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Polycomb-repressive complex 2 (PRC2)-mediated histone methylation plays an important role in aberrant
cancer gene silencing and is a potential target for cancer therapy. Here we show that S-adenosylhomocysteine
hydrolase inhibitor 3-Deazaneplanocin A (DZNep) induces efficient apoptotic cell death in cancer cells but not
in normal cells. We found that DZNep effectively depleted cellular levels of PRC2 components EZH2, SUZ12,
and EED and inhibited associated histone H3 Lys 27 methylation (but not H3 Lys 9 methylation). By
integrating RNA interference (RNAi), genome-wide expression analysis, and chromatin immunoprecipitation
(ChIP) studies, we have identified a prominent set of genes selectively repressed by PRC2 in breast cancer that
can be reactivated by DZNep. We further demonstrate that the preferential reactivation of a set of these genes
by DZNep, including a novel apoptosis affector, FBXO32, contributes to DZNep-induced apoptosis in breast
cancer cells. Our results demonstrate the unique feature of DZNep as a novel chromatin remodeling
compound and suggest that pharmacologic reversal of PRC2-mediated gene repression by DZNep may
constitute a novel approach for cancer therapy.
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Epigenetic alterations play important roles in cancer de-
velopment. These alterations include both DNA hyper-
methylation and chromatin modifications such as his-
tone methylation and deacetylation (Jones and Baylin
2002; Feinberg and Tycko 2004; Fraga et al. 2005; Baylin
and Ohm 2006). Many tumor suppressors have been
found to be inactivated by epigenetic silencing, provid-
ing cancer cells with selective advantages for clonal ex-
pansion and growth (Baylin and Ohm 2006). Unlike
genes harboring disabling genetic mutations, epigeneti-
cally silenced tumor suppressor genes can be reactivated
to cause cells to go into apoptosis or senescence. This
feature makes epigenetic modifications ideal targets for
therapeutic interventions in cancer. Therapeutic agents

aimed at reactivating silenced genes include DNA de-
methylating agents 5-Azacytidine and its deoxy analog
5-Aza-2�-deoxycytidine (5-AzaC), as well as histone
deacetylase inhibitors (HDACI) (Marks et al. 2004; Neb-
bioso et al. 2005; Yoo and Jones 2006). It has been shown
that the specific inhibitors of DNA methylation, 5-Aza-
cytidine and its deoxy analog 5-AzaC, can inhibit DNA-
dependent methyltransferase (DNMT) activity and re-
verse the repression of tumor suppressor genes. This
therapy has been used to treat hematological malignan-
cies (Jones and Baylin 2002). Clinical trials are also un-
derway for agents that interfere with enzymes that
modify histones, such as HDACI (Marks et al. 2004;
Nebbioso et al. 2005).

Polycomb group (PcG) proteins are known to have the
ability to promote gene repression through epigenetic
modification of chromatin structure (Kennison 1995;
Levine et al. 2004; Lund and van Lohuizen 2004; Pirrotta
2006). PcGs are highly conserved from Drosophila to hu-
man (Kennison 1995; Pirrotta 1999; Kennison 2004) and
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form multiple Polycomb-repressive complexes (PRCs).
PRCs contain intrinsic histone methyltransferase
(HMTase) activity and maintain gene repression through
methylation of core histones (Beisel et al. 2002; Cao et al.
2002; Milne et al. 2002; Muller et al. 2002; Nakamura et
al. 2002). Among PcG proteins, PRC2 is of particular
importance since it has been linked to stem cell biology
and cancer (Kleer et al. 2003; Gil et al. 2005; Bernstein et
al. 2006; Boyer et al. 2006; Bracken et al. 2006; Holden
2006; Kalantry et al. 2006; Kamminga et al. 2006; Lee et
al. 2006). PRC2 contains three core components: EZH2,
SUZ12, and EED (Levine et al. 2004; Kuzmichev et al.
2005). EZH2 contains the HMTase activity, and SUZ12
and EED are required for this activity (Cao and Zhang
2004; Pasini et al. 2004; Montgomery et al. 2005). EZH2
catalyzes histone H3 Lys 27 (H3-K27) methylation and is
required for PRC2-mediated gene repression (Cao et al.
2002; Muller et al. 2002; Kirmizis et al. 2004; Kuzmichev
et al. 2005).

Human EZH2 (and its associated H3-K27 methyltrans-
ferase [MTase] activity) has been linked to cancer. It is
overexpressed in metastatic prostate and breast cancer
(Sellers and Loda 2002; Varambally et al. 2002; Bracken
et al. 2003; Kleer et al. 2003; Rhodes et al. 2003) and has
been associated with breast cancer aggressiveness (Kleer
et al. 2003). In addition to EZH2, SUZ12 is also up-regu-
lated in several human tumors including those of the
colon, breast, and liver (Kirmizis et al. 2003, 2004). In
cultured cells, EZH2 was found to be essential for cell
proliferation, and overexpression of EZH2 promoted cell
transformation (Varambally et al. 2002; Bracken et al.
2003). Thus, as a potential repressor of tumor suppressor
genes, the PRC2 complex appears to be an attractive tar-
get for therapeutic intervention. However, the mecha-
nism whereby the PRC2 complex promotes tumor pro-
gression has not been clearly determined, in part because
little is known about the PRC2 target genes specifically
repressed in cancer cells. In addition, no drug has been
found thus far to perturb PRC2-mediated gene silencing
for potential cancer epigenetic therapy.

3-Deazaadenosine analogs are potent inhibitors of S-
adenosylhomocysteine (AdoHcy) hydrolase (Chiang and
Cantoni 1979; Liu et al. 1992). Inhibition of AdoHcy hy-
drolase results in the cellular accumulation of AdoHcy,
which in turn causes by-product inhibition of S-adono-
syl-L-methionine-dependent MTases (Chiang and Can-
toni 1979). Although a variety of biological effects have
been observed for the 3-deaza nucleosides (Chiang 1981;
Razin et al. 1988; Chiang et al. 1992), its effects on chro-
matin modifications and global gene expression have not
been explored. In this study, we found that 3-Deazan-
eplanocin A (DZNep), one of the most potent AdoHcy
hydrolase inhibitors (Glazer et al. 1986), can induce ro-
bust apoptosis in cancer cells but not in normal cells.
Importantly, DZNep appears to be a unique chromatin
remodeling compound that can deplete the cellular
PRC2 proteins and inhibit the associated histone meth-
ylation. We demonstrate that reactivation of PRC2-re-
pressed genes contributes to DZNep-induced apoptosis
in breast cancer cells.

