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The aim of these experiments was to test whether incorpo- 
ration of bromodeoxyuridine into DNA affects DNA methyl- 
ation. Rat hepatoma (HTC) cells in culture were labeled for 
two generations with 1Wlbromodeoxyuridine and 13Hlthy- 
midine to yield DNA which was 2.1, 20.6, 52.6, and 95.0% 
bromodeoxyuridine-substituted in the newly made strands. 
The DNA then was fractionated into highly repetitive, mod- 
erately repetitive, and single copy sequences. As determined 
by a comparison of W and 3H counts per min, the percent- 
age of substitution with bromodeoxyuridine was found to be 
the same in each repetition class. The 5-methylcytosine 
content of each fraction was determined using high pressure 
liquid chromatography. It was found that bromodeoxyuri- 
dine, even at a level of substitution into newly made DNA of 
95%, has no effect on the 5-methylcytosine content of DNA. 
At all levels of bromodeoxyuridine substitution, highly re- 
petitive DNA has slightly more 5.methylcytosine (3.0% of 
total cytosine) than does single copy DNA or moderately 
repetitive DNA (2.3%). The Smethylcytosine content of 
-whole HTC DNA is the same as that of rat liver DNA (2.4%). 

The function of DNA methylation in eukaryotic cells is not 
known, but it has often been suggested that methylation may 
affect gene expression and differentiation. Riggs (I), Holliday 
and Pugh (21, and Sager and Kitchin (3) have published recent 
reviews and models for differentiation based on DNA methyla- 
tion by sequence-specific enzymes. Bromodeoxyuridine is 
known to block differentiation (4-8), as well as the expression 
of some genes of differentiated cells (g-12), but its molecular 
mechanism of action has not been determined. A unifying 
hypothesis is that BrdUrd’ affects gene expression by chang- 
ing the level or pattern of DNA methylation. Therefore, we 
determined the effect of BrdUrd on DNA methylation and 
report these results here. We have also measured the extent of 
incorporation of BrdUrd into repetitive and single copy DNA, 
since it has been reported previously that in rat and chick 
embryo cells (13, 14) low concentrations of BrdUrd are selec- 
tively incorporated into repetitive and “intermediate” DNA. 

* This work was supported by a Cancer Center research grant to 
the University of Southern California from the National Cancer 
Institute and by a grant to A. D. R. from the National Institutes of 
Health. 

’ The abbreviations used are: BrdUrd, bromodeoxyuridine; dThd, 
thymidine; C,t , concentration x time (mol. s. liter-‘). 

The DNA we used was that of HTC cells, a line derived from 
a rat hepatoma (151, whose response to BrdUrd has been well 
characterized (11, 12). Among the findings have been that the 
rate of synthesis of tyrosine aminotransferase (EC 2.6.1.5) is 
reduced by BrdUrd, and that incorporation of BrdUrd into 
DNA is required for this effect (11). 

We find that in rat hepatoma cells BrdUrd is not selectively 
incorporated into repetitive DNA and does not affect the 5- 
methylcytosine content of DNA. We also describe an assay for 
the quantitative detection of 5-methylcytosine in DNA which 
is quite sensitive (-10 ng detectable), and does not require the 
use of radioactive label. 

EXPERIMENTAL PROCEDURES 

Growth and Labeling of Cells - HTC cells were grown for two 
generations (46 h) in modified Swim’s 77 medium (16) containing 0.1 
rnM hypoxanthine, 1 pM aminopterin, and either 10 pM thymidine or 
various mixtures of [methyl-‘HldThd and [2-‘QBrdUrd (final con- 
centration of dThd + BrdUrd, 10 FM). Cells were harvested in late 
log phase (lo6 cells/ml) and washed twice with 0.14 M NaCl, 0.01 M 
potassium phosphate buffer, pH 7.6. Specific activities of radioactive 
labels were 5 &i/pmol except for Sample B (see “Results”), in which 
case the specific activity of [“C]BrdUrd was 50 &i/pmol. 

