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A stem cell–like chromatin pattern may predispose tumor 
suppressor genes to DNA hypermethylation and heritable 
silencing
Joyce E Ohm1, Kelly M McGarvey1,2, Xiaobing Yu3, Linzhao Cheng2–4, Kornel E Schuebel1, Leslie Cope4, 
Helai P Mohammad1, Wei Chen1,5, Vincent C Daniel1, Wayne Yu1, David M Berman6, Thomas Jenuwein7, 
Kevin Pruitt1, Saul J Sharkis1,2, D Neil Watkins1, James G Herman1, 2 & Stephen B Baylin1,2

Adult cancers may derive from stem or early progenitor 
cells1,2. Epigenetic modulation of gene expression is essential 
for normal function of these early cells but is highly abnormal 
in cancers, which often show aberrant promoter CpG island 
hypermethylation and transcriptional silencing of tumor 
suppressor genes and pro-differentiation factors3–5. We find 
that for such genes, both normal and malignant embryonic 
cells generally lack the hypermethylation of DNA found in 
adult cancers. In embryonic stem cells, these genes are held in 
a ‘transcription-ready’ state mediated by a ‘bivalent’ promoter 
chromatin pattern consisting of the repressive mark, histone 
H3 methylated at Lys27 (H3K27) by Polycomb group proteins, 
plus the active mark, methylated H3K4. However, embryonic 
carcinoma cells add two key repressive marks, dimethylated 
H3K9 and trimethylated H3K9, both associated with DNA 
hypermethylation in adult cancers6–8. We hypothesize that cell 
chromatin patterns and transient silencing of these important 
regulatory genes in stem or progenitor cells may leave 
these genes vulnerable to aberrant DNA hypermethylation 
and heritable gene silencing during tumor initiation and 
progression.

Epigenetic gene silencing and associated promoter CpG island DNA 
hypermethylation are prevalent in all cancer types and are an alterna-
tive mechanism to mutations that inactivate tumor suppressor genes 
within a cancer cell3–5. These epigenetic changes may precede genetic 
changes in premalignant cells and foster the accumulation of addi-
tional genetic and epigenetic hits9. Adult cancers may derive from stem 
or early progenitor cells1,2, and epigenetic modulation of gene expres-
sion is essential for the normal functioning of these early cells. We 
now explore whether DNA hypermethylation and heritable silencing 
of groups of genes in adult tumor initiation and progression might 
reflect chromatin properties of these genes associated with stem or 
precursor cells.

We compared the epigenetic status of a group of genes frequently 
hypermethylated and silenced in adult cancers (Fig. 1; associated 
references listed in Supplementary Table 1 online) in both normal 
embryonic stem (ES) cells and malignant counterparts of these cells, 
embryonal carcinoma (EC) cells10. Notably, we found that the genes 
frequently undergoing promoter CpG island DNA hypermethylation 
in adult human cancer cells generally remained unmethylated in both 
ES and EC cells (Fig. 1). Among the genes studied, 13 of 29 (45%) 
were hypermethylated in a single adult colon cancer line, HCT-116, 
but none was hypermethylated in ES cells, and only 3% and 7% were 
completely methylated in the Tera-1 and Tera-2 EC lines, respectively. 
Thus, the key epigenetic parameter of promoter CpG island hyper-
methylation, which is common in a large group of genes in adult can-
cer cells, does not seem to be a common feature of EC cells.

In mouse ES cells, many developmental genes are maintained in a 
state of low transcriptional activity and are available for transcriptional 
increases or decreases when differentiation cues are received11. The 
genes we studied in EC cells retained this plasticity of expression, which 
is lacking in adult cancers when these same genes are hypermethyl-
ated. Both ES and EC cells can be induced to differentiate toward a 
neural lineage with all-trans retinoic acid (ATRA) in vitro10. The genes 
we studied with a high basal transcription state in EC cells (Fig. 2a) 
generally showed lower expression after ATRA treatment. However, 
a second, larger cluster of genes showed low to medium expression 
in undifferentiated Tera-2 cells (Fig. 2a), and the majority of these (9 
of 11) showed a distinct activation pattern with increased expression 
upon or during differentiation (Fig. 2a).

Both ES and EC cells, when grown as xenografts in NOD/SCID 
mice, form teratomas and teratocarcinomas, respectively, in which 
there is spontaneous differentiation and multilineage commitment 
to varying degrees10 (Fig. 2b). The changes in expression of the genes 
we studied in these tumors were similar to the changes induced by 
ATRA in EC cells (Fig. 2c; for example, see CDKN2A (also known 
as p16), GATA4 and GATA5). E-cadherin and SFRP5 are notable 
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exceptions, and differences probably reflect multilineage commitment 
in vivo versus single-lineage differentiation in vitro.

