


regulatory genes, PBK, BUBI, and CDC20 as determined by microarray-analysis and
verified by Real-Time PCR. In contrast, human NCCIT cells showed over-expression
of GADD45 A and G (growth arrest- and DNA-damage-inducible proteins 45A and
G), as well as down-regulation of OCT4, and NANOG protein. Furthermore,
genistein induced the expression of apoptotic and anti-migratory proteins pS3 and p38
in all cell lines. Genistein also up-regulated steady-state levels of both CYCLIN A and
B.

Conclusions

The results of the present study, together with the results of earlier studies show that
genistein targets genes involved in the progression of the M-phase of the cell cycle. In
this respect it is of particular interest that this conclusion cannot be drawn from
comparison of the individual genes found differentially regulated in the datasets, but

by the rather global view of the pathways influenced by genistein treatment.

Background
Phytoestrogens are a group of plant-derived substances that are structurally and

functionally similar to estradiol, therefore mimicking the effects of estrogen [1].
There are 2 major classes of phytoestrogens: the lignans and isoflavones. Isoflavones
are the most common form of phytoestrogens and are found in a variety of plants, the
greatest dietary source being soy [2-4]. The 2 main isoflavones, genistein and
daidzein, are present in soy primarily as B-D-glycosides [1]. Glycosidic bonds are
hydrolyzed by glucosidases of the intestinal bacteria in the intestinal wall to produce
aglycons [5, 6]. The biologically active aglycons [7] are further metabolized to
glucuronide conjugates in the intestine and liver.

It is difficult to ascertain the estrogenic activity of phytoestrogens in vivo because in

addition to the marked inter-individual variability in metabolism and, hence, serum
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levels obtained, the hormonal milieu of the individual consuming the phytoestrogen
likely impacts its effects [8, 9]. A systematical review of the literature on the effects
of genistein on breast cancer cell growth was performed by de Lemos, and concluded
that at low (<10 umol/L) physiologically relevant levels, genistein stimulates estrogen
receptor positive (ER™) tumors, while at higher (>10 pmol/L) concentrations, appears
to be inhibitory. This has been attributed to the estrogenic properties of genistein
being predominant at low levels, while at higher levels, other anticancer actions of
phytoestrogens predominate [10]. It is important to note, however, that plasma
phytoestrogen levels of over 10 umol/L are difficult to achieve with dietary intake [7].
The estrogenic activity of phytoestrogens may also depend on their affinity for
particular ERs in the body. Phytoestrogens appear to preferentially bind to the ER-f3
and have sometimes been classified as selective ER modulators (SERMS) [9, 11, 12].
ER-B may play a protective role in breast cancer development by inhibiting mammary
cell growth, as well as inhibiting the stimulatory effects of ER-a [11, 13].
Phytoestrogens also have anti-tumor activities that are independent of their estrogenic
activity [1, 14]. Dietary phytoestrogens have been shown to inhibit proliferation of
hormone-independent cell lines [15-17]. For example, genistein has been shown to
evoke G2-M cell-cycle arrest in cancer cell lines [18, 19] via a multiplicity of
interactions, including an inhibition of Cdc2 activity. More recently, genistein has
also been linked with the activation of p38 and inactivation of ERK1/2 in human
mammary epithelial cells [20, 21], indicating that genistein may induce cellular
effects via modulations of the mitogen activated protein kinase (MAP kinase)l
signaling cascade.

Pharmacological doses of genistein inhibit the PTK-dependent transcription of c-FOS

and subsequent cellular proliferation in estrogen receptor negative (ER") human breast



cancer cell lines [22]. Other potential mechanisms that have been reported include
phytoestrogen stimulation of the immune system, antioxidant activity, and inhibitory
effects on angiogenesis [1, 4, 14, 23-25]. These studies were all carried out in vitro.

In this study, we describe the effect genistein has with respect to self-renewal and
proliferation of primary cancer cells and embryonal carcinoma cells, which are the
stem cells of teratocarcinomas and the malignant counterparts of embryonic stem cells
[26, 27]. In particular, we show that genistein regulates the expression of a subset of
genes and their associated signaling pathways. These results might potentially point

into the direction for future cancer stem cell targeting therapies.