Results

DZNep induces apoptotic cell death in cancer cells
but not in normal cells

We have shown previously that HDAC inhibitors pro-
mote E2F1-dependent apoptosis (Zhao et al. 2005; Tan et
al. 2006). In an effort to find other HDACI-like com-
pounds, we screened a National Cancer Institute library
consisting of nearly 4000 compounds. From this we iden-
tified a small-molecule compound, NSC 617989, as a
strong activator of oncogene E2F1-mediated apoptosis in
our cellular system (X. Yang, J. Tan, and Q. Yu, unpubl.).
This compound, DZNep (Fig. 1A), is a known inhibitor
of AdoHcy hydrolase (Glazer et al. 1986). We found that
DZNep at 5 µM induced time-dependent cell death in
breast cancer MCF-7 and colorectal cancer HCT116
cells, as determined by propidium iodide (PI) staining
and flow cytometry analysis (Fig. 1B). We further dem-
onstrated that DZNep-induced cell death proceeds
through apoptosis. Figure 1C shows that DZNep treat-
ment of MCF-7 and HCT116 cells induces marked loss
of mitochondrial transmembrane potential (MTP)
(��m), which is an indicator of mitochondrial dysfunc-
tion. Furthermore, cleavage of poly (ADP-ribose) poly-
merase (PARP), a caspase 3 substrate, was easily detect-
able in DZNep-treated cells (Fig. 1D). These results sug-
gest that DZNep triggers apoptotic cell death involving
mitochondria dysfunction and caspase activation.

We next extended our analysis to other types of cancer
cells and investigated whether DZNep would induce cell
death in normal cells. As expected, DZNep at 5 µM also
induced cell death in a variety of other cancer cell lines,
including breast cancer MB-468 cells, colorectal cancer,
RKO, SW480, hepatoma Hep3B, and prostate cancer DU-
145 cells (Fig. 1E). In contrast, DZNep did not induce
obvious cell death in normal cells, including noncancer-
ous breast epithelial MCF-10A cells, lung epithelial
IMR90 cells, primary human lung fibroblast cells MRC-
5, and human skin fibroblast cells T-HFF. Therefore,
DZNep appeared to preferentially induce apoptosis in
cancer cells.

DZNep depletes PRC2 proteins and inhibits histone
H3-K27 methylation

We next investigated the molecular mechanism of
DZNep-induced apoptosis in cancer cells. Because
DZNep produced a similar phenotype as that caused by
HDACI in our cellular screening and PRC2-mediated
gene repression depends on HDAC activity (van der Vlag
and Otte 1999; Varambally et al. 2002), we explored the
possibility that DNZep might interfere with PRC2 pro-
teins and related histone methylations.

As shown by Western blot analysis (Fig. 2A), treatment
of MCF-7 or HCT116 cells with 5 µM DZNep for 48 and
72 h resulted in the dramatic decrease in protein levels of
the three PRC2 components: SUZ12, EZH2, and EED. In
agreement with the previous findings that H3-K27 is a
specific substrate of PRC2 HMTase (Cao et al. 2002),
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trimethylation of histone 3 at Lys 27 (H3-K27me3) was
strongly reduced in DZNep-treated cells. In contrast,
histone H3 trimethylation at Lys 9 (H3-K9me3)—which
is mediated by another histone MTase, Suv39h1 (Rea et
al. 2000; Peters et al. 2001; Lehnertz et al. 2003)—was
not affected by DZNep treatment. In addition, DZNep
treatment did not affect histone H3 acetylation. The ex-
pression level of the DNA MTases, known to be depleted
upon DNMT inhibitor treatment (Velicescu et al. 2002;
Cheng et al. 2004), remained unchanged with DZNep.
Also in line with the previous demonstrations that PRC2
has no effect on H3-K27 monomethylation (Cao and
Zhang 2004; Pasini et al. 2004), we found that DZNep
did not inhibit monomethylation of H3-K27. DZNep
treatment also resulted in the loss of another repressive
histone mark, H4-K20 trimethylation (Fig. 2B). Thus, the
effect of DZNep on H3-K27 methylation was selective
but not specific.

To understand the kinetics of the changes in EZH2
and H3-K27 methylation following DZNep treatment
we performed a time-course analysis (Fig. 2C). Our data
showed that DZNep induced the down-regulation of
EZH2 as early as 2 h after treatment, which was followed
by the inhibition of H3-K27me3 at later time points.

H3-K9me3 and total H3 levels, on the contrary, re-
mained unchanged throughout the time course of
DZNep treatment. These changes occurred prior to the
induction of apoptosis and thus they are not likely to be
the consequence of apoptotic response.

To investigate whether the reduction of the PRC2 pro-
teins is due to the reduced expression of PRC2 mRNAs,
we performed RT–PCR analysis. Figure 2D shows that
the mRNA levels of each of the PRC2 proteins remained
unchanged after DZNep treatment, indicating that the
decrease in PRC2 components is a result of a post-tran-
scriptional mechanism. It is known that PRC2 complex
is subjected to proteosome-mediated degradation (Pasini
et al. 2004). To determine if the DZNep-induced deple-
tion of the PRC2 complex is caused by protein degrada-
tion, we treated MCF-7 cells with DZNep in the pres-
ence or absence of three different proteosome inhibitors
(MG132, LLNL, and MG115). As shown in Figure 2E,
treatment with each proteosome inhibitor at least in part
prevented the down-regulation of EZH2 and SUZ12 pro-
tein levels in response to DZNep. These results demon-
strated that DZNep depleted the PRC2 proteins through
increased protein degradation.