DNA Purification- Washed cells were suspended in 1% sodium 
dodecyl sulfate, 0.1 M EDTA, 0.01 M TrislHCl, pH 8.0 (approximately 
1 ml/5 x lo6 cells). The solution was incubated for 1 h at 37” with 
RNase A (final concentration 20 pg/ml), then with pronase (previ- 
ously autodigested for 1 h at 37’) at a final concentration of 500 pg/ml 
for 1 to 2 h at 55”. The extract was allowed to cool, then sodium 
perchlorate (5 M) was added to a final concentration of 1 M. The 
solution was extracted several times with chloroform:isoamyl alco- 
hol (24:l) until a clear interface was obtained. The crude DNA was 
dialyzed against standard saline citrate, then precipitated with 2 
volumes of 95% ethanol, and resuspended in standard saline citrate 
(2 ml). 

The DNA was further treated with RNase A (25 pg/ml for l/z h at 
37’) and with autodigested pronase (100 *g/ml for ‘1% h at 37”) and 
extracted again with cbloroformlisoamyl alcohol until a clear inter- 
face was obtained. After ethanol precipitation, the DNA was resus- 
pended in 0.1 N NaOH and incubated at 37” overnight to degrade 
RNA completely. The solution then was neutralized with 0.1 N HCl 
and dialyzed against 0.06 M sodium acetate, pH 6.8. 

Shearing DNA-Twenty milliliters of glycerol was added to 10 ml 
of DNA (about 100 pg/ml) in 0.06 M sodium acetate, and the mixture 
was sheared using a Virtis 60 homogenizer at 50,000 rpm for 30 min 
(17). DNA was precipitated by making the solution 1.5 to 2 times the 
standard saline citrate, then adding 2 volumes of 95% ethanol and 
storing overnight at -20”. After centrifugation, DNA was resus- 
pended in 0.06 M sodium acetate, passed through a Chelex column 
(Bio-Ftad) to remove heavy metal ions, dialyzed against 0.01 M am- 
monium acetate, and lyophylized. 
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Sizing DNA - All sheared DNA was sized on isokinetic sucrose 
gradients by previously published methods (18, 191. 

Reassociation - Sheared DNA was dissolved in sodium phosphate 
buffer at a concentration and ionic strength (0.03, 0.12, or 0.48 M 
sodium phosphate buffer) so that, where possible, C$ values would 
be attained within 30 min to 2 h (17). The DNA was boiled for 5 min 
in sealed capillaries or Pasteur pipettes, then incubated at 54.60, or 
70” in 0.03,0.12, or 0.48 M sodium phosphate buffer, respectively. The 
incubations were ended by quick-freezing the samples. 

two nucleosides in the medium when the o!e nouo synthesis of 
deoxythymidylate has been inhibited (21). Under these condi- 
tions, there is no effect of any level of substitution on the rate 
of cell growth for two generations. At longer times, substitu- 
tion levels above 50% markedly reduce the growth rate (211. 
The lower levels of substitution are most selective for specific 

Analysis of DNA on Hydroxylapatite- Hydroxylapatite was de- 
fined and boiled in 0.03 M sodium phosphate buffer before use. To 
prevent sample degradation, sodium phosphate buffer was passed 
through Chelex,.and both the columns and the glass beads used as 
column supports were rinsed in 1 mM EDTA. 

Following procedures described by Britten et al. (171, each sample 
was diluted to 200 @g/ml, then applied to a hydroxylapatite column 
(100 ,ug of DNA, 0.5 ml of hydroxylapatite) in 0.03 M sodium phos- 
phate buffer at 54” or 0.12 M sodium phosphate buffer at 60”. After 
elution of single-stranded DNA from the column in 0.12 M sodium 
phosphate buffer at 60”. the temperature was raised to 95” to elute 
double-stranded DNA. We found no significant difference in our 
results whether the sample was applied in 0.03 M sodium phosphate 
buffer or in 0.12 M sodium phosphate buffer. 

