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ABSTRACT
The replication timing of nine genes commonly involved in cancer was investigated in the MCF10 cell lines for human breast cancer

progression. Six of these nine genes are part of a constellation of tumor suppressor genes that play a major role in familial human breast

cancer (TP53, ATM, PTEN, CHK2, BRCA1, and BRCA2). Three other genes are involved in a large number of human cancers including breast as

either tumor suppressors (RB1 and RAD51) or as an oncogene (cMYC). Five of these nine genes (TP53, RAD51, ATM, PTEN, and cMYC) show

significant differences (P< 0.05) in replication timing between MCF10A normal human breast cells and the corresponding malignant

MCF10CA1a cells. These differences are specific to the malignant state of the MCF10CA1a cells since there were no significant differences in

the replication timing of these genes between normal MCF10A cells and the non-malignant cancer MCF10AT1 cells. Microarray analysis

further demonstrated that three of these five genes (TP53, RAD51, and cMYC) showed significant changes in gene expression (�2-fold)

between normal andmalignant cells. Our findings demonstrate an alteration in the replication timing of a small subset of cancer-related genes

in malignant breast cancer cells. These alterations partially correlate with the major transcriptional changes characteristic of the malignant

state in these cells. J. Cell. Biochem. 114: 1074–1083, 2013. � 2012 Wiley Periodicals, Inc.
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D NA replication and transcription have structural and

temporal organization within the cell nucleus [Spector

et al., 1993; Berezney, 2002; Stein et al., 2003; Berezney et al., 2005;

Cremer et al., 2006; Lanctôt et al., 2007; Misteli, 2007; Zaidi et al.,

2007; Stein et al., 2008; Malyavantham et al., 2008ab, 2010].

Regions within the nucleus are zoned for either transcription or

replication during the S phase of the cell cycle [Wei et al., 1998;

Berezney, 2002; Malyavantham et al., 2008b]. Moreover, these

regions within the genome are temporally organized so that genes

which are highly active in transcription predominantly replicate

earlier than those which are not [Schübeler et al., 2002; White et al.,

2004; Woodfine et al., 2004]. For instance, housekeeping genes

consistently replicate early in all cells [Zhang et al., 2002], while

tissue-specific genes replicate early only in their respective tissues

[Groudine and Weintraub, 1981; Goldman et al., 1984; Hatton et al.,

1988; Groudine et al., 1989; Kitsberg et al., 1993a; Hansen et al.,

1996, 2000; Hiratani et al., 2004] and the beta globin gene replicates

earlier in correlation with transcriptional activity during erythro-

poiesis [Simon et al., 2001; Goren et al., 2008]. Such temporal

organization occurs not only within single genes, but is correlated

with the genome-wide expression profile maintained across

evolution in Drosophila, mouse, and human cells [Schübeler

et al., 2002; MacAlpine et al., 2004; White et al., 2004; Woodfine

et al., 2004; Jeon et al., 2005; Karnani et al., 2007; Farkash-Amar

et al., 2008]. While no correlation of replication to transcriptional

activity was identified in Saccharomyces cerevisiae [Raghuraman

et al., 2001; Yabuki et al., 2002], the temporal organization of large

gene clusters was coupled to the redox-state in synchronized

budding yeast when expression levels were elevated [Klevecz et al.,

2004].

An important role of higher order nuclear architecture in

replication timing is indicated by numerous reports of the temporal
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arrangement of replication into mbp-sized replication zones [Selig

et al., 1992; Kitsberg et al., 1993a; Simon and Cedar, 1996; White

et al., 2004; Farkash-Amar et al., 2008; Göndör and Ohlsson, 2009].

Consistent with these findings, higher order chromatin domains of

replication have been directly visualized using 3D microscopy

followed by computer imaging analysis [Wei et al., 1998, 1999;

Berezney, 2002] and persist following the extraction of cells for

nuclear matrix [Wei et al., 1999; Berezney, 2002].