We next explored whether the decrease in the PRC2

Figure 1. DZNep preferentially induces
apoptosis in cancer cells. (A) Chemical struc-
ture of DZNep. (B) MCF-7 and HCT116 cells
were treated with 5 µM DZNep for 48 and 72
h, followed by PI staining and FACS analysis.
(C) MCF-7 and HCT116 cells were treated
with DZNep for 72 h, followed by JC-1 stain-
ing and FACS analysis. MTP was quantified
by the cells with lower membrane potential
(��m). (D) MCF-7 and HCT16 cells were
treated with 5 µM DZNep for 48 and 72 h, and
whole-cell extracts were analyzed by Western
blotting. Cleavage of PARP was detected after
DZNep treatment. �-Actin was used as a
loading control. (E) Cell death response of a
variety of cancer cells and normal cells to
DZNep. Indicated cells were treated with 5
µM DZNep for up to 120 h and the cell death
was measured by PI staining and FACS analy-
sis. Data represent ±SD from three indepen-
dent experiments.
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complex is responsible for DZNep-induced apoptosis.
The expression level of EZH2 mRNA in MCF-7 cells was
fivefold higher than that in MCF-10A cells (data not
shown), and thus we used these two cell lines to test
whether knockdown of PRC2 proteins (EZH2, EED, and
SUZ12) would result in apoptosis in these cells. Western
blot analysis of small interfering RNA (siRNA)-treated
MCF-7 cells for 72 h confirmed the knockdown effi-
ciency (Fig. 2F). Notably, the knockdown of each of the
PRC2 proteins resulted in the down-regulation of the
other two components, a result in agreement with the

previous finding that the protein level of each PRC2
component is dependent on the presence of the other
members of the complex (Pasini et al. 2004). As an ex-
pected result of PRC2 knockdown, histone H3-K27 tri-
methylation was markedly reduced, while the H3-K9 tri-
methylation and total H3 levels remained unchanged
(Fig. 2F). Notably, PRC2 siRNA treatments resulted in
significant apoptosis in MCF-7 cells compared with
MCF-7 cells receiving a control siRNA, whereas PRC2
siRNA did not induce apoptosis in MCF-10A cells (Fig.
2G). These findings indicate that DZNep-induced apo-

Figure 2. Effects of DZNep on PRC2 proteins and histone methylations. (A) MCF-7 and HCT116 cells were treated with 5 µM DZNep
for 48 and 72 h and cells were harvested for Western blot analysis using antibodies detecting the indicated proteins. (B) MCF-7 cells
were treated with DZNep for 48 h and the levels of indicated histone methylations were examined by Western blot analysis. (C) MCF-7
cells were treated with DZNep for the indicated times and cells were harvested for Western blot analysis of the indicated proteins. (D)
MCF-7 and HCT116 cells were treated as in A and total RNA was isolated for RT–PCR analysis of EZH2, EED, and SUZ12 mRNA
levels. (E) MCF-7 cells were treated with DZNep for 18 h, followed by the addition of proteosome inhibitors MG132 (5 µM), LLNL (50
µM), or MG115 (20 µM) for 8 h. Cells were harvested for Western blot analysis of EZH2 and SUZ12. (F) MCF-7 cells were treated with
siRNA targeting EZH2, EED, or SUZ12 individually. After 72 h, cells were harvested and the levels of PRC2 proteins and H3-K27me3,
H3-K9me3, and total H3 were examined by Western blot analysis as indicated. (G) MCF-7 and MCF-10A cells were treated as in F and
cell death was measured by PI staining and FACS analysis. Data represent ±SD from three independent experiments.
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ptosis in MCF-7 cells resulted, at least in part, from the
decrease in the PRC2 complex.

Identification of PRC2-repressed genes reactivated
by DZNep in breast cancer cells

As our data suggest that the induction of apoptosis by
DZNep in cancer cells may be due to the release of
PRC2-mediated transcriptional repression, we next
sought to determine a common set of target genes re-
pressed by PRC2/H3K27me3, which can be reactivated
upon DZNep treatment. We focused these studies on
breast cancer cells since EZH2 expression levels in
MCF-7 cells are fivefold higher compared with MCF-10A
cells (data not shown). Using the same siRNA strategy as
above, we first analyzed the changes in global gene ex-
pression after individual knockdown of the three core
components of PRC2 (EZH2, SUZ12, and EED) using Il-
lumina 24K Gene Expression BeadChips. Subsequent
data analysis revealed 708, 684, and 572 genes up-regu-
lated more than twofold after EZH2, EED, and SUZ12
siRNA treatment, respectively. In total, there were 1402
genes whose expression was increased upon knockdown
of at least one out of three PRC2 proteins. To be inclu-
sive, we considered all 1402 genes to be potential PRC2
target genes in subsequent analyses.

We next performed an array analysis to identify genes
up-regulated by DZNep. Treatment of MCF-7 cells with
DZNep for 72 h led to the up-regulation of 751 genes
twofold or greater. Comparing this DZNep-inducible
gene list with the 1402 candidate PRC2 target gene list,
we identified an overlap of 140 genes (p < 0.0001) (Fig.
3A). We consider these 140 genes to be PRC2-repressed
targets that can be transcriptionally reactivated by
DZNep. The remaining 611 genes induced by DZNep
but apparently unaffected by PRC2 knockdown may rep-
resent targets repressed by other MTases, as DZNep
would also inhibit their function.

Since the inhibition of the PRC2 complex induces
apoptosis in MCF-7 cells but not in MCF-10A cells, we
reasoned that some of the PRC2 target genes in MCF-7
cells might be differentially expressed between cancer-
ous and noncancerous cells and thus respond to DZNep
treatment differently. Thus, to identify genes specifi-
cally repressed by PRC2 in breast cancer cells, we gen-
erated expression data from the noncancerous MCF-10A
cells that were either untreated or treated with DZNep
(Supplementary Table S1). As illustrated in Figure 3B,
gene clustering revealed that, of the 140 genes sensitive
to DZNep and PRC2 knockdown in MCF-7 cells, 44 had
at least twofold lower expression in MCF-7 cells com-
pared with MCF-10A cells. The remainder of the puta-
tive PRC2 target genes was expressed either at similar
levels between the two cell types or at higher levels in
MCF-7 cells (Fig. 3B). Subsequent RT–PCR analysis on a
random subset of 10 of these genes confirmed their si-
lenced or repressed expression in MCF-7 cells compared
with MCF-10A cells, which was restored upon DZNep
or PRC2 siRNAs treatment (Fig. 3C). While DZNep
treatment resulted in an average fourfold induction of

these 44 genes in MCF-7 cells, no obvious change (less
than onefold) was observed in MCF-10A cells (Fig. 3D).
Thus, we have uncovered a set of 44 genes specifically
repressed by PRC2 in cancerous as opposed to normal
breast epithelial cells that can be reactivated upon
DZNep treatment. Within this list may be the genes
responsible for the apoptotic response of DZNep on
MCF-7 cells.