We found that the promoter regions of the genes we studied each 
contained a combination of active (dimethylated H3K4) and repressive 
(trimethylated H3K27) histone modifications in ES cells (Fig. 3a). This 
‘bivalent’ state has been recently described in mouse ES cells11,12 for a 
subset of developmental genes that are maintained in a low expression 

state; here, we extend these observations to genes frequently 
epigenetically silenced in cancer. We have previously found 
trimethylated H3K27 to be enriched at each of the of the 
promoters of a small panel of DNA-hypermethylated genes 
we studied in adult cancer cells6. This histone modification is 
catalyzed by EZH2, a key component of the Polycomb group 
(PcG) complexes (PRC1, PRC2/3 and PRC4) (Fig. 3b) that 
maintain long-term gene silencing in diverse organisms and 
are essential for the normal state of stem and progenitor cells 

and their commitment to various tissue types13,14. Recent studies have 
linked EZH2 with DNA methyltransferases and have established a role 
for this protein during the induction and targeting of DNA methyla-
tion15. These complexes are present in stem and progenitor cells as well 
as in tumor cells that have similar properties14,16.

We next matched our list of genes showing frequent DNA hypermethy-
lation in adult cancers to the full list of PcG-targeted genes identified by 
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Figure 1  Genes showing frequent DNA hypermethylation and 
frequently silenced in adult cancers remain unmethylated in 
embryonal carcinoma (EC) and embryonic stem (ES) cells. We 
selected a panel of 29 tumor suppressor and candidate tumor 
suppressor genes that are known to be frequently hypermethylated 
in various cancer cell lines and primary tumor samples (right) 
from a review of the literature and from studies in our own 
laboratories (see Supplementary Table 1 for a list of references 
used; methylation was considered notable when >5% of the 
human cell lines or patient samples surveyed were methylated). 
Methylation-specific PCR was used to determine the promoter 
DNA methylation status of these genes in colon cancer HCT-116 
cells, in WA01 human ES cells and in two EC cell lines: Tera-1 
and Tera-2 cells. Genes were characterized as unmethylated 
(empty boxes), fully methylated (filled black boxes) or partially 
methylated (gray boxes).
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Figure 2  EC cells retain a plasticity 
of expression that is lacking in adult 
cancer cells. (a) Real-time quantitative 
RT-PCR analysis of genes frequently 
hypermethylated in adult cancers after 
treating EC cells with ATRA (2 µM) 
for 0 (untreated), 1, 3, 6, 9 and 12 d. 
PCRs were performed in triplicate, and 
mean threshold cycle for altered gene 
expression with ATRA treatment was 
normalized to GAPDH. The change in 
expression (log scale) for each gene as a 
multiple of expression in untreated Tera-2 
cells was calculated using the formula –
log(ct(treatment) – ct(untreated)). Representative 
results of two or more independent 
experiments are shown. Genes are divided 
into two groups by threshold cycle: low to 
medium expression (top) (note high cycle 
threshold number for the PCR; mean = 
30.8) and genes with high basal expression 
(note low threshold cycle number; mean 
= 21.4). (b) Immunohistochemistry of 
teratocarcinoma tumors grown in NOD/
SCID mice. Immunostaining was performed 
by the Johns Hopkins Immunopathology 
Department according to established 
protocols on paraffin-embedded section 
using antibodies to CD34 (a marker for endothelial cells), chromogranin (a marker for neuroendocrine cells), cytokeratin (a marker for epithelial cells), alpha 
fetoprotein (AFP; a marker for yolk sac development), glial fibrillary acidic protein (GFAP; a marker for glial cells) and myogenin (a marker for muscle). (c) 
Quantitative RT-PCR was performed for RNA from 5 × 106 Tera-2 cells grown as xenographs in NOD/SCID mice until tumors reached approximately 1.5 cm in 
diameter. Change in expression was calculated as described above, and results from Tera2 cells treated with ATRA (2 µM) for 12 d are shown for comparison.
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recent studies of human and mouse ES17,18 and embryonic fibroblast 
(EF) cells19. These genome-wide tiling studies identified between ∼8% 
(PRC2; ES cells)17 and ∼14% (PRC1/PRC2; EF cells)19 of the annotated 
genome to be PcG regulated in these cell types. Notably, we found that 
68% of the genes in Figure 1 were associated with PcG in either ES or 
EF cells, as were 56.5% of 23 genes (Fig. 3b) newly identified as hyper-
methylated in HCT-116 cells (K.E.S. et al., data not shown).