Of fundamental importance is whether replication timing can be

reorganized during cancer progression. Some studies have found

that replication timing is asynchronous in multiple types of cancer

[Amiel et al., 1997, 1998; Korenstein-Ilan et al., 2002; Reish et al.,

2003; Dotan et al., 2004]. Other studies have found late replication in

diseases characterized by chromosome instability [Otto et al., 1981;

Kuhn et al., 1987] and translocations [Breger et al., 2005].

In this study, we used the MCF10 breast cancer progression model

to investigate whether progression towards cancer involves changes

in the replication timing of genes and the extent to which these

changes are due to alterations in the transcriptional state of these

genes and/or progression toward the malignant state. This model

consists of three cell lines: (a) normal ductal epithelium human

breast cells termed MCF10A (10A) [Dawson et al., 1996]; (b)

premalignant transformed MCF10AT1 (10AT1) [Dawson et al.,

1996]; and (c) malignant MCF10CA1a (10CA1a) [Santner et al.,

2001]. We investigated a total of thirteen genes. Six are included

among the top ten genes for inherited breast cancer (p53, ATM,

PTEN, CHK2, BRCA1, and BRCA2; [Walsh and King, 2007; Lee and

Muller, 2010]). Three other selected genes are known to be involved

in multiple cancers including breast cancer (RB1 [Jiang et al., 2011],

RAD51 [Lose et al., 2006], and cMYC [Worsham et al., 2006;

Figueiredo et al., 2007]. ANO1 and TCN1 were selected from our

microarray analysis as being among those genes which showed large

changes in transcription levels from 10A normal breast epithelial

cells to the malignant 10CA1a cells [Marella et al., 2009]. Also

included in the analysis as controls is the PPFAI2 gene, which was

shown to replicate late in lymphoblastoid cells [Woodfine et al.,

2004] and the COL1A1 collagen gene which is highly expressed in

fibroblast cell lines but not in the breast epithelial cells used in this

study. Our findings demonstrate replication timing alterations

which are specific to the malignant state of the 10CA1a cells and

partially correlate with transcriptional alterations.

RESULTS

SELECTION OF GENES

The replication timing of thirteen genes were studied across the

MCF10 human breast cancer progression model cell lines. Of the 13

genes studied, 9 were chosen due to their relevance to cancer in

human patients. Six of these nine genes are part of a constellation of

tumor suppressor genes that play a major role in familial human

breast cancer (TP53, ATM, PTEN, CHK2, BRCA1, BRCA2 [Walsh and

King, 2007; Lee and Muller, 2010]). Three other genes are involved

in a large number of human cancers including breast as either tumor

suppressors (RB1 [Jiang et al., 2011] and RAD 51[Lose et al., 2006])

or as an oncogene (cMYC [Kishimoto et al., 2005]). In addition,

PPFAI2 (a tyrosine phosphatase) was chosen as a gene that—based

on previous studies [Woodfine et al., 2004]—replicated late in S

phase. ANO1 and TCN1 were selected from our microarray analysis

as being among those genes which showed large changes in

transcription levels from 10A normal breast epithelial cells to the

malignant 10CA1a cells [Marella et al., 2009]. Finally, COL1A1 is an

alpha 1A1 collagen gene that is expressed at high levels in human

fibroblast cells such as WI38, but is not expressed significantly in

normal breast epithelial cells.

REPLICATION TIMING ACROSS THE MCF10 HUMAN BREAST

CANCER MODEL

To estimate replication timing, we used the doublet/singlet method

[Selig et al., 1992]. In this approach, genes which are not replicated

in S-phase cells (BrdU positive cells) appear as one signal (singlets;

Fig. 1C, F, I) following FISH labeling with a probe complimentary

to the gene of interest, while those that have replicated can be

visualized as two closely aligned signals (doublets; Fig. 1A, D, G).

Cells in which replication has occurred at one allele but not in the

other appear as one singlet and one doublet (Fig. 1B, E, H). This is

termed asynchronous replication and typically is found in 10–15%

of the population [Selig et al., 1992].