Gene Ontology (GO) analysis revealed that these genes
were remarkably enriched for their roles in growth inhi-
bition or apoptosis, as seen in TGFBI and IGFBP3 (Fig.
3E). Thus, these genes are likely to be putative tumor
suppressors of the malignant phenotype epigenetically
silenced or repressed by PRC2 in breast cancers. Prefer-
ential reactivation of PRC2-repressed growth control
genes in cancer cells relative to the normal cells might
explain the cancer selectivity of DZNep.

To determine whether our findings in cancer cell lines
are representative of primary breast tumors, we queried a
gene expression data set of 28 primary breast tumor
samples and nine normal breast tissues for the expres-
sion of our 44 genes specifically repressed by PRC2 in
MCF-7 cells. Of these 44 genes, 34 unique probes were
found to be present in this Affymetrix array data set.
Together with EZH2, SUZ12, and EED, this gene set
clearly separated the tumor and normal samples by using
unsupervised cluster analysis (Fig. 3F). A subset of 17
genes (Cluster I) showed lower expression in breast tu-
mors relative to the normal breast tissues, which, as ex-
pected, was correlated with the higher EZH2 and SUZ12
expression in breast tumors. These data strongly suggest
that this subset of PRC2 targets is the clinically relevant
one whose expression is repressed in primary human
breast cancers.

Effect of DZNep on PRC2 and RNA polymerase II
(RNA Pol II) occupancy on target promoters

We next used chromatin immunoprecipitation (ChIP) to
determine whether PRC2 binds to the target gene
promoters described above, and whether this binding is
affected by DZNep treatment. To gain further mechanis-
tic insight, we also analyzed the promoter occupancy for
RNA Pol II, as RNA Pol II and PRC2 are known to oc-
cupy gene promoters in a mutually exclusive manner
(Lee et al. 2006; Vire et al. 2006). We reasoned that the
depletion of PRC2 by DZNep would result in increased
RNA Pol II recruitment to the PRC2 target gene promot-
ers. We examined eight candidate PRC2 target gene pro-
moters using ChIP PCR primers designed within the
core promoter region (Fig. 4A); 95% of PRC2-binding
sites are known to localize to within 1 kb of the tran-
scription start site of a gene with or without a CpG is-
land (Lee et al. 2006). As shown by ChIP analysis per-
formed using SUZ12 or RNA Pol II antibodies, untreated
MCF-7 cells displayed strong binding of SUZ12 to all
eight gene promoters, whereas only background or mini-
mal binding was detected in nonspecific IgG or RNA Pol
II pull-down samples (Fig. 4B). Forty-eight hours after
treatment with DZNep, SUZ12 binding was markedly
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reduced, and Pol II binding increased on all eight pro-
moters. Taken together with the re-expression of these
genes after depletion of PRC2 by DZNep, these findings
confirmed that PRC2 binding to these gene promoters is
required for their transcriptional repression. Disruption
of PRC2 proteins by DZNep reduced this binding, result-
ing in the increased recruitment of RNA Pol II and tran-
scriptional activation of these PRC2 target genes.

Reactivation of PRC2-repressed targets by DZNep
is not attributed to DNA demethylation

It has been shown that EZH2 can directly control DNA
methylation through the recruitment of DNMT to cer-
tain PRC2 target gene promoters (Vire et al. 2006). This
raises the possibility that DZNep-mediated reactivation
of PRC2 target genes might be the result of DNA de-

Figure 3. Identification of DZNep-activated PRC2 target genes in breast cancer cells. (A) Vent diagram showing the overlapping genes
up-regulated in DNZep-treated and PRC2 siRNA-treated MCF-7 cells. Cells were treated with DZNep or individual EZH2, EED, or
SUZ12 siRNA for 72 h and gene expression was performed using the Illumina 24K BeadArray system. Genes (751) were up-regulated
for twofold or greater upon DZNep treatment and 1402 genes were up-regulated for twofold or greater in at least one out three PRC2
knockdown conditions. (B, left panel) Cluster diagram showing the PRC2 targets expressed differentially in MCF-7 and MCF-10A cells.
Genes are rank-ordered by levels of high expression (red) and low expression (green) in MCF-7 cells relative to MCF-10A cells.
Clustering of 44 target genes selectively repressed in MCF-7 cells and their reactivation by DZNep or siRNAs targeting individual
PRC2 proteins is shown in the right panel. (C) RT–PCR validation of 10 PRC2 target genes. (D) Averaged fold of induction of 44 PRC2
targets by DZNep in MCF-10A versus MCF-7 cells. (E) GO assignments of the gene functions. (F) Hierarchical clustering of PRC2
target genes in primary breast tumors (T) and normal breast tissues (N). Cluster I represents the PRC2 target genes whose expression
is down-regulated in primary tumors compared with the normal tissues.
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methylation. If so, the treatment of MCF-7 cells with the
DNA demethylating agent 5-AzaC or in combination
with the HDACI trichostatin A (TSA) should also be able
to reactivate these genes. To test this hypothesis, we
used the same BeadArray expression analysis on MCF-7
cells treated with either 5-AzaC alone or with TSA and
compared this with the previously profiled DZNep-
treated MCF-7 cells. The 140 genes we previously iden-
tified as PRC2-repressed and DZNep-activated in MCF-7
cells (see above) did not show significant activation upon
either 5-AzaC or 5-AzaC/TSA treatment as compared
with DZNep (Fig. 5A, left panel). However, as a positive
control for 5-AzaC and 5-AzaC/TSA treatment,
p18INK4C expression showed a strong induction (three-
fold and 18-fold, respectively) (Fig. 5A, right panel). Thir-
teen of the 140 PRC2 target genes (∼10%) were increased
threefold or greater upon combined treatment of 5-AzaC
and TSA (see Supplementary Table S2), suggesting that
only a small portion of DZNep-induced PRC2 target
genes can be induced through DNA methylation. How-
ever, this did not appear to be the case for the remaining
PRC2 targets since the same treatment did not induce
their expression.