Among embryonic cells, the degree of lineage commitment may 
determine the balance of chromatin modifications at gene promoters 
and the genes’ basal expression levels11. Similarly, this may be true 
for compartments of precursor cells in adult renewing cell systems 
from which adult cancers derive. We found it interesting that of the 

genes from Figure 1 that were identified as PcG targets, approximately 
50% were listed as PcG targets in both ES and EF cells. However, the 
remaining 50% were listed as unique PcG targets in either ES or EF 
cells. This might explain how different patterns of hypermethylated 
genes in adult cancers might, then, reflect their chromatin status in 
cells from which cancers develop.

We found that although the genes studied in EC cells shared the 
bivalent chromatin pattern seen in ES cells (Fig. 4a,b), they also 
acquired two additional key repressive marks characteristic of adult 
cancers in EC cells. Thus, trimethylated H3K9, which is characteristic 
of silenced transcription in pericentromeric regions20, and to a lesser 
and more variable extent, dimethylated H3K9, were enriched at the 
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Figure 3  Genes showing frequent DNA hypermethylation in cancer are marked by ‘bivalent’ chromatin in ES cells, including the Polycomb group (PcG) protein–
associated histone modification, methylated H3K27 (H3K27me). (a) Chromatin immunoprecipitation (ChIP) was performed using antibodies to dimethylated 
H3K4 (H3K4me2), trimethylated H3K27 (H3K27me3), dimethylated H3K9 (H3K9me2) and trimethylated H3K9 (H3K9me3) on WA09 human ES cells. PCR 
was performed for regions within the CpG islands and near the transcription start sites of CDKN2A, GATA4, GATA5, RASSF1, SFRP1 and SFRP5. Representative 
results of two independent experiments are shown. A negative control without antibodies is included for comparison. (b) Left panel: Polycomb repressive 
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and ∼14% (PRC1/PRC2; EF cells)19 of the annotated genome. In these lists, we identified our studied genes showing frequent DNA hypermethylation in adult 
cancers (top left); 68% were associated with PcG in either ES or EF cells in the above studies. An additional 14% had related proteins under Polycomb control. 
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Figure 4  Genes studied in EC cells share the bivalent 
chromatin pattern seen in ES cells but add additional 
repressive marks characteristic of these same genes when 
DNA demethylation is induced in adult cancers. (a) ChIP 
was performed using antibodies to H3K4me2, H3K27me3, 
H3K9me2 and H3K9me3 on Tera-2 cells. PCR was performed 
for regions within the CpG islands and near the transcription 
start sites of CDH1, SFRP1, SFRP2, CDKN2B, CKDN2A, 
GATA4, GATA5, SFRP5 and RASSF1. Representative results 
of two independent experiments are shown. A negative control 
without antibodies is included for comparison. 
(b) Quantification of representative gels shown in a showing 
the ratio of H3K4me2 (active mark) and H3K27me3 
(repressive mark) to input DNA in Tera-2 cells for CDH1, 
SFRP1, SFRP2, CDKN2A, CDKN2B, GATA4 and GATA5, 
and as a mean for four of these genes (SFRP2, SFRP5, 
GATA4 and GATA5) from previous studies6 of HCT-116 DKO 
and wild-type cells (far right). Error bars indicate s.e.m. (c) 
Ratio of H3K9me2 and H3K9me3 to input DNA in Tera-
2 cells for CDH1, SFRP1, SFRP2, CDKN2B, CDKN2A, 
GATA4 and GATA5, and as an average for four of these genes 
(SFRP2, SFRP5, GATA4, GATA5) from previous studies6 in 
HCT116 wild-type cells, where each of the genes shows DNA 
hypermethylation and lacks any basal transcription, and in 
HCT116 DKO cells, where each gene has become fully DNA 
demethylated and is re-expressed6 (far right). (d) Protein blot 
analysis for the repressive histone modifications, dimethylated 
H3K9 and trimethylated H3K9 in Tera2 cells and the human 
ES cell line WA01. Lamin B was used as a loading control.
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promoters (Fig. 4a,c). Both of these H3K9 marks are characteristic of 
DNA-hypermethylated genes in adult cancers6. In both Neurospora 
and Arabidopsis thaliana, mutations in genes encoding histone meth-
yltransferases that catalyze H3K9 methylation cause significant loss 
of genomic DNA methylation21–23. We found it interesting that in 
the EC cells, global levels of both of the H3K9 repressive marks were 
considerably higher than in ES cells (Fig. 4d), suggesting a permissive 
background for the promoter changes in the neoplastic cells.