The time period that a gene replicates in S phase (i.e., replication

timing) is inversely related to the percent of doublets plus singlet/

doublets in the population. Assuming that the S-phase period is 10 h,

a gene replicating in early S, for example, hour 2, would show�80%

of doublets plus singlet/doublets. Conversely, a gene replicated in

hour 7 of S would only show �30% doublets plus singlet/doublets.

The results of this analysis are summarized in Figure 2 for all 13

genes. One hundred forty to 300 BrdU positive cells were counted for

each gene in three separate experiments. Of the nine cancer-related

genes, five showed significant differences in replication timing

(P< 0.05) between normal 10A and the malignant 10CA1a cell

lines. These included three of the five inherited breast cancer-related

genes p53, ATM and PTEN as well as RAD51 and cMYC. The

corresponding control studies for the ANO1 and TCN1 genes showed

large and highly significant changes in replication timing (Fig. 2)

that correlate with their changes in transcriptional levels in the

normal versus malignant cell lines (Table I). As a second control, the

PPFA12 gene, known to replicate in late S phase in lymphoblastoid

cells [Woodfine et al., 2004], also replicate in late S in all the human

breast cell lines. Moreover, the COL1A1 collagen gene replicated

very early in S phase in the WI38 human fibroblast cell line but later

in mid S phase in the human breast cell lines (Fig. 2).

To express the average replication timing as the hours into S

phase, we determined the doubling time of each cell line as well as

the percent of BrdU positive cells (S-phase cells). As shown in

Figure 3A, the average percentages of cells in S phase in

unsynchronized populations were: 27% (10A), 39% (10AT1), and

42% 10CA1a. From the growth curves of these cell lines (Fig. 3B), we

estimated the doubling times as: 39, 24, and 23.4 h for 10A, 10AT1,

and 10CA1, respectively. By multiplying the percent of BrdU

positive cells by the doubling times for each cell line, we estimated

the lengths of S phase as 10.5 h� 0.7 SEM for 10A, 9.4 h� 0.6 for

10AT1, and 9.8 h� 0.7 for 10CA1a. Since the average S-period for

each of these three cell lines were similar and averaged 9.9 h, we

estimated replication timing in hours based on a 10 h S phase for all

JOURNAL OF CELLULAR BIOCHEMISTRY REPLICATION TIMING OF BREAST CANCER CELLS 1075



three cell lines. For this calculation, the percent of doublet plus

singlet/doublets for each gene is multiplied by the 10 h S-phase

period. This value is then subtracted from 10 h to give the average

time for replication of doublets plus doublet/singlets (Fig. 4 and

Table I).

Only one of the five cancer-related genes that showed statistically

significant differences (P� 0.05) in replication timing, shifted to a

later replication time in the S phase of the malignant 10CA1a

compared to the normal breast 10A cells (Fig. 4 and Table I). This was

the tumor suppressor gene p53 which shifted from 2.6 h (early S) to

4.5 h (mid S). All the other genes shifted to earlier replication times

including: RAD51 (4.6–1.0 h), ATM (2.1–1.0 h), PTEN (2.0–1.0 h), and

cMYC (1.9–1.0 h). The RB1, CHK2, BRCA1, and BRCA2 genes also

showed differences in replication timing (Fig. 4, Table I), but these

differences were not statistically significant. ANO1 and TCN1 showed

very significant changes in replication timing from 4.8h (mid S) and

2.6 h (early S) to 1.4 h (early S) and 4.8 h (mid S), respectively. The

collagen gene specific for expression in fibroblasts, replicated early in

WI38 fibroblasts (1.3 h) but much later with no significant differences

in the MCF10 cell lines (4–4.5 h in S phase; Fig. 4 and Table I).

In contrast to these major differences in replication timing

between normal breast epithelial 10A cells and their malignant

counterpart 10CA1a, no significant differences were detected

between normal cells and the corresponding non-malignant

transformed 10AT1 cells in this subset of five cancer-related genes.