Methods

Cell culture
NCCIT cells (ATCC, Wesel, Germany, CRL-2073) were cultured in DMEM

(GIBCO, Karlsruhe, Germany) with 10% bovine serum (Biochrome, Berlin,
Germany), 4 mM L-Glutamin and 1% penicillin-streptomycin. Primary cancer cells
(RMS; GBM; HCC-M) were cultured in Quantum 263 Tumor medium (PAA,
Pasching, Austria) without antibiotics. Cells were cultured in 5% CO2, 95% air and

routinely passaged every 3 days (NCCIT) and 1 week (Cancer cells), respectively.

Genistein treatment
Genistein (Roth, Karlsruhe, Germany) was prepared as a concentration of 50 mg/ml in

DMSO. Cells were counted using Trypan-blue (Sigma, Munich, Germany) and 3 X
105 cells were seeded in a 24 well plate and cultured for 24 h enabling attachment to
the surface, and then treated with S0uM genistein for a further 48h. Incubation with

corresponding amount DMSO served as control.
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coefficients. The values ranging between 0.98 and 0.99 for biological replicates
indicate a high degree of reproducibility (see Additional file 2).

We investigated the primary cancer cell lines GMB1207, eRMS and the NCCIT cells
for differential expression of genes upon genistein treatment. Based on a detection
score > 0.99 and a p-value < 0.01 in all cell lines (genistein vs. DMSO-control), we
observed that in GBM1207 cells, 3419 genes were up-regulated (>1.5-fold) and 516
genes down-regulated (<0.66-fold). Compared to NCCIT and eRMS, GBM1207
presented the largest set of differentially regulated genes. In eRMS cells, we found
161 genes up- and 471 genes down-regulated, compared to the NCCIT cells, where
2214 genes are significantly up-regulated, with 789 genes showing down-regulated
expression. The overlap of differentially expressed genes between treated and
untreated cells is shown in Figure 3. We have compared the common down-regulated
genes between the cell lines (3A), the up-regulated genes (3B) and compared all
differential regulated genes to that of previously published studies in long-term cell

lines (3C).

Analysis of genistein-dependent pathways
To identify common signaling and metabolic pathways in cancer cells that are

modulated by genistein, we merged the datasets of all the primary cancer cell lines
and compared the differentially expressed genes. We found 15 genes that were down-
regulated and 53 genes with increased expression (see Additional file 3). David
Pathway annotation analysis was then carried out with these 53 genes as input. The
top five most enriched KEGG pathways are, Cell-cycle (hsa04110), p53 signaling
pathway (hsa04115), MAPK signaling pathway (hsa04010), regulation of actin

cytoskeleton (hsa04810), DNA polymerase (hsa03030). Up-regulated genes included

-10 -






expression of OCT4, SOX2 and NANOG could not be detected in any primary cancer

cell line tested. Real time validation with GBM 1207 confirmed this result.

Comparison with previously published data

We compared our data with that of previously published datasets related to genistein
[29-31] dependent expression patterns. Because the different pre-requisites used to
carry out these studies, we included all genes significantly differentially expressed,
regardless if they were over- or under-expressed. This analysis revealed a common set
of only three genes differentially expressed between the datasets (Figure 3C). DCXR,
NQO]Iand SCD are involved in key metabolistic pathways, thus suggesting their
important role in genistein-processing and translation of the stimulus into a cellular
response. Another important finding of the comparison between these gene-sets is that
on a pathway level all gene-sets point towards the mitotic cell cycle (Figure 5),

specifically towards the M-phase regulating genes.

Discussion
Cancer is a complex disease, characterized by deregulated proliferation, and aberrant

cell-cycle control. This is an important difference between normal and malignant cells
[32-34].