Although the chromatin pattern identified above in EC cells is simi-
lar to that for DNA-hypermethylated genes in adult cancers, several 
important differences exist. First, in adult cancer cells, the activat-
ing mark, methylated H3K4, is diminished, and these genes gener-
ally have fully repressive rather than bivalent chromatin6,24. However, 
this activating mark is enriched again when expression and DNA 
demethylation of these genes in adult cancer cells are induced, either by 
genetic knockout of DNA methyltransferases or treatment with 5-aza-
2′-deoxycytidine (DAC)6,24. Second, in adult cancers, the repressive 
chromatin present for DNA-hypermethylated genes is initially more 
enriched for dimethylated H3K9 (refs. 6,24) than is seen in the EC 
cells. The ratio of trimethylated H3K9 to dimethylated H3K9 in EC for 
unmethylated genes is greater than 5:1 in Tera2 cells, compared with 
a mean of 1.2:1 (ref. 6) for DNA-hypermethylated promoters in adult 
cancers (Fig. 4d). Notably, in EC cells, the fully methylated RASSF1 
gene and the minimally methylated SFRP5 gene both demonstrated an 
increased presence of the dimethylated H3K9 mark at their promot-
ers (Fig. 4a). Most importantly, when DNA-hypermethylated genes 
are demethylated in adult cancer cells, dimethylated H3K9 is the only 
repressive mark uniformly reduced6,24, and the ratio of trimethylated 
H3K9 to dimethylated H3K9 increases to 4:1 (see the mean for previ-
ously published results in Fig. 4d), a value virtually identical to that 
for unmethylated genes in EC cells6,24 (Fig. 4d).

The chromatin findings for genes in EC cells present an opportunity 
to study how the various repressive histone modifications and the pro-
teins that maintain them are altered with differentiation of these cells. 
This is a key question, as DNA-hypermethylated genes in adult cancers 
are very deeply, heritably repressed and thus are difficult to reactivate 

unless the DNA methylation is removed. We first observed that the key 
PcG proteins SUZ12, EZH2 and SirT1 were enriched at the promot-
ers of the genes in EC cells (Fig. 5a). The steady-state levels of these 
proteins fell (Fig. 5b), as did their levels at the above promoters, with 
ATRA treatment (Fig. 5c). Additionally, several PcG proteins, including 
Bmi1, Suz12 and Sfmbt, showed a transient increase in expression at 
various points during the differentiation process, followed by a lower-
ing of expression as cells entered a more differentiated state. These data 
support the extensive work of others in discerning a role for this family 
during normal differentiation16.

In mouse ES cells, many developmental genes marked by the above 
bivalent chromatin states are maintained in a low expression state but 
demonstrate a plasticity of chromatin and expression by increasing 
transcription and shifting to a more monovalent active chromatin pat-
tern when differentiation cues are received11. We see this for CDKN2A 
(also known as p16) and GATA4, which have a moderate to low basal 
expression state in EC cells and an equivalent initial ratio of dimeth-
ylated H3K4 to trimethylated H3K27 (Fig. 4a,b) but adopt a more 
active, monovalent state as their expression is distinctly increased by 
ATRA (Fig. 5d). A second subset of genes (CDH1, SFRP1 and SFRP2) 
showing frequent DNA hypermethylation in adult cancers and with 
a higher basal expression level in EC cells and a higher initial ratio of 
active to repressive marks (Fig. 4a,b), generally showed lower expres-
sion after ATRA treatment (Fig. 2a) and showed a decrease in the 
ratio of dimethylated H3K4 to trimethylated H3K27 (Fig. 5d). An 
exception is CDKN2B (also known as p15), which is expressed at an 
intermediate level in undifferentiated cells and demonstrates signifi-
cant upregulation with differentiation (Fig. 2a) but already shows an 
active, monovalent chromatin state in EC cells (Fig. 4a,b) that is not 
significantly altered with differentiation (Fig. 5d).