The only significant difference (P¼ 0.04) was in the BRCA2 gene

where the replication timing increased from 1.6 to 2.5 h in the 10AT1

cells. Moreover, the 10CA1a cells differed from their non-malignant

transformed counterpart 10AT1 in the replication timing of two of

the five cancer genes that are altered in the malignant versus normal

breast cells. These were the tumor suppressor gene p53 and the gene

for the DNA repair protein RAD51.

Fig. 1. Singlet/doublet images. Representative FISH images of doublets (left row), singlet/doublets (center row), and singlets (right row) are shown in BrdU positive cells

(blue¼DAPI, red¼ BrdU, green¼ FISH signal) for the PTEN (A–C), PPF1A2 (D–F), and p53 (G–I) genes. Insets show FISH signals at higher magnification. Bars denotes 1mM.
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Correlating Gene Expression With Replication Timing Across

Breast Cancer Progression. Numerous studies have demonstrated

that chromatin replicated in early S is enriched in actively

transcribed genes, while late S replicating chromatin contains

much lower levels of transcribed genes [Simon et al., 2001;

Schübeler et al., 2002; Zhang et al., 2002; White et al., 2004;

Woodfine et al., 2004; Goren et al., 2008]. With this as a basis, we

determined whether the genes which changed their replication

timing in the malignant state also displayed changes in expression.

Gene expression profiles between the 10A and 10CA1a cells were

previously performed using a dye swap based microarray approach

[Marella et al., 2009].

As shown in Table I, the two genes selected for their large changes

in gene expression in the malignant 10CA1a cells, ANO1 (81-fold

up-regulated) and TCN1 (104-fold down-regulated), showed

correspondingly large changes in replication timing with the up-

regulated ANO1 shifting to a lower replication timing from mid S

(4.8 h) to early S (1.4 h), and the down-regulated TCN1 increasing

from early S (2.6 h) to mid S (4.8 h). The collagen gene COL1A1

showed no change in gene expression in the malignant 10CA1a

compared to the normal 10A cells and correspondingly no change in

expression levels, while PPFA12 showed a decrease in replication

timing albeit not statistically significant from 6.0 to 5.3 h and a

slight increase in transcription level (1.3-fold).

Among the five cancer-related genes that show significant

differences in replication timing between normal and malignant

breast cells, three showed corresponding changes in gene expression

that correlate with the replication timing changes (twofold decrease

in p53, threefold increase in RAD51, and a threefold increase in

cMYC). In the other two genes that showed significant shifts in

replication timing (PTEN and ATM), there were no significant

changes in gene expression levels (Table I).

DISCUSSION

REPLICATION TIMING, TRANSCRIPTION, AND CHROMATIN

ORGANIZATION

Earlier investigations demonstrated that housekeeping, cell and

tissue-specific, and developmentally regulated genes replicate

earlier upon active expression [Groudine and Weintraub, 1981;

Goldman et al., 1984; Hatton et al., 1988; Groudine et al., 1989;

Kitsberg et al., 1993a; Hansen et al., 1996, 2000; Hiratani et al.,

2004]. In contrast, silenced genes, such as those within the inactive

X chromosome, yeast silenced mating type genes [Fangman and

Brewer, 1992; Raghuraman et al., 1997] and genes transfected into

late S phase cells [Zhang et al., 2002] typically replicate later. Few

studies, however, have identified a change in replication timing

prior to changes in transcription [Cimbora et al., 2000; Zhou et al.,

2002]. Hiratani et al. [2004], demonstrated that replication timing

can change during the differentiation of neurons, and that this

change in replication timing was confined to GC poor regions of the

genome. Within the genes which were GC low and that also changed

transcription, more than half demonstrated changed in replication

timing [Hiratani et al., 2004].

