the
TP53mut cell populations and included TP53-regulated inhibitors of
G1-S and G2-M such as CDKN1A and SFN (supplemental Figs. 2, A
and B, available on line).5

G2 Cell Populations. To additionally characterize the molecular
phenotype of the 4N cell populations, we used flow cytometry to
obtain enriched populations of G2 cells from TP53wt strain (CP-A)
and a TP53mut population (CP-ChTERT) with high tetraploid cell
content (81.5%) in the 4N fraction. 2N (diploid G1) cells from
asynchronous cultures were viably sorted and then returned to culture
for 24–48 h to allow cells to transit through the cell cycle into G2; the
G2 cells were then purified by re-sorting according to DNA content
(Fig. 1). The time points used between 24 and 48 h were selected
based on the reappearance of G2 cells in the culture and the absence
of tetraploid cells as determined in FISH analyses (data not shown).
There were 452 genes overexpressed in one or more G2 cell culture,
and 135 that were underexpressed (supplemental Fig. 3 available on
line).5 The expression profiles of TP53mut G2 populations were sim-
ilar to the re-sorted 4N TP53mut cells. In contrast, the expression
profile of TP53wt G2 cells was distinct from isogenic re-sorted 4N and
2N cells but was similar to that of the TP53mut G2 populations and
included the up-regulation of many of the cell cycle-specific genes in
the 4N TP53mut cluster.

DISCUSSION

Previous studies using flow cytometry and genotyping have vali-
dated the role of elevated 4N fractions (�6%) in diploid biopsies as
a key transition in the development of aneuploidy and the subsequent
progression to cancer (3, 5–7). However, the genetic and cellular
heterogeneity of solid tumors makes it difficult to comprehensively
study this key intermediate of neoplastic progression. Several reports
using tumor cell line model systems have shown that elevated 4N
fractions are associated with lesions in the cell cycle and disruption of
G2-M. However, investigating G2-M cell populations in these studies
typically relies on the synchronization of immortalized cells, which is
frequently imperfect (22, 28, 29).

The cell cultures in this study were derived from endoscopic

biopsies obtained from patients with premalignant BE in the absence
of cancer. Each of the strains has a finite life span and contains genetic
lesions associated with early stages of neoplastic progression in vivo,
including inactivation of CDKN2A and TP53 (18). These same lesions
were present in the biopsies from which they were derived. Further-
more, each of the strains and the hTERT-immortalized cultures of the
TP53mut strains contain spontaneously arising 4N cell fractions in the
absence of aneuploidy. Therefore, our combination of flow cytometry,
FISH, and oligonucleotide array expression analysis provides the first
genome-wide analysis of spontaneously arising tetraploid cells in a
premalignant tissue.

DNA content flow cytometry can purify cells from different stages
of the cell cycle without the need for synchronization. However, it
cannot distinguish between tetraploid G1 cells and diploid G2 cells in
a mixed 4N cell population. Therefore, we used FISH analysis with
chromosome 11 and 17-specific centromeric probes to quantify the
tetraploid (four spots/probe) and G2 (two spots/probe) cell content in
each of the re-sorted 4N populations (Table 2). There was a wide
variation in the tetraploid content present in the re-sorted 4N cell
populations. However, the mean expression level of the 124 gene 4N
TP53mut cluster was similar in TP53mut cells with low (CP-B, 23.5%
and CP-BhTERT, 35%) or high (CP-C, 75% and CP-ChTERT, 81.5%)
proportions of tetraploid cells (paired t test).

Previous studies using synchronized normal human fibroblast cell
cultures and the same oligonucleotide array platform identified 387
genes with periodic expression during distinct phases of the cell cycle
(30). These included 47 of 124 genes that we observe in the 4N
TP53mut cluster. Most of these 47 cell cycle-regulated transcripts in
the 4N TP53mut cluster (36 of 47: 77%) are up-regulated during
normal entry and transition through mitosis. These include mediators
of G2-M transition (CDK1, CCNB, and CCNA) and the major events
of mitosis such as chromosome condensation (TOP2A and CHC1),
centrosome separation and activation (NEK2 and PLK), spindle as-
sembly (HKSP, KNSL5, and KNSL6), and chromosome segregation
(p55CDC20, CENPF, CENPE, and UBE2C; Refs. 25–27, 31–33).