If a stem cell gene promoter chromatin pattern, including PcG-
mediated repressive histone modifications, might help render certain 
genes vulnerable to DNA hypermethylation, can one perturb the sys-
tem in embryonic cells to further test this hypothesis? We tested this by 
forcing overexpression of Bmi1, a central component of PRC1. PRC1 
is involved in recognition of the H3K27 mark established by EZH2 
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Figure 5  Changes in histone modifications and localization of known 
Polycomb group (PcG) proteins to the gene promoters in Tera-2 cells 
with ATRA-induced differentiation. (a) ChIP was performed using 
antibodies against Suz12, EZH2 and SIRT1 in Tera-2 cells. We studied 
genes having low to medium basal expression in undifferentiated Tera-2 
cells that are upregulated with differentiation (CDKN2A, GATA4, GATA5 
and CDKN2B) and genes with high basal expression in Tera-2 cells that 
are downregulated with differentiation (CDH1, SFRP1 and SFRP2). 
Representative results of two independent experiments are shown. A 
negative control without antibodies is included for comparison. (b) RT-
PCR was performed as described in Figure 2 for Bmi1, Suz12, EZH2, 
Sfmbt and SIRT1 during ATRA-induced differentiation of Tera-2 cells. 
Change in expression as a multiple of expression in untreated cells (log 
scale) is shown after 0, 1, 3, 6, 9 and 12 d of differentiation. (c) Real-
time ChIP PCR shows a reduction in PcG protein localization to the 
promoters of CDH1, SFRP2, CDKN2B and GATA4 after ATRA-induced 
differentiation (2 µM, 10 d) of Tera-2 cells. Protein localization is 
shown as a multiple of that in untreated cells is shown. A representative 
experiment from two or more PCRs is shown. (d) Quantitative ChIP PCR 
showing change in the H3K4me2/H3K27me3 ratio after 10 d of ATRA 
treatment in genes that are downregulated after ATRA treatment (CDH1 
and SFRP2) and genes that are upregulated after ATRA treatment 
(CDKN2B, CDKN2A and GATA4). A representative experiment from two 
or more PCRs is shown.
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in the PRC2 complex and has a role in subsequent maintenance of 
PcG-mediated long-term gene silencing13,14. Bmi1 is endogenously 
expressed in the wild-type Tera2 cells and shows a transient increase 
and subsequent decline during ATRA-induced differentiation (Fig. 
5b). Forced, stable overexpression of Bmi1 in these cells resulted in an 
initial increase in BMI1 mRNA that was sustained for more than ten 
passages and then returned to baseline (Fig. 6a). This was accompanied 
in pooled cells, and multiple cloned populations studied, by an overall 
increase in cell proliferation, cell number and loss of contact inhibition 
of subsets of cells in vitro that was seen only infrequently in wild-type 
cells (Fig. 6b). The overexpression of Bmi1 did not acutely induce 
methylation of most unmethylated tumor-suppressor genes exam-
ined, including CDKN2A (also known as p16), E-cadherin, GATA4 or 
GATA5. However, in the pooled cells and in two of five separate clones 
studied, increased DNA methylation of the Wnt antagonist gene SFRP5 
occurred over time (Fig. 6c), a result never observed in wild-type cells 
over chronic passages. The histone modifications at the SFRP5 pro-
moter remained unchanged in the pooled Bmi1-overexpressing cells 
through passage 10 (Fig. 6d). However, as DNA methylation increased 
at passage 20 for one clone examined, the ratio of dimethylated H3K9 
to trimethylated H3K9 became approximately equal (Fig. 6d) and thus 
was similar to that for DNA-hypermethylated genes in adult cancers6 
(Fig. 4c).

In summary, our studies demonstrate that genes showing frequent 
DNA hypermethylation and deep transcriptional silencing in adult 

cancers usually lack such DNA methylation in normal and neoplastic 
embryonic cells. However, the chromatin of these genes is virtually 
identical in embryonic cancer cells to that of the genes in adult cancers, 
especially when the DNA methylation in the latter cells is reduced and 
the involved genes are re-expressed. The repressive pattern for the 
EC cells may, then, represent a ‘transition’ state somewhere between 
that for genes in ES cells and that for fully DNA-hypermethylated and 
tightly silenced genes in adult cancers that facilitate neoplastic pro-
gression. When DNA demethylation is transiently induced by drugs in 
DNA-hypermethylated genes in adult cancers, they retain a promoter 
chromatin pattern virtually identical to what we now show in EC cells; 
this may be important in explaining why these same genes reacquire 
the DNA methylation and silencing once the drug is removed6,25.

In terms of human cancer biology, our findings suggest that a stem 
cell–like promoter ‘ground state’ involving the key PcG mark, trimeth-
ylated H3K27, may be indicative of the contribution of stem cell and/
or progenitor cells to the derivation of adult cancers (Supplementary 
Fig. 1 online). We and others have suggested that stem and progenitor 
cells are especially at risk for cancer initiation owing to their continued 
expansion during states such as chronic wound healing and inflamma-
tion9,26. If further repressive marks for H3K9 are added to the stem cell 
chromatin state described here, the combination of H3K27 and H3K9 
methylation may provide a program for making key tumor suppressor 
genes vulnerable for imposition of promoter CpG island DNA methy-
lation during such expansion (Supplementary Fig. 1). These changes 
may enhance the likelihood of tumor initiation and progression from 
cell transformation as it renders a transient ‘transcription-ready’ state 
to one of heritable, permanent gene silencing.