Previous experimental work addressing the effects of genistein on cell proliferation
and differentiation were performed using prolonged-cultured, transformed cell lines.
These earlier findings, though informative, have short comings with respect to the
genomic integrity of the cells used for these analyses. We have shown that genistein
applied to low passage cultured cells has a noticeable effect on the transcription of
common key regulators of cell-cycle progression. In terms of the mechanism(s) of

action of genistein, NF-kB-mediated repression of GADD45A and G expression has
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been shown to be essential for cancer cell survival [35]. Furthermore, GADD45A
expression has been shown to be induced by genistein treatment of human prostate
cancer cell lines [36]. To test if genistein also imparts similar effects in other cancer
cells, we initially used the embyonal carcinoma cell line (NCCIT) which has
properties of cancer cells as well as pluripotent cells [26, 27]. GADD45G and
GADDA45A are regulators of the cell-cycle at the G2/M transition [37] and act as
tumor suppressors [38]. The direct effect of genistein on GADD45 gene expression
has been shown before [36]. In this study, we have verified this effect for GADD45G
and GADD45A. Furthermore, GADD45G has been shown to be a negatively
regulated, direct downstream target of OCT4 [27, 39, 40]. Indeed, genistein treatment
of NCCIT cells led to the induction of GADD45A and GADD45G expression, as
shown previously with other cancer types. Additionally, we noticed a reduction in
NANOG transcription but not that of OCT4 and SOX2. A reduced level of NANOG
could not be linked to a differentiation phenotype, but rather to reduced proliferation
in NCCIT cells [27]. As shown before, down-regulation of OCT4 leads to the down-
regulation of NANOG, we assume that our observed decrease in the transcript level of
NANOG is a downstream effect of genistein-induced depletion of OCT4 protein [41].
Furthermore, a decrease in OCT4 and NANOG protein was detected. We speculate
that genistein treatment might indirectly down-regulate OCT4 expression, possibly
mediated by the up-regulated expression of GADD45G. Our investigation was
designed to evaluate the effects of genistein on cellular proliferation and changes in
cell morphology in primary cancer cells derived from tumour tissue and cultured for
only a brief period. Employing both a cell culture system and global expression
analysis, we elucidated effects of genistein which are shared between 3 different

primary cancer cells and the embryonal carcinoma cell line -NCCIT.

-13-



Evidence for genistein-induced effects was the obvious reduction of cells in the
treated sample, and closer examination showed a complete re-structuring of the
morphology of the cells towards that of fibroblasts. This observation is unclear at the
moment because we could not see an increase in the expression of the epithelial
markers, EPCAM, CDHI or KRTI0 in NCCIT cells, unlike the primary cancer cell
lines.

As anticipated, the Gene Ontology (GO) and the KEGG pathway analysis revealed an
over-represented number of genes involved in check-point control of the cell-cycle
and associated signaling pathways (p53- and ubiquitin-proteasome-pathway). The
most over-represented pathway in our studies was the cell-cycle, specifically the
control of cell-cycle progression (Figure 4).

The cell-cycle regulates cell growth and division to ensure that every cell receives a
complete set of chromosomes. Mis-segregation of chromosomes may lead to genomic
instability, which can be found in a wide variety of tumors, such as colon, breast,
prostate, oropharynx or lung cancer, leukemia and lymphoma [42-49].

The expression pattern of CYCLINS dictates the point in the cell-cycle at which they
act. CYCLIN A and B, which were down-regulated in NCCIT, glioblastoma and
rhabdomysarcoma cells are associated with both CDK1 and CDK?2, which govern the
transition through G1-phase of the cell-cycle, past the restriction point.
Down-regulation of CYCLIN A could be a potential target for cancer treatment,
because its over-expression is known to feedback onto p53 and is associated with an
increased risk of cancer in humans [50].

The G1/S checkpoint appears to be the most crucial step in the genesis and

progression of cancer [51, 52]. It is triggered by the kinase, CHK1, which we found
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down-regulated in NCCIT cells and in the GBM and the eRMS cell line. This could
be a possible explanation for the decrease in mitosis seen upon genistein treatment.

A specific mechanism which guarantees genomic integrity is the control of the spindle
assembly checkpoint [53, 54]. This is under the control of BUBI1, believed to function
primarily on the mitotic spindle checkpoint. The ultimate target of the checkpoint is
inhibition of the anaphase promoting complex (APC), which is essential for cell
differentiation or accurate DNA replication in the following S phase [55, 56]. The
affinity of activators of the APC is regulated by CDC20; although it is controversial
whether phosphorylation of CDC20 is necessary for APC activation in human cells
[57-59], it is required for its inhibition by the spindle checkpoint [60].