While a relationship between replication timing and gene

expression was found using high-throughput studies in higher

Fig. 2. Singlet/doublet percentages for breast cancer-related genes. The

distribution of cells in S phase are shown for each gene that have both alleles

replicated (doublets, white), only one allele replicated (singlet/doublet, dark

gray) and both alleles not replicated (singlets, light gray). Nine of these genes

(TP53, RAD51, PTEN, cMYC, ATM, RB1, CHK2, BRCA1, and BRCA2) are known

to be involved in breast cancer progression (A–I). Two of these genes (ANO1

and TCN1) were chosen from a microarray from among those genes which

changed the most in expression from 10A to 27 CA1a (J–K). PPFIA2 is a known

late replicating gene (L) and COL1A1 is a highly expressed gene in fibroblasts

that is compared between WI38 fibroblasts and the MCF10 lines (M). The

number of determinants for each gene ranged from 140 to 300. Error bars

represent SEM.
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metazoans such as Drosophila melanogaster [Schübeler et al., 2002;

MacAlpine et al., 2004] and in human cells [Woodfine et al., 2004;

White et al., 2004] it was not in yeast [Raghuraman et al., 2001;

Yabuki et al., 2002]. This coordination of replication timing has been

suggested to be due to the need for replication to occur faithfully

once and only once during S phase. Replication is therefore a

synchronous process in that both copies of a given allele will

replicate at approximately the same time during S phase. This is,

however, not the case for genes which display monoallelic

expression due to X inactivation [Ensminger and Chess, 2004] or

imprinting [Kitsberg et al., 1993b] which replicate asynchronously.

Other genomic features have also been correlated with replication

timing. At the sequence level, replication timing has been shown to be

influenced by the cis-elements within the DNA (e.g., GC%, LINEs,

telomericDNA, [Hiratani et al., 2004]). Regionswhichare either high in

GC content, gene density, and/or low in LINE density generally

replicate early [Woodfine et al., 2004]. Still other factors at the DNA

level can influence replication timing. Proximity to telomeres

influences genes to replicate late [Ofir et al., 1999; Stevenson and

Gottschling, 1999]. Furthermore, the length of the DNA of interest was

determined to be important since replication timing varies from the 50

side to 30 side of extremely large genes [Watanabe et al., 2008]. The

tendency for highly active genes to replicate earlymay be independent

of any effect that these cis-elements have on replication timing. In

contrast, other studies indicate that a change in replication timing does

not occur in regions that are below 41% GC [Hiratani et al., 2008].

At a higher level of organization, replication timing has been

related to location with respect to the nuclear periphery [Zhou et al.,

TABLE I. Replication Timing (RT) of Genes

Gene

Average RT (h) Change in RT (h) % Difference
Expression
fold change10A 10AT1 10CA1a 10A vs. 10AT1 10A vs. 10CA1a 10A vs. 10AT1 10A vs. 10CA1a

TP53 2.6 2.7 4.5 0.1 �1.9��� 3.85 73.1 �2.00
RAD51 4.6 3.6 1.0 �1.0 �3.6��� �21.7 �78.3 2.00
ATM 2.1 1.4 1.1 �0.7 �1.0�� �33.3 �47.6 1.03
PTEN 2.0 1.2 1.0 �0.8 �1.0�� �40.0 �50.0 1.10
cMYC 1.9 1.0 1.0 �0.9 �0.9�� �47.4 �47.4 3.00
RB1 1.4 1.6 1.0 0.2 �0.4 14.3 �28.6 �2.24
CHK2 1.0 1.0 0.8 0.0 �0.2 0.00 �20.0 1.47
BRCA1 2.3 3.0 2.6 0.7 �0.3 30.4 13.0 1.10
BRCA2 1.6 2.5 2.3 0.9� �0.7 56.3 43.8 3.10
ANO1 4.8 4.7 1.4 �0.1 �3.4��� �2.08 �70.8 81.0
TCN1 2.6 2.7 4.8 0.1 �2.2��� 3.85 84.6 �104
PPFIA2 6.0 5.7 5.3 �0.3 �0.7 �5.00 �11.7 1.30
COL1A1 4.0 4.5 4.0 0.5 0.0 12.5 0.00 1.02

Changes in RT and % differences between 10A and 10AT1 or 10CA1a demonstrate larger differences between 10A and 10CA1a compared to 10AT1. Differences in
expression show an inverse relationship to RT. The first nine genes are known to be involved in breast cancer progression, the next two are genes among the top changing
in expression in MCF10, and the last two are controls for late replication (PPFIA2) and expression relating to replication timing in MCF10 versus WI38 (COL1A1).
Chi-squared test determines: �P< 0.05, ��P< 0.01, ���P< 0.001.