METHODS
Cell culture. Tera-1, Tera-2 and HCT-116 (ATCC) cells were maintained in 
McCoy’s 5A medium supplemented with 10% FBS and grown at 37 °C under 5% 
CO2, as were HCT 116 cells in which both DNA methyltransferases 1 and 3b are 
genetically deleted (DKO cells)27 . DNA for methylation-specific PCR (MSP) was 
isolated in the laboratory of S.J.S. (Johns Hopkins University) from the human 
ES cell line WA01 (WiCell Research Institute) according to established protocols. 
Cross-linking for human ES cell chromatin immunoprecipitation (ChIP) and 
subsequent DNA isolation was performed in the laboratory of L. Cheng (Johns 
Hopkins University) using the human ES cell lines WA01 and WA09 (WiCell 
Research Institute).

Bisulfite treatment and MSP. Bisulfite treatment and MSP were performed as 
described previously28. DNA was extracted following a standard phenol-chloroform 

1

.15

2

.25

3

imB-2areT 1

M  U   M   U U    M   U   M   U  M U       U    M U       M M   U   M   U      M   U M

In
pu

t

C
on

tr
ol

H
3K

9m
e2

H
3K

27
m

e3

H
3K

9m
e3

H
3K

4m
e2

a b

c

d

E
xp

re
ss

io
n 

(m
ul

tip
le

 o
f u

ni
nf

ec
te

d 
co

nt
ro

l)

Tera2 Pool A
p5

Pool B
p10

Pool B
p15

Pool B
p5

Tera2

Tera2-Bmi 1 pool B p5

N
L

IV
D

Te
ra

2

Te
ra

2-
B

m
i1

 A
 p

5

Te
ra

2-
B

m
i1

 B
 p

5

Te
ra

2-
B

m
i1

 B
 p

10

Te
ra

2-
B

m
i1

 B
 p

15

Te
ra

2-
B

m
i1

 c
lo

ne
 1

 p
15

Te
ra

2-
B

m
i1

 c
lo

ne
 1

 p
20

Te
ra

2-
B

m
i1

 c
lo

ne
 5

 p
15

Te
ra

2-
B

m
i1

 c
lo

ne
 5

 p
20

CDKN2A

GATA4

GATA5

SFRP5

Tera2

Tera2-Bmi B p10

Tera2-Bmi1 clone 5 p20

Figure 6  Overexpression of Bmi1 can cause progressive promoter DNA 
methylation of the SFRP5 gene in EC cells. (a) Tera2 cells were stably 
infected with a Bmi1-expressing lentivirus, and quantitative RT-PCR for 
Bmi1 transcript is shown in Bmi1-infected pools of cells at passages 5 
(p5), 10 and 15 post-infection. A representative experiment from two PCRs 
is shown. (b) Wild-type Tera2 (top) and Bmi1-overexpressing Tera2 cells 
(bottom) in culture (10× magnification). Arrow indicates small, infrequent 
cluster of cells in Tera2 showing increased proliferation and loss of contact 
inhibition. (c) Methylation analysis by methylation-specific PCR (MSP) for 
CDKN2A, GATA4, GATA5 and SFRP5 for Tera2 and Bmi1-overexpressing 
pools at passages 5, 10 and 15 and five individual clones at passages 15 
and 20. For clones, representative results for two of five clones are shown. 
For MSP, representative results of two independent experiments are shown. 
M = methylated signal; U = unmethylated. Normal lymphocytes (NL) and in 
vitro–methylated DNA (IVD) are included as positive and negative controls 
for methylated DNA. (d) ChIP was performed at the SFRP5 promoter in 
Tera2 cells, in pooled Bmi1 infected cells at passage 10 post-infection and 
in a single clone of Bmi1-infected cells at passage 20. ChIP was performed 
using antibodies to H3K4me2, H3K27me3, H3K9me2 and H3K9me3 as 
described in Figure 4.

NATURE GENETICS | VOLUME 39 | NUMBER 2 | FEBRUARY 2007 241

©
20

07
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
eg

en
et

ic
s



LETTERS

extraction method. Primer sequences and cycling conditions are included in 
Supplementary Table 2 online. Any information not included is available by 
request from the authors.

RNA purification and real-time RT-PCR analysis. RNA was isolated with TRIzol 
Reagent (Invitrogen) according to the manufacturer’s instructions. For RT-PCR, 
1 µg of total RNA was reverse transcribed using the Superscript First-Strand 
Synthesis System (Invitrogen). Quantitative real-time RT-PCR was performed as 
described previously29. PCR primers and amplification conditions are included 
in Supplementary Table 2. Any information not included is available by request 
from the authors.