Hydrolysis of DNA and Assay for 5-Methylcytosine Content- DNA 
was suspended in 200 ~1 of 88% formic acid, sealed in Pasteur 
pipettes, and hydrolyzed at 180” for 20 min (20). The hydrolysate was 
evaporated to dryness under a stream of N, gas, then resuspended in 
10 tn 50 ~1 of 0.1 N HCl. 

The bases were analyzed by high pressure liquid chromatography. 
About 15 ~1 of sample was applied to a Partisil SCX K218 column 
(Reeve Angel) via an injection port (Altex 905-231, and eluted in 
0.045 M ammonium phosphate buffer, adjusted to a pH of 2.3 with 2 M 
phosphoric acid. The column was run at ambient temperature at a 
pressure of 550 p.s.i., by use of a Milton Roy Mini-Pump (model GK) 
(flow rate -60 ml/h). The bases were detected by their absorbance at 
280 nm measured with a UA5 absorbance monitor (ISCO) with a lS- 
4 flow cell. (The 280 nm filter was chosen to maximize the molar 
absorbance of 5-methylcytosine.) The lamps used with this absorb- 
ance monitor (General Electric G4Sll) had half-life of approximately 
1 month; for each new lamp, a new calibration curve was necessary 
to quantitate the bases. 

RESULTS 

Effect of Bromodeoxyuridine on Enzyme Specific Activity - 
As summarized in Table I, BrdUrd affects the specific activi- 
ties of many products of HTC cells. The extent of substitution 
of BrdUrd for dThd in HTC cell DNA can be varied in a 
predictable way by varying the relative concentrations of the 

enzymes like tyrosine aminotransferaae. Our aim was to see 
whether these same levels of substitution of BrdUrd would 
bring about a change in the methylation of DNA. 

Isolation and Fractionation of DNA - HTC cells were grown 
in the presence of [‘*ClBrdUxd and VH]dThd so as to yield 
DNA substituted 2.1, 20.6, 52.6, and 95.0% in the newly made 
strands (Samples B, C, D, and E, respectively, Table II). Since 
it is widely believed that repetitive sequences may have a 
regulatory function (221, we fractionated the DNA into repeti- 
tive and single copy sequences before analyzing it for 5-meth- 
ylcytosine content. 

First we obtained a reassociation profile of HTC DNA (Fig. 

TABLE II 
Percentage of bromodeoxyuridine substitution in HTC DNA 

Rat hepatoma cells were labeled with [“ClBrdUrd and 13HldThd 
to yield DNA substituted with BrdUrd in the newly made strands as 
indicated in the first column. Each sample was fractionated into 
highly repetitive, moderately repetitive, and single copy DNA (see 
text and Fig. 1). The “H and “C cpm were determined for each DNA 
sample and used to calculate the ratio of BrdUrd/lBrdUrd + dThd1. 

1”ClBrdUrd 
IWlBrdUrd + 13HldTbd 

x loo 

component 

Sample 
Total DNA 

stranded C,t 
1000) 

B 2.1 2.0” 1.9” 2.1 
C 20.6 20.2 20.9 20.5 
D 52.6 50.6 51.1 49.1 
E 95.0 97.1 96.9 98.1 

u Sample B was incubated to Cot 2. 

---. 
Cellular product 

~ .~~. 

TABLE I 

Effects of BrdUrd on HTC cell products 
Change ins 

b 
ei$;ctivity with Substitution producing Time need;dc~ observe 

one-half maxunal effect 
% h 

Reference 

Tyrosine aminotransferase Decrease 
Alcohol dehydrogenase Decrease 
Glucose-6-P dehydrogenase Decrease” 
Lactate dehydrogenase Decrease” 
Malate dehydrogenase Increase 
Acid phosphatase Increase 
Intracisternal A-type particles Increase 
Extracellular C-type particles No change 

-25 
25-50 

-75 
-75 
<50 

Alanine aminotransferase No change” 
Omithine decarboxylase No change 
Glucocorticoid-inducible cell- No changea 

surface factor 
Glucocorticoid receptor No change” 
Protein kinase No change” 
CAMP phosphodiesterase No change” ~~ 

o Examined only at a substitution level of -50%. 
b H. W. Weber, J. O’Brien, A. Geddes, and R. H. Stellwagen, unpublished observations. 
c R. H. Stellwagen, unpublished observations. 