To obtain direct evidence to support our conclusion,
we performed a quantitative DNA methylation analysis
using the SEQUENOM MassARRAY System that uses
MALDI-TOF mass spectrometry (MS) analysis of base-
specifically cleaved amplification products (Ehrich et al.
2005). We analyzed methylation patterns of 21 PRC2 tar-
get genes in MCF-7 cells, comparing the methylation
patterns between untreated cells, cells treated with
DZNep, and cells treated with 5-AzaC (see Supplemen-
tary Table S3). The results revealed that nearly 50% of
these PRC2 target genes were unmethylated in exam-
ined amplicons. Thus, it is unlikely that DNA methyl-
ation is responsible for the silenced expression of all
PRC2 targets. Figure 5B shows the methylation patterns
of six representative PRC2 target gene promoters that are
either unmethylated (TGFBI, KRT17, and PPP1R15A) or
hypermethylated (FBXO32, KRT7, and IGFBP3) and

their changes in expression levels following the above
treatments, as measured by real time RT–PCR analysis
(right side). For unmethylated genes, it is obvious that
their activation by DZNep is independent of DNA meth-
ylation status. For FBXO32 and KRT7 that appeared to
be hypermethylated in many CpG sites, we found that
both DZNep and 5-AzaC induced demethylation of
some CpG sites, suggesting that DZNep treatment in-
deed can cause DNA demethylation in these genes.
However, while treatment with 5-AzaC or 5-AzaC plus
TSA failed to induce expression of these genes, DZNep,
in contrast, strongly activated their expression (Fig. 5B).
Thus, DNA demethylation alone might not be a major
contributing factor in DZNep-induced gene reactivation.
However, we do not exclude the possibility that DNA
demethylation events in certain PRC2 target gene pro-
moters are functionally important for achieving optimal
gene activation, perhaps in coordination with changes in
histone methylations to produce a synergistic effect.

Identification of PRC2 target genes associated
with cellular sensitivity to DZNep

To determine whether our DZNep observations in
MCF-7 cells were consistent with other breast cancer
cell lines, we treated MDA-MB-468, SK-BR-3, MDA-MB-
231, T47D, and BT-549 cell lines with DZNep. The
apoptotic response in a time-course analysis revealed
that these cell lines exhibited a varied sensitivity to
DZNep. Similar to MCF-7 cells, MDA-MB-468, SK-BR-3,
and T47D cells were highly susceptible to DZNep-in-
duced cell death. In contrast, the response of the MDA-
MB-231 and BT-549 cell lines was similar to the noncan-
cerous MCF-10A cells; that is, they were resistant to
DZNep-induced cell death (Fig. 6A).

The cellular sensitivity to DZNep may be a result of
differential gene activation between these cell lines, so
we were next interested in identifying such differences
between DZNep sensitivity and resistance. We gener-
ated similar BeadArray gene expression data for these

Figure 4. DZNep treatment removes the
binding of PRC2 to their target genes and
increases the binding of RNA Pol II. (A)
Schematic representations of 5�-flanking
regions of candidate PRC2 target genes.
Arrows point to the transcription start
sites. Vertical bars indicate CpG sites. Re-
gions analyzed by PCR are shown by black
bars at the bottom. ChIP primers are lo-
cated on the core promoter regions of ana-
lyzed genes. (B) ChIPs show that DZNep
treatment reduces the binding of SUZ12 to
the promoter of target genes but increases
binding of RNA Pol II to these gene pro-
moters. Nonspecific IgG was used as a
control. Input represents the genomic
DNA.
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additional breast cancer cell lines before and after
DZNep treatment (see Supplementary Table S4). Unsu-
pervised cluster analysis of the previously defined 44

cancer-specific PRC2-repressed genes sensitive to
DZNep treatment (see above) clearly separates the cell
lines that are sensitive to DZNep-induced cell death

Figure 5. Effects of DZNep and 5-AzaC on PRC2 target gene expression and DNA methylation status. (A) MCF-7 cells were untreated
or treated with DZNep, 5-AzaC, or 5-AzaC plus TSA, and RNA was isolated for gene array expression analysis. The averaged
expression levels of 140 PRC2 targets are shown on the left. Inductions of p18INK4C expression by 5-AzaC or 5-AzaC plus TSA as a
positive control are shown on the right. (B) Methylation status of six representative PRC2 target gene promoters in MCF-7 cells either
untreated or treated with DZNep or 5-AzaC. Each color-coded ball represents one CpG site. Red indicates low level of methylation
and yellow indicates high level of methylation. Gray indicates the missing data. The corresponding changes in gene expression upon
treatment with DZNep, 5-AzaC, or 5-AzaC plus TSA were evaluated by quantitative RT–PCR and the results are shown on the right.
The detailed information about the genomic locations of each amplicon and the percentage of methylation at each CpG site in each
of the amplicons can be found in Supplementary Table S3.
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from those that are not, solely based on expression in
untreated cells (Fig. 6B). The differences in expression
among a subset of 22 genes were responsible for this
separation; these genes were expressed at a much higher
level in the DZNep-resistant cell lines (Fig. 6B). Upon
DZNep treatment, four of these 22 genes (FBXO32,
LAMB3, PLAU, and PPP1R15A) were found to be up-
regulated in all four DZNep-sensitive cell lines. Also,
three additional genes (TGFBI, IGFBP3, TNS3) were in-
duced in three of four sensitive cell lines. In the resistant
cell lines, these genes (excluding LAMB3 in BT-549 cells)
were already highly expressed and did not undergo
marked further induction after DZNep treatment (Fig.
6C). Real-time RT-PCR analysis of FBXO32, LAMB3,
PLAU, and PPP1R15A confirmed the array data (Fig. 6D).
Therefore, the suppressed expression of these seven
genes and the extent of their induction by DZNep ap-
peared to be associated with the breast cancer cell sen-
sitivity to DZNep-induced cell death.