ChIP. ChIP assays were performed as described previously6, with the modification 
that immunoprecipitation was performed using Dynal Magnetic beads purchased 
from Invitrogen (Protein A beads (100-02D) and Protein G beads (100-04D)). 
Antibodies to trimethylated H3K27, dimethylated H3K9 and trimethylated H3K9 
were produced as previously described6. Antibodies to Suz12 (Abcam); H3K4me2, 
EZH2 (Upstate) and SIRT1 (Delta Biolabs) were purchased from commercial 
sources. Primers and amplification conditions are included in Supplementary 
Table 2. Any information not included is available by request from the authors.

Lentiviral vector preparation, viral production and infection. An untagged 
Bmi1 lentiviral expression clone was generated using the full-length cDNA from a 
pBABE-puro retroviral construct (see Acknowledgments) and using the ViraPower 
Promoterless Lentiviral Gateway System (Invitrogen). Briefly, a Bmi1 entry clone 
with an intact stop codon was incorporated along with a second UbC promoter–
containing entry clone obtained with this kit (pENTR5′-UbCp) into the pLenti6/
R4R2/V5-DEST vector from Invitrogen. The expression clone was transformed 
into Stbl3-competent cells (Invitrogen), and Bmi1-containing recombinants were 
selected using ampicillin and blasticidin resistance and were confirmed by restriction 
digest. Plasmid DNA was purified using GenElute Plasmid Maxiprep Kit (Sigma-
Aldrich), and lentivirus was packaged in 293FT cells and infected in Tera2 cells using 
the manufacturer’s recommended protocols. Blasticidin (0.5–1 µg/ml) was added to 
complete medium 48 h post-infection, and stable expressing pools and clones were 
maintained in 0.5 µg/ml blasticidin for the duration of the experiments.

Note: Supplementary information is available on the Nature Genetics website.

ACKNOWLEDGMENTS
Special thanks to L. Meszler (Cell Imaging Core Facility, The Sidney Kimmel 
Comprehensive Cancer Center), P. Argani (Pathology Department, Johns Hopkins 
University) and G. Dimri (Northwestern University) for providing the Bmi1cDNA. 
The pBABE-puro retroviral construct was provided by G. Dimri (Northwestern 
University). This work was supported by US National Institutes of Health grants 
CA116160 to S.B.B. and HL073781 to L.C. and National Cancer Institute grant 
CA043318 to S.B.B.

AUTHOR CONTRIBUTIONS
J.E.O. and S.B.B. designed this study. J.O., K.M.M., X.Y., K.E.S., H.P.M.,W.C.,V.C.D. 
and K.P. contributed collaborative experimental results. L.C. and S.G.S. managed 
the growth and manipulation of ES cells. D.M.B. assisted with characterization 
of the teratocarcinoma cell explants. D.N.W. and J.G.H. assisted J.E.O. and S.B.B. 
with data analysis and preparation of the manuscript. L.C. and W.Y. helped with 
performance and interpretation of microarray results that contributed to the 
data. T.J. provided antibodies generated in his laboratory for most of the histone 
modifications studied by ChIP analysis.

COMPETING INTERESTS STATEMENT
The authors declare competing financial interests (see the Nature Genetics website 
for details).

Published online at http://www.nature.com/naturegenetics
Reprints and permissions information is available online at http://npg.nature.com/
reprintsandpermissions

1. Al-Hajj, M., Wicha, M.S., Benito-Hernandez, A., Morrison, S.J. & Clarke, M.F. 
Prospective identification of tumorigenic breast cancer cells. Proc. Natl. Acad. Sci. 
USA 100, 3983–3988 (2003).

2. Clarke, M.F. & Fuller, M. Stem cells and cancer: two faces of eve. Cell 124, 1111–1115 
(2006).

3. Jones, P.A. & Baylin, S.B. The fundamental role of epigenetic events in cancer. Nat. 
Rev. Genet. 3, 415–428 (2002).

4. Jones, P.A. & Laird, P.W. Cancer epigenetics comes of age. Nat. Genet. 21, 163–167 
(1999).

5. Feinberg, A.P. & Tycko, B. The history of cancer epigenetics. Nat. Rev. Cancer 4, 
143–153 (2004).

6. McGarvey, K.M. et al. Silenced tumor suppressor genes reactivated by DNA demethyl-
ation do not return to a fully euchromatic chromatin state. Cancer Res. 66, 3541–3549 
(2006).