<24 11, 12, 21 
>24 12, 21 
>48 12 
>48 12 
>48 21 
>48 21 
~48 b 

b 

12 
21 
11 

11 
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Methylation of Bromodeoxyuridine-substituted HTC DNA 5511 

FIG. 1. C,t curve of rat hepatoma DNA. DNA was purified, 
sheared to 400 nucleotides, incubated to the C,t values indicated, 
then fractionated on hydroxylapatite columns aa described under 
“Experimental Procedures.” Tbe experimental points were fit by 
computer to a theoretical curve with three components, having C& 
values 0.9, 230, and 2900 mol.s.liter-I, for Components 1, 2, and 3, 
respectively. The Cot,,, values for each component were taken from a 
106-point reaaeociation curve of rat DNA.z X, unsubstituted rat 
hepatoma DNA; A, A, 0, and a, Samples B, C, D, and E, respec- 
tively, of BrdUrd-substituted DNA (Table II). 

1). Our data were found to be consistent with an extensive 
study of rat DNA.* We used our data, the second order rate 
constants obtained by W. Pearson, and a computer program 
hased on least squares analysis (23) to generate the theoretical 
three-component curve seen in Fig. 1. From Fig. 1, the COtlia 
values for the three components, as well as their relative 
amounts, can easily be determined (Component 1, Cotliz = 0.9, 
99%; Component 2, Cut,,, = 230, 18.3%; Component 3, C& = 
2900, 42%). Component 1, then, represents DNA sequences 
present an average of about 3000 timeslgenome, while Compo- 
nent 2 represents sequences present 10 times/genome, and 
Component 3 represents single copy DNA. 

Then we fractionated the unzubstituted and BrdUrd-substi- 
tutcd DNA on the basis of the reassociation curve. The DNA 
was incubated to a C,t of 10; then single-stranded DNA was 
separated from double-stranded DNA on hydroxylapatite. Fig. 
1 indicates that fractionation at a C,t of 10 should yield nearly 
complete separation of Component 1 (highly repetitive) from 
the others; control hybridization experiments with 14C-labeled 
repetitive Component 1 DNA driven by excess whole HTC 
DNA confirmed that this was the case. 

We reassociated the remaining single-stranded DNA to a 
C,t of 1009, and again used hydroxylapatitc to obtain single- 
stranded and double-stranded fractions. Fig. 1 shows that at a 
C,t value of 1000, DNA still single-stranded should be about 
90% Component 3, while the double-stranded fraction should 
ha approximately 70% Component 2 and 30% Component 3. 
For simplicity, despite the overlap between the two fractions, 
we will refer to DNA single-stranded at a C,t of 1000 as “single 
copy,” and to DNA double-stranded at a Cot of 1000 as “moder- 
ately repetitive.” 

Incorporation of Bromodeoxyuridine into DNA - To deter- 
mine whether BrdUrd was incorporated preferentially into 
repetitive DNA, as has been reported for rat embryo and chick 
embryo DNA (13, 14), the ratio of [14ClBrdUrd to L’4ClBrdUrd 
+ [3H]dThd was determined for total DNA and for DNA 
fractionated as just described. Table II shows that the incorpo- 
ration of BrdUrd is the same for highly repetitive, moderately 
repetitive, and single copy DNA, even in the case where only 
2.1% of the newly made DNA is BrdUrd-substituted. 

* W. Pearson and J. B. Bonner, manuscript submitted. 
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FIG. 2. a, elution profile of a base mixture. Ten microliters of a 
solution containing 1 pg each of thymine, guanine, cytosine, 5- 
methylcytosine, and adenine were applied to a Partisil SCX column 
(0.21 x 30 cm) and eluted with 0.045 M ammonium phosphate buffer, 
pH 2.3, as described under “Experimental Procedures.” b, standard 
curve of 5-metbylcytosine and cytosine. Solutions containing 2 pg of 
cymsine and increasing amounts of 5metbylcytosine were applied to 
a Partisil SCX cation exchange column and eluted as in a. Areas 
under the peaks were compared by weight. 