The resistant cell phenotype is not due to the inability
of DZNep to deplete the PRC2 complex, as depletion
was evident in all these cell lines (Fig. 6E). In addition,
the 22 genes expressed in the resistant cell lines but re-
pressed in the sensitive cell lines did not undergo further
increases upon DZNep treatment. This indicates that,
although present in these resistant cells, PRC2 is not
functional to repress their transcription, perhaps due to a

lack of additional factors (e.g., DNMT and HDAC) re-
quired for the epigenetic control of these genes.

Reactivation of FBXO32 plays a crucial role
in mediating DZNep-induced apoptosis

In order to investigate the functional significance of the
seven genes we identified above as potential mediators of
the DZNep death response, we used siRNA technology
to limit their up-regulation upon DZNep treatment of
MCF-7 cells. Dharmacon SMARTpool siRNAs were in-
troduced into the cells prior to treatment with DZNep,
and apoptosis was measured after 3 d. Of the seven
genes, the knockdown of FBXO32 was the only one that
significantly reduced the apoptotic response to DZNep
(Fig. 7A). To further validate the effect of FBXO32
siRNA and to exclude the possibility of off-target effects
of the RNA interference (RNAi) we synthesized a differ-
ent FBXO32 siRNA, which gave a virtually identical re-
sult (Fig. 7B). To further substantiate this finding, we
created cell lines derived from MCF-7 that constitutively
expressed a short hairpin RNA (shRNA) targeting
FBXO32 or a nonspecific control shRNA. Two indepen-
dent, stable clonal lines expressing the FBXO32 shRNA
had greatly reduced magnitudes of FBXO32 reactivation
upon treatment with DZNep (Fig. 7C). Accordingly,

Figure 6. Identification of PRC2 target
genes associated with DZNep sensitivity.
(A) Indicated cell lines were treated with 5
µM DZNep for 72, 96, and 120 h and cell
death was measured by FACS analysis.
The data presented are the average of three
independent experiments. (B) Unsuper-
vised clustering of 44 PRC2 targets in in-
dicated breast cancer cell lines. Genes
highlighted in green are highly expressed
in resistant cell lines relative to sensitive
cell lines. (C) Cluster program showing
genes up-regulated by DZNep in at least
three sensitive cell lines. (D) Indicated cell
lines were treated with or without DZNep
for 72 h and cells were harvested to exam-
ine the mRNA levels of FBXO32, LAMB3,
PLAU, and PPP1R15A by quantitative
real-time RT–PCR analysis. Shown are the
folds of induction after 72-h treatment of
DZNep. (E) Indicated breast cancer cell
lines were treated with DZNep for 48 h
and EZH2 and SUZ12 protein levels were
determined by Western blotting.
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DZNep-induced apoptosis in these cells was strongly in-
hibited compared with the shRNA control MCF-7 cell
line. This decreased apoptosis was measured by three
independent means: by fluorescence-activated cell sort-
ing (FACS) analysis measuring either sub-G1 population
or MTP (Fig. 7D,E), and by PARP cleavage using Western
blot analysis (Fig. 7F). These experiments strongly indi-
cate that the reactivation of FBXO32 in MCF-7 cells is
required for efficient apoptosis induction by DZNep. Al-
though removal of other apoptosis-associated PRC2 tar-
gets such as TGFBI and IGFBP3 alone did not seem to
cause significant inhibition of DZNep-induced apoptosis
in MCF-7 cells, their coordinated and collective activa-
tion might still contribute to the DZNep-induced apop-
totic process under different cellular contexts. Our data
suggest that the level of expression of FBXO32 in breast
cancer cells, together with other PRC2 targets, as well as
the extent to be induced by DZNep appear to be an im-
portant determinant of DZNep-induced apoptosis in
breast cancer cells.

Discussion

Loss of tumor suppressors through epigenetic repression
is a hallmark of human cancer. Strategies to reverse epi-
genetic gene silencing might therefore be useful in can-
cer therapy. In this study we describe the effect of a Ado-
Hcy hydrolase inhibitor, DZNep, on chromatin remod-
eling as well as its ability to preferentially induce
apoptosis in cancer cells. We provide evidence that
DZNep-induced apoptosis is at least partly due to the
down-regulation of PRC2 complex. Using this DZNep
compound along with RNAi, gene expression analysis,
and ChIP, we uncovered a set of genes that are sup-
pressed in human breast cancer cells through PRC2-me-
diated repression but are reactivated upon treatment
with DZNep. We further identify the key PRC2 target
genes whose reactivation is associated with DZNep-in-
duced apoptosis.

As an AdoHcy hydrolase inhibitor, DZNep interferes
with AdoMet–AdoHcy metabolism and can cause re-

Figure 7. FBXO32 is functionally re-
quired for DZNep-induced apoptosis. (A)
Each of indicated Dharmacon SMARTpool
siRNA was transfected into MCF-7 cells
for 24 h, followed by 5 µM DZNep treat-
ment for 72 h. Apoptosis was measured by
FACS analysis. Only FBXO32 siRNA was
capable of reducing DZNep-induced apop-
tosis. (B) A FBXO32 siRNA targeting a dif-
ferent region of FBXO32 also inhibited
DNZep-induced apoptosis in MCF-7 cells
compared with a nontargeting siRNA con-
trol (NC). Shown are the results of three
independent experiments. The knock-
down of FBXO32 mRNA expression is
shown by RT–PCR at the bottom. (C) The
levels of FBXO32 mRNA in two MCF-7
stable clones expressing FBXO32 shRNA
or nontargeting control shRNA (NC
shRNA) were determined by real-time
RT–PCR. The graph shows the fold of in-
duction of FBXO32 mRNA following
DZNep treatment in each stable clone as
indicated. (D) MCF-7 cells expressing
FBXO32 shRNA or NC shRNA were
treated with DZNep for 72 h and the cell
death was measured by PI staining and
FACS analysis. (E) Cells were treated as in
D and JC-1 staining was performed. (F)
Cells were treated as in D and Western
blot analysis was performed to detect the
PARP cleavage.
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duced methylation reaction indirectly (Glazer et al.
1986). Unlike DNA hypomethylating agents such as 5�-
AzaC and zebularine that deplete DNMTs (Velicescu et
al. 2002; Cheng et al. 2004), this compound appears to
have no effect on DNMTs but induces efficient depletion
of the PRC2 proteins and the associated histone-H3-K27
methylation. Interestingly, DZNep appears to have no
effect on Suv39h1 and the associated H3-K9 methyl-
ation, although the reason for this remains to be deter-
mined. The depletion of PRC2 proteins after DZNep
treatment is not achieved via transcriptional inhibition
since DZNep treatment did not affect their mRNA lev-
els. Instead, it is at least in part mediated through pro-
teosomal degradation since proteosome inhibitors can
restore PRC2 protein expression. Unlike 5-AzaC and ze-
bularine that deplete DNMTs by incorporating and thus
trapping them to the substituted DNA (Cheng et al.
2004), DZNep is not phosphorylated and does not get
incorporated into DNA (Glazer et al. 1986; Tseng et al.
1989). Thus it seems highly unlikely that DZNep de-
pletes PRC2 proteins through a similar mechanism. It is
unclear how all three PRC2 proteins are degraded upon
DZNep treatment. However, it is known that down-
regulation of one PRC2 component can result in the deg-
radation of the other two in the complex since the in-
tegrity of this complex depends on the existence of each
component (Bracken et al. 2003; Pasini et al. 2004; Mont-
gomery et al. 2005). Thus, it is possible that inhibition of
AdoHcy hydrolase by DZNep might affect one of the
core PRC2 components, resulting in the instability of
the whole complex and subsequent inhibition of H3-K27
methylation.