Fig. 3. Cell cycle characterization of MCF10A lines. A: Percentages of BrdUþ/BrdU� based on 300 cells� SEM for each cell line. B: Growth curves for each cell line. Average of

3 determinations� SEM.
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2002] which is greater in heterochromatin content than the nuclear

interior [Towbin et al., 2012]. This is coincident with the finding that

early replicating genes are more internal and late replicating genes

have a preference for the nuclear periphery [Grasser et al., 2008].

Moreover, these patterns were maintained across evolution [Grasser

et al., 2008; Ryba et al., 2010] and in cancer cells [Grasser et al.,

2008]. It has also been demonstrated that the nuclear localization of

some genes change during the progression of human breast cancer

[Meaburn et al., 2009]. While comparing normal breast cells to

cancerous cells, a subset of genes were found more peripheral upon

carcinogenesis [Meaburn et al., 2009]. In particular HES1 was found

more peripheral in all breast cancer samples.

Recent studies of replication timing across the genome has led to

the emerging concept that replication timing is an epigenetic

property of the genome which is more closely related to the

transcriptional poised state of chromatin rather than transcription

per se [Barton and Crowe, 2001; Goren et al., 2008; Schwaiger et al.,

2009]. It is proposed that replication of genes in early S phase

promotes an ‘‘open state’’ of the chromatin and facilitates

transcription while replication in late S phase leads to a ‘‘closed

state’’ of chromatin and gene silencing [Aran et al., 2011]. In this

view, DNA replication may function as a global modifier of

chromatin structure and transcriptional potential and provide the

basis for chromatin to alter its transcriptional state [Barton and

Crowe, 2001; Goren et al., 2008]. It is further proposed that

replication timing is both a cause and consequence of chromatin

structure by providing a means to inherit chromatin states that

in turn regulate replication timing in subsequent cell generations

[Lucas and Feng, 2003; McNairn and Gilbert, 2003; Esteller, 2008;

Hansen et al., 2010; Ryba et al., 2011].

The findings that the temporal patterns of replication timing at

the genome level are arranged in a series of mbp-sized replication

zones [Selig et al., 1992; Kitsberg et al., 1993a; Simon and Cedar,

1996; White et al., 2004; Farkash-Amar et al., 2008; Göndör and

Ohlsson, 2009] provides a basis to study this regulation at the level

of higher order nuclear architecture. For example, these replication

zones have been directly visualized and persist following extraction

of cells for nuclear matrix architecture [Ma et al., 1999; Wei et al.,

1999; Berezney, 2002].

REPLICATION TIMING, CHROMOSOMAL ABERRATIONS,

AND CANCER

It is fundamentally important to determine whether replication

timing can be altered in cancer cells and the possible role of multiple

chromosomal aberrations that are characteristic of cancer cells in

mediating these alterations. Previous results indicated that replica-

tion becomes asynchronous under conditions where there are extra

autosomes [Amiel et al., 1999]. The replication timing of RB1, TP53,

cMYC, and Her2 are asynchronous in tissues of patients suffering

from autosomal aneuploidy such as Down’s syndrome [Amiel et al.,

1997, 1998] or in patients suffering from lymphoma [Amiel et al.,

1997]. Changes in replication timing were attributed either to

monoallelic expression or loss of replication control. It was further

found that genes that were involved in X chromosome aneuploidy

had two alleles which replicate synchronously while a third allele

replicated later [Ensminger and Chess, 2004]. Identical results were

found for aneuploid autosomes. In our experiments, however,

we did not observe this as the two genes that were investigated on

aneuploid chromosomes (cMYC on chromosome 8 and PTEN on

Fig. 4. Average replication timing of breast cancer-related genes. The average replication timing in hours was calculated based on a 10 h S phase. The percentage of

doubletsþ singlets/doublets was calculated for each gene shown in Figure 2, multiplied by 10 and subtracted from 10 h to estimate the average replication timing in hours.