7. Kondo, Y., Shen, L. & Issa, J.P. Critical role of histone methylation in tumor suppressor 
gene silencing in colorectal cancer. Mol. Cell. Biol. 23, 206–215 (2003).

8. Nguyen, C.T. et al. Histone H3-lysine 9 methylation is associated with aberrant gene 
silencing in cancer cells and is rapidly reversed by 5-aza-2’-deoxycytidine. Cancer Res. 
62, 6456–6461 (2002).

9. Baylin, S.B. & Ohm, J.E. Epigenetic gene silencing in cancer - a mechanism for early 
oncogenic pathway addiction? Nat. Rev. Cancer 6, 107–116 (2006).

10. Andrews, D.F., III, Nemunaitis, J., Tompkins, C. & Singer, J.W. Effect of 5-azacytidine 
on gene expression in marrow stromal cells. Mol. Cell. Biol. 9, 2748–2751 (1989).

11. Bernstein, B.E. et al. A bivalent chromatin structure marks key developmental genes 
in embryonic stem cells. Cell 125, 315–326 (2006).

12. Azuara, V. et al. Chromatin signatures of pluripotent cell lines. Nat. Cell Biol. 8, 
532–538 (2006).

13. Ringrose, L. & Paro, R. Epigenetic regulation of cellular memory by the Polycomb and 
Trithorax group proteins. Annu. Rev. Genet. 38, 413–443 (2004).

14. Sparmann, A. & van Lohuizen, M. Polycomb silencers control cell fate, development 
and cancer. Nat. Rev. Cancer 6, 846–856 (2006).

15. Vire, E. et al. The Polycomb group protein EZH2 directly controls DNA methylation. 
Nature 439, 871–874 (2006).

16. Kuzmichev, A. et al. Composition and histone substrates of polycomb repressive group 
complexes change during cellular differentiation. Proc. Natl. Acad. Sci. USA 102, 
1859–1864 (2005).

17. Lee, T.I. et al. Control of developmental regulators by polycomb in human embryonic 
stem cells. Cell 125, 301–313 (2006).

18. Boyer, L.A. et al. Polycomb complexes repress developmental regulators in murine 
embryonic stem cells. Nature 441, 349–353 (2006).

19. Bracken, A.P., Dietrich, N., Pasini, D., Hansen, K.H. & Helin, K. Genome-wide mapping 
of Polycomb target genes unravels their roles in cell fate transitions. Genes Dev. 20, 
1123–1136 (2006).

20. Schotta, G. et al. A silencing pathway to induce H3–K9 and H4–K20 trimethylation 
at constitutive heterochromatin. Genes Dev. 18, 1251–1262 (2004).

21. Tamaru, H. et al. Trimethylated lysine 9 of histone H3 is a mark for DNA methylation 
in Neurospora crassa. Nat. Genet. 34, 75–79 (2003).

22. Johnson, L., Cao, X. & Jacobsen, S. Interplay between two epigenetic marks. DNA meth-
ylation and histone H3 lysine 9 methylation. Curr. Biol. 12, 1360–1367 (2002).

23. Jackson, J.P. et al. Dimethylation of histone H3 lysine 9 is a critical mark for DNA 
methylation and gene silencing in Arabidopsis thaliana. Chromosoma 112, 308–315 
(2004).

24. Fahrner, J.A., Eguchi, S., Herman, J.G. & Baylin, S.B. Dependence of histone modi-
fications and gene expression on DNA hypermethylation in cancer. Cancer Res. 62, 
7213–7218 (2002).

25. Liang, G. et al. Cooperativity between DNA methyltransferases in the maintenance 
methylation of repetitive elements. Mol. Cell. Biol. 22, 480–491 (2002).

26. Beachy, P.A., Karhadkar, S.S. & Berman, D.M. Tissue repair and stem cell renewal in 
carcinogenesis. Nature 432, 324–331 (2004).

27. Rhee, I. et al. DNMT1 and DNMT3b cooperate to silence genes in human cancer cells. 
Nature 416, 552–556 (2002).

28. Herman, J.G., Graff, J.R., Myohanen, S., Nelkin, B.D. & Baylin, S.B. Methylation-spe-
cific PCR: a novel PCR assay for methylation status of CpG islands. Proc. Natl. Acad. 
Sci. USA 93, 9821–9826 (1996).

29. Pruitt, K. et al. Inhibition of SIRT1 reactivates silenced cancer genes without loss of 
promoter DNA hypermethylation. PLoS Genet. 2, e40 (2006).

242 VOLUME 39 | NUMBER 2 | FEBRUARY 2007 | NATURE GENETICS

©
20

07
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
eg

en
et

ic
s



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