Since AdoMet-dependent methylation is involved in
many cellular processes (Chiang et al. 1996), targeting
AdoHcy hydrolase by DZNep is expected to inhibit the
activities of multiple MTases. Indeed, we found that
DZNep treatment also inhibited methylation of another
repressive histone mark, H4-K20 methylation, suggest-
ing that other histone MTases could also be susceptible
to inhibition by DZNep. This might explain why only
140 out of 751 DZNep-activated genes appeared to be
regulated by EZH2. The induction of the rest of the genes
could be the result of inhibition of MTases other than
EZH2, and they might also be involved in DZNep-in-
duced apoptosis. Nevertheless, the immediate effects of
DZNep on PRC2 and H3-K27 methylation, as well as
target gene activation for apoptosis, demonstrate that
DZNep-induced apoptosis is, at least in part, related to
its ability to inhibit the PRC2 pathway. Until now,
DZNep has been explored for antiviral treatment (De
Clercq et al. 1989) and has been shown to have minimal
toxicity in vivo (Bray et al. 2000). Regardless of the exact
mechanism, its intriguing apoptotic activity in cancer
cells but not in normal cells, together with the impor-
tant cancer epigenetic pathway it affects, makes it a
promising drug candidate for anti-cancer treatment.

Guided by pharmacological, genomic, and functional
analysis, we identified a group of PRC2 targets that ap-
peared to be repressed in both breast cancer cells and
primary breast tumors. Further analysis of breast cancer

cell lines showing resistant or sensitive response to
DZNep led to identification of a set of PRC2 target genes
that are associated with cellular sensitivity to DZNep.
Among those are TGFBI, IGFBP3, and PPPIR15A, which
are previously known to be involved in apoptosis or
growth control. In particular, we functionally validated a
novel cell death regulator, FBXO32, whose reactivation
appeared to be required for the efficient apoptosis induc-
tion by DZNep. FBXO32 encodes MAFbx (muscle atro-
phy F-box protein, also called atrogin-1), which belongs
to the F-box protein family as part of the SCF ubiquitin
protein E3 ligase complex. The role of FBXO32 in nega-
tively regulating cell survival has been implicated in a
previous finding showing that its expression could be
inhibited by the prosurvival PI3K/Akt pathway (Stitt et
al. 2004). Importantly, we confirmed the repressed ex-
pression of FBXO32 in primary breast tumors relative to
the normal tissues. Recently, two other members of the
F-box family, FBXW7 and FBX4, have been shown to
function as tumor suppressors by targeting multiple on-
cogenic proteins such as Myc, cyclin E, or cyclin D1 for
ubiquitin-dependent protein degradation (Welcker et al.
2004; Minella and Clurman 2005; Fujii et al. 2006; Lin et
al. 2006). Therefore, FBXO32 seems to be a PRC2-re-
pressed target gene with a potential tumor suppressor
function.

Although individual knockdown of other apoptosis-
associated PRC2 targets seems to be insufficient to in-
hibit DZNep-induced apoptosis, their contribution to
this apoptotic process in a collective or coordinated man-
ner, depending on the cellular context, should not be
ruled out. This small set of genes might serve as a sur-
rogate marker for predicting the response of DZNep to
breast cancer cells and guide the selection of the subset
of breast cancer patients for PRC2-targeted therapy in
the future. Our study suggests that the loss of expression
of growth control PRC2 target genes in some cancer cells
might create an “epigenetic addiction,” in which cancer
cells depend on their silenced expression for a growth
advantage. Restored expression of these genes will result
in growth inhibition or apoptosis, pointing to a novel
therapeutic approach leading to the preferential killing
of tumor versus nontumor cells. Furthermore, given the
role of PRC2 and histone methylation in stem cell main-
tenance (Sparmann and van Lohuizen 2006), it is con-
ceivable that inhibiting PRC2 and associated histone
methylation might also have implications in targeting
cancer stem cells.

In addition to catalyzing H3-K27 methylation, PRC2
also recruits DNMT to methylated cytosines at CpG
sites in the promoter regions of certain PRC2 target
genes (Vire et al. 2006). Although DZNep presumably
can inhibit multiple methylation reactions, we found
that its ability to activate the PRC2-repressed genes
might not be the result of inhibition of DNA methyl-
ation in general. This conclusion was supported by using
both pharmacological and DNA methylation analyses.
Only ∼10% of PRC2 target genes can be induced by the
DNMT inhibitor 5�-AzaC or 5�-AzaC plus HDAC inhibi-
tor TSA, suggesting that PRC2-linked DNA hypermeth-
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ylation appears to be operative only in a proportion of the
PRC2 targets. In addition, many of the PRC2 targets we
examined in MCF-7 cells were found to be hypomethyl-
ated in CpGsites we examined. For the small numbers of
highly methylated PRC2 targets, DZNep indeed induced
their demethylation in some CpG sites, but this demeth-
ylation event alone is insufficient for the robust gene
activation induced by DZNep because demethylation of
the same CpG sites by 5�-AzaC or 5�-AzaC plus TSA did
not activate their expression. Therefore, the effects of
DZNep on chromatin are distinguishable from other
chromatin remodeling agents such as DNMT and HDAC
inhibitors, and DZNep appears to be the first compound
capable of reactivating gene expression by modulating
PRC2 and associated histone methylations. Moreover,
the unique effects of DZNep on chromatin remodeling
make its use in combination with other chromatin re-
modeling agents an attractive approach to synergistically
restoring abnormally silenced genes in cancer.