Based on the chi-squared test, 7 of 13 genes showed significant differences between 10A and 10CA1a (thick brackets), while only BRCA2 (thin bracket) was significantly

different between 10A and 10AT1, and COL1A1 (dotted bracket) is statistically significant comparing MCF10 to WI38; �P< 0.05, ��P< 0.01, ���P< 0.001.
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chromosome 10) replicated synchronously (Fig. 2C, D) in the various

MCF10 cell lines.

Cohen et al. [2007] found that genes involved in the apoptosis

pathway, which is important in cancer progression, replicate early.

Consistent with these findings many of the genes we studied are

implicated in apoptosis and replicated early. Recent results suggest

that replication timing of several genes including those of some cell

cycle and apoptosis genes are altered in colon carcinoma cells that

are p53�/� compared with wild type [Watanabe et al., 2007]. These

authors attributed this change to the effects of p53 on replication.

P53, however, could alter the expression of many genes and thus

alter their replication timing. Other studies have determined that cis-

elements have an effect on replication timing in cancer. Watanabe

et al. [2009] showed that several genes on chromosomes 11q and 21q

that are involved in cancer progression, were located near regions

that switch in sequence from high to low GC content. These regions

have high genomic instability and vary widely in replication timing

(the high GC content regions replicated early whereas the low GC

content regions replicated later [Watanabe et al., 2009]). Further-

more, the timing of replication is related to heterochromatin in

diseased cells. For example, the Epstein–Barr virus genome

replicates late after it has incorporated into the host genome’s

heterochromatin [Zhou et al., 2009].

REPLICATION TIMING ALTERATIONS AND GENE EXPRESSION IN

THE MCF10 HUMAN BREAST CANCER CELL LINES

It is well known that transcriptional profiles are altered as cells

progress towards malignancy including breast cancer [Marella et al.,

2009; Jones et al., 2012; Kuo et al., 2012; Need et al., 2012]. A

fundamental question is whether progression towards a cancerous

state results in replication timing changes in genes and if this can be

related to the transcriptional status. Our previous microarray

expression analysis revealed significant changes (�2-fold) in the

transcriptional levels of �17% of the genes in the CA1a cells

compared to the normal 10A human breast cells [Marella et al.,

2009]. This prompted us to examine the replication timing of

cancer-related genes in the MCF10 cell culture breast cancer model.

Our investigation demonstrated alterations in the replication

timing of a subset of genes commonly involved in cancer. Of the

nine cancer-related genes analyzed, five showed significant changes

(P� 0.05) in replication timing in the malignant 10CA1a cells

compared to their counterpart 10A normal human breast cells. These

alterations are specific to the malignant 10CA1a cells since the

corresponding non-malignant 10AT1 breast cancer cells, which

proliferate at a nearly identical rate as the CA1a cells, had no

significant changes in replication timing for this subset of five

genes. The only significant difference in replication timing between

the non-malignant AT and normal 10A cells was in the BRCA2 gene.

While the malignant 10CA1a cells also showed an alteration in

replication timing of the BRCA2 gene (Table I), this change was not

statistically significant (P¼ 0.24).

Of the five cancer-related genes that showed changes in

replication timing in the CA1a cells, three showed corresponding

changes in transcriptional levels with p53 decreasing in transcrip-

tion with increasing replication timing (2.7–4.5 h, Table I) and the

RAD51 and cMYC genes decreasing in replication timing (4.6–1.0

and 1.9–1.0 h, respectively, Table I) with increasing transcriptional

levels. Despite significant decreases in the replication timing of the

ATM and PTEN, however, there was no corresponding increase in

the transcriptional levels of these genes (Table I).