The order of events in cell cycle is essential for genomic stability
and is ensured by checkpoint dependency. For example, segregation
of chromosomes during mitosis relies on the proper regulation of
chromosomal DNA replication and centrosome duplication in the
preceding S phase (32, 34). Furthermore, both of these processes are
dependent on the phosphorylation of the Rb gene product and subse-
quent levels of free E2F gene family members (34–36). The largest
functional category present in the 4N TP53mut cluster contained
regulators of progression through G2 and entry into mitosis. These
included a series of kinases, including CDK1, PLK1, NEK2, and TTK,
that regulate cell division and associated checkpoints (31). In addition,
the cluster also contained activators (CCNB, CDC25C, and
p55CDC20) and targets (LMNB1 and CENPA) of these cell cycle-
regulatory kinases. The up-regulation of these genes and the over-
abundance of transcripts with a mitosis-specific temporal pattern
among the cell cycle-regulated genes suggest that 4N TP53mut BE
cells are activating a mitotic transcriptional program. However, de-
spite these expression patterns, there was an absence of mitotic cells
in these populations.

The cells and the biopsies from which they were derived contain
regions of LOH, and this reflects DNA damage during neoplastic
progression (18). In addition, CDKN2A abnormalities (9pLOH, with
mutation or promoter hypermethylation in the remaining allele) were
present in each culture. The cells with methylated alleles did not
express any CDKN2A transcript as determined in our array studies,
whereas the mutated allele encodes a missense mutation that is known
to inhibit normal function of CDKN2A (37). Several of the genes in

Table 2 FISH analysis of flow-sorted cells

Cell culture

% tetraploid cells
4N/2N

expression ratioa2N Sort 4N Sort

CP-A 2.5 73 1.1
CP-B 0 23.5 2.2
CP-C 0 75 2.0
CP-BhTERT 0 35 3.3
CP-ChTERT 1 81.5 1.5

a Average 4N/2N gene expression ratio of the entire 124 gene cluster shown in Fig. 2a
and Table 1.
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the 4N TP53mut cluster, including regulators of G2-M (PLK, TTK,
CENPE, NEK2, CDK1, and TOPO2A), are transcriptionally repressed
by E2F4 binding and its interactions with Rb pocket proteins and
histone deacetylases in noncycling cells (36, 38). Furthermore, several
genes in the 4N TP53mut cluster (e.g., CKS1, SMC, TOP2A, YWHAH,
and BARD1) are activated in response to DNA damage and mediate
various cell cycle checkpoints (39).

Studies with immortalized tumor cells have shown that in the
presence of drug-induced double-strand DNA breaks cycling cells
may activate a reversible G2 arrest (28). This arrest is associated with
a prolonged induction of G2-M-associated genes. In addition to en-
riching for spontaneously arising tetraploid populations, we used flow
cytometry to obtain G2 cell fractions without the need for extensive
synchronization. Within the 4N TP53mut cluster, the expression pro-
file of the 4N TP53mut populations (Fig. 2b) was similar to the G2

TP53wt cells, suggesting that the former phenotype arose from a G2

delay. The CDKN2A-null background of BE cells likely disrupts
CDK4 regulation, creating a condition permissive for TP53mut cells
with genomic lesions to transit through G1-S, overcome E2F4 repres-
sion and activate a G2-M transcriptional program. Consequently, 4N
TP53mut cells either delay in early G2-M (CP-B, CP-BhTERT) with
low tetraploid fractions or transit from G2-M to the tetraploid G1 by
adaptation (CP-C, CP-ChTERT) in the absence of condensed chromo-
somes (40–42).

The 4N TP53wt cells, although primarily tetraploid (73%), retain
the expression profile of the diploid cells from which they arose (Fig.
2, Table 2). Furthermore, both of these TP53wt cell populations were
distinct from the isogenic G2 populations. Previous in vitro studies
have shown that disruption of the mitotic spindle results in the
activation of a tetraploid G1 checkpoint in diploid human cells (11).
Activation of this checkpoint is dependent on exit from mitosis,
reentry into G1, and TP53-induced CDKN1A expression. The 42 gene
TP53wt set included CDKN1A and was present in both diploid and
tetraploid cell populations, suggesting that this checkpoint was acti-
vated. Furthermore, the absence of CDKN1A in TP53wt G2 cells is
consistent with the G1-specific activation of the tetraploid checkpoint.
In contrast, the TP53mut 4N cells enter G2 inappropriately and sub-
sequently activate a G2-M transcriptional program, which can persist
even if the cells progress to a tetraploid G1 by accommodation. The
TP53mut 4N cluster identifies pathways that contribute to mitotic and
chromosomal instability, perhaps accounting for the increased cancer
risk associated with the presence of elevated 4N fractions in BE.
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