Taken together, our work underscores the importance
of PRC2-mediated gene repression in maintaining sur-
vival of cancer cells. Our identification of AdoHcy hy-
drolase inhibitor DZNep, which can reverse PRC2 and
histone methylation-mediated gene silencing and effec-
tively induce cancer cell death, opens the therapeutic
potential of inhibiting this epigenetic regulator. We an-
ticipate the therapeutic index of PRC2 and histone
methylation-directed therapies to be inherently high
since normal cells appear to have a less active repressor
function of the PRC2 complex compared with tumor
cells.

Materials and methods

Cells and drug treatment

Cell lines used in this study were purchased from the American
Type Culture Collection. Cells were maintained in DMEM
supplemented with 10% fetal bovine serum, 2 mM L-gluta-
mine, and 5000 U/mL penicillin/streptomycin and maintained
at 37°C with 5% CO2. For drug treatment, cells were seeded the
day before the drug treatment. Cells were treated with 5 µM
DZNep or 2 µM 5-AzaC (Sigma) for 72 h, and TSA (Sigma) at 100
nM for 24 h. For 5-AzaC treatment, the medium was replaced
with freshly added 5-AzaC for every 24 h. For cotreatment of
cells with 5-AzaC and TSA, 5-AzaC was added for 48 h, fol-
lowed by TSA for 24 h.

RNAi

Specific siRNA oligos targeting EZH2, SUZ12, and EED
mRNAs were described previously (Cao and Zhang 2004; Kir-
mizis et al. 2004; Bracken et al. 2006). The SMARTpool siRNA
reagents of selected PRC2 targets and the nontargeting control
were purchased from Dharmacon. A separate FBXO32 siRNA
targeting the sequence 5�-GTCACATCCTTTCCTGGAA-3�

was obtained from Sigma-Proligo. Cells were transfected with
50 nM final concentration of siRNA duplexes using Lipofect-
amine 2000 (Invitrogen) following the manufacturer’s instruc-
tions. To generate FBXO32 shRNA stable cells, the FBXO32
siRNA sequence or a nontargeting control siRNA sequence was
cloned into the pSIREN-RetroQ retroviral expression vector (BD
Bioscience) according to the manufacturer’s instruction. Virally
infected cells were selected in a medium containing 2 µg/mL

puromycin, and individual drug-resistant clones were collected,
pooled, and expanded.

Immunoblot analysis

Cells were scraped, collected, and lysed in RIPA buffer as de-
scribed previously (Kho et al. 2004). To release histones from
chromatin, cell lysates were further sonicated for 15 sec using a
XL2000 Microson Ultrasonic Processor (Misonix). Equal
amounts of protein (50 µg) were separated on SDS–polyacryl-
amide gels and transferred to PVDF membranes. The blots were
probed with antibodies against EED (07-368), SUZ12 (07-379),
SUV39H1 (07-550), trimethylated H3-K27 (07-449), trimethyl-
ated H3-K9 (07-442), monomethylated H3-K27 (07-448), di-
methylated H3-K27 (07-452), and Acetyl-Histone H3 (06-599),
which were purchased from Upstate Biotechnology. Trimethyl-
ated H4-K20 (ab9053) was from Abcam. EZH2 (AC22) and His-
tone H3 (3H1) were from Cell Signaling. Antibodies against
DNMT1 and DNMT3B were purchased from Alexis Biochemi-
cals.

Flow cytometric analysis

Cells were harvested and fixed in 70% ethanol. Fixed cells were
stained with PI (50 µg/mL) after treatment with RNase (100
µg/mL). The stained cells were analyzed for DNA content by
FACS in a FACSCalibur (Becton Dickinson Instrument). Cell
cycle fractions were quantified using the CellQuest software
(Becton Dickinson). To measure MTP, cells were stained with
JC-1, according to the manufacturer’s instructions (BD Biosci-
ence), and cells positive for JC-1 detection were measured using
CellQuest software (BD Bioscience).

Microarray analysis and quantitative real-time PCR

Total RNA was isolated from cell lines using Trizol (Invitrogen)
and purified with the RNAeasy Mini Kit (Qiagen). Reverse tran-
scription was performed using an RNA Amplification kit (Am-
bion). The microarray hybridization was performed using the
Illumina Gene Expression BeadChip (Illumina) and data analy-
sis was performed using GeneSpring software from Agilent
Technologies. Gene expression of normal and primary breast
tumor samples was performed using Affymetrix U133A
GeneChips (Affymetrix) following the manufacturer’s instruc-
tions. Gene expression data from individual arrays were nor-
malized by median centering and average linkage hierarchical
clustering was done using Cluster and Treeview software
(http://rana.lbl.gov/EisenSoftware.htm). Quantitative real-time
PCR was performed on a PRISM 7900 Sequence Detection Sys-
tem (Applied Biosystems) using TaqMan probes (Applied Bio-
systems). Samples were normalized to the levels of 18S ribo-
somal RNA.

ChIP assays

ChIP assays were performed as described previously (Zhao et al.
2005). MCF-7 cells were treated with or without DZNep (5 µM)
for 48 h. Precleared chromatin from 2 × 107 MCF7 cells were
immunoprecipitated with anti-SUZ12 (07-379, Upstate Bio-
technology), anti-RNA polymerase II (sc-899, Santa Cruz Bio-
technology), and a nonspecific IgG (sc-2027, Santa Cruz Biotech-
nology). The ChIP-precipitated DNA and input DNA were sub-
jected to PCR analysis. The PCR primers are listed in
Supplementary Table S5.

DNA methylation analysis

Customer service for DNA methylation analysis was performed
by Sequenom, Inc., using the MassARRAY system as previously
described (Ehrich et al. 2005).
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