The PDZ binding kinase (PBK), which is up-regulated in various neoplasms [61, 62]
and in genistein-treated cells, has been the focus of attention, especially the
elucidation of its role in malignant conversion and as a possible therapeutic target in
numerous types of cancers. Although PBK expression has been shown to correlate
with proliferation of cancer cells [63], PBK silencing does not prevent progression
through the cell-cycle. However, cells with decreased PBK expression have impaired
p38 activation after growth-factor stimulation. This correlates with decreased motility,
and after treatment with DNA-damaging agents, results in increased DNA damage
and sensitivity towards genotoxic agents [63]. These cells also displayed reduced
long-term proliferation and a reduction in anchorage-independent growth.

PBK expression has been shown to be down-regulated during induced growth arrest
in G2/M phase and to be regulated by cell-cycle-specific transcription factors such as
E2F and CREB/ATF [64]. Aberrant entry into the mitotic phase has been shown to be

due to down-regulation of p53 caused by direct physical interaction with PBK [65].
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emerging phase I and II trials of this potent cell-cycle regulating compound in the

treatment of cancer patients.
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Figure 2 - Morphology and mitotic index of genistein treated cells.
(A) Phase-contrast and immunofluorescence micrographs of untreated (DMSO) and

treated (S0uM genistein/48h) cells. Hs68 cells serving as negative control did not
show changes in morphology upon treatment. Genistein-treated cancer cell lines in
comparison (GBM 1207, HCC, HCC-M) show clear morphological changes,
resembling a more fibroblast-like type. (B) The effect of genistein treatment on 8
different cell lines was investigated by calculating the mitotic index of each sample.
Frequency of mitosis in each matching DMSO-control was set as 100% for each cell
line and the relative decrease upon treatment was calculated. The threshold for
significance was set to 75% mitoses (grey line). Hs68 cells served as negative control
(MI >87% after treatment). Interestingly, both cell lines (MCF7 and U373) also
showed only mild response to the treatment and mitotic indices were preserved at
levels >82% compared to the corresponding control. In NCCIT cells as well as
primary cancer cells, the observed effect on levels of mitosis was significantly high.
Mitosis rates were as low as 3,3% (eRMS); 36,21 (NCCIT); 43,43% (prim. GBM);

73,28 (metastasis of HCC).

Figure 3 - Cell-type comparison of differentially regulated genes after
Genistein treatment.

Venn diagram illustrating distribution of down-regulated (A) and up-regulated (B)
genes after genistein treatment compared to their respective DMSO-controls. The
description of the common regulated genes is given in Additional file 3. (C) Venn
diagram of differentially regulated genes identified in our study, compared to [29-31].
Figure 4 - Real-Time PCR validation of selected target genes

(A) NCCIT cells (B) GBM1207 cells. In the NCCIT cell line, the expression of the

mitotic M-phase related gene, PBK, was not detected and BUB1 was not significantly

regulated based on the Illumina microarray analysis.

_26 -



Figure 5 - Distribution of genistein induced cell-cycle regulating genes.
Amongst the down-regulated targets (> 0.66), genes of the M-phase of the mitotic

cycle are significantly over-represented. (A) GO clustering for biological processes
(B) Pie chart representing the relative number of M-phase related genes. (C) GO
clustering for biological processes from the datasets of [29-31]. (D) Pie chart
illustrating the relative numbers of genistein targeted M-phase genes. The

corresponding table shows examples of genes specified in each GO cluster

Additional files

Additional file 1

File format: XLS

Title: Sequences of primers used for Real-Time PCR

Description: Sequences of primers used for Real-Time PCR validation of selected
genes

Additional file 2

File format: XLS

Title: Summary of the expression data and the corresponding gene annotations
Description: Expression profiles of genistein treated cell lines and their respective
controls (GBM1207, eRMS, NCCIT).

Additional file 3
File format: XLS
Title: Common set of differentially regulated genes.

Description: 53 genes were up-regulated and 15 genes were commonly down-
regulated in the investigated NCCIT, eRMS and GBM 1207 cell lines.
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