Moreover, BRCA2 and RB1 changed in expression levels, but did

not change significantly in their replication timing. One explanation

of these findings is that these genes may be located in higher order

replication zones where the transcriptional level, chromatin state or

DNA sequences may dominant in controlling the replication timing

[Selig et al., 1992; Kitsberg et al., 1993a; Simon and Cedar, 1996;

White et al., 2004; Farkash-Amar et al., 2008; Göndör and Ohlsson,

2009].

In conclusion, our findings demonstrate changes in the

replication timing of several cancer-related genes in the MCF10

human breast cancer model cell lines. While changes in

transcriptional levels of genes in cells progressing into malignancy

may be one factor mediating these alterations in replication timing,

other factors are likely involved. We propose that progression

towards the malignant state of the genome may involve alterations

in global epigenetic properties of chromatin such as the

transcriptionally poised state and/or higher order replication

zoning.

MATERIALS AND METHODS

CELL CULTURE

MCF10A, MCF10AT1, and MCF10CA1a cells were obtained from the

Barbara Ann Karamanos Cancer Institute, Detroit, Michigan.

MCF10A and MCF10AT1 were grown in DMEM/F-10 media

supplemented with 5% horse serum, 2% insulin, EGF, hydrocorti-

sone, cholera enterotoxin, and 1% penicillin/streptomycin.

MCF10CA1a was cultured in DEME/F-10 media with 5% horse

serum and 1% penicillin/streptomycin. All cell lines were grown at

37C in a 5% CO2 incubator.

DNA FISH (FLUORESCENCE IN SITU HYBRIDIZATION) AND

IMMUNOFLUORESCENCE

Cells were grown on coverslips and pulsed with BrdU (20mM) for

30min. Hypotonic treatment to swell the cells was performed by

incubating the cells in 0.075M KCl for 10min. Cells were fixed with

(3:1) methanol:acetic acid at �208C overnight. Coverslips were

stored in 70% ethanol at 48C for several days and transferred to

100% ethanol for >1min prior to denaturation. Denaturation of

cells was performed at 758C for 30–90 s in 50% formamide/2XSSC.

BAC probes that span the genes were obtained from Health Research

Incorporated at Roswell Park Cancer Institute, labeled with biotin

with a biotin nick translation kit (Invitrogen, Carlsbad, CA) and

denatured for 10min at 758C. The cells were then hybridized with

the probe overnight followed by three post-hybridization washes of

30min each (wash I: 50% formamide in 2XSSC Tween; wash II:

2XSSC with 0.05% Tween; and wash III:1XSSC). Coverslips were

then immunolabeled with anti-biotin rabbit (1:100) and anti-BrdU

mouse (1:100) antibodies for 45min followed by incubation with

anti-rabbit-alexa 594 (1:100; Molecular Probes) and anti-mouse

488 (1:100; Molecular Probes) for 45min. DAPI was used to

visualize the nuclei. Cells were mounted in prolong gold or
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vectashield/DAPI (1:2,000; Vecta Laboratories) and visualized with

fluorescence microscopy.

STATISTICS

SEMs were calculated using Microsoft excel’s STDEV function and

dividing by the square root of n. P-values were calculated using

chi-squared analysis using Microsoft excel’s CHITEST function.

MICROSCOPY IMAGE ANALYSIS

Images were acquired with an Olympus BX51 upright microscope

(100� plan-apo, oil, 1.4 NA) equipped with a Sensicam QE (Cooke

Corporation) digital charge-coupled device (CCD) camera, motor-

ized z-axis controller (Prior) and Slidebook 4.0 software (Intelligent

Imaging Innovations, Denver, CO). Optical sections were collected at

0.5mm intervals through the z-axis. Nearest neighbor deconvolu-

tion was performed using Slidebook 4.0.
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