Assay for 5-Methykytosine - To detect small amounts of 5- 
methylcytosine, we separated the bases by high pressure liq- 
uid chromatography, monitoring elution by absorbance at 280 
nm where Lmethylcytosine absorbs maximally. Fig. 2u shows 
the separation of a standard base mixture. Fig. 2b shows that 
measuring peak areas gives good quantitation for Smethylcy- 
tosine; 10 ng of 5-methylcytosine, the smallest amount mea- 
sured in Fig. 2b, represents the approximate limit of sensitiv- 
ity. Thus only about 5 to 10 pg of DNA is needed for each 
assay. 

SMethylcytosine in Bromodeoxyuridine-substituted DNA - 
To determine the effect of BrdUrd on DNA methylation, the 
samples were hydrolyzed in formic acid and analyzed for 5- 
methylcytosine by the above high pressure liquid chroma- 
tography system. An high pressure liquid chromatography 
elution profile for DNA 20% substituted by BrdUrd in the 
newly made strands is shown in Fig. 3 and the results for all 
samples are listed in Table III. The data clearly show that 
bromodeoxyuridine has no discernible effect on the 5-methyl- 
cytasine content of whole rat hepatoms DNA or on its single 
copy, moderately repetitive, or highly repetitive components. 
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TABLE III 
5Methylcytosine content of BrdUrd-substituted HTC DNA 

Rat hepatoma cells were labeled with bromodeoxyuridine as described in Table I. DNA was purified, sheared to 400 nucleotides, 
fractionated by rate of reassociation, then analyzed for 5-metbylcytosine content. Samples measured in triplicate are shown with standard 
deviations. 

Sample 

5-Metbylcytosine 
x loo 

BrdUrd Cytosine + 5-Methylcytosine 

BdUrd + dThd 
x 100 

Highly repetitive Moderakdy re 
r 

titive 
Whole DNA (double-stranded C,t 10) (sin le-strande COt lo 

doubt-stranded Cot lCd, 
Single cop 

(single-stranded CT “t lO@O) 

A 0. 2.40 r 0.09 3.23 k 0.25 2.32 -t 0.12 2.20 2 0.23 
B 2.1 2.57 r 0.08 2.9” 1.86” 2.16 2 0.03 
C 21.6 2.49 2 0.15 3.24 k 0.13 2.32 k 0.08 2.37 2 0.11 
D 52.6 2.09 2 0.17 2.84 -t 0.04 2.46 k 0.19 2.29 r 0.18 
E 95.0 2 2.96 2 0.08 2.05 k 0.13 2.21 2 0.14 

a Sample B was incubated to a C,t of 2. 

i lb 

Time (mln) 

FIG. 3. Elution profile of DNA. Repetitive Component 2 DNA 
from Sample C (20% substituted in newly made strands with 
BrdUrd, Table III) was hydrolysed, applied to a Partisil SCX col- 
umn, and eluted as outlined under “Experimental Procedures.” 
Changes in the sensitivity of the ultraviolet monitor are indicated. 

However, there is a slight but statistically significant differ- 
ence (p < 0.001) between highly repetitive and single copy 
sequences, the level of methylation of single copy DNA (2.3%) 
being approximately 0.75 that of repetitive DNA (3.0%). Since 
rat DNA is 40% GC (241, one can calculate that single copy 
DNA has an average of 1 5methylcytosine/llO base pairs, 
while repetitive DNA has 1 5-methylcytosinel80 base pairs. 

Methylatim of Rut Liver DNA versus HTC DNA -Since 
HTC cells are derived from cancerous liver (151, it was of 
interest to compare the methylation of DNA from rat hepa- 
toma with that of normal liver DNA. We found that for normal 
rat liver, 5methylcytosine is 2.28 + 0.32% of total cymsine, 
not significantly different from 2.40 * 0.09%, the value for rat 
HTC cells (Table III). Therefore, major changes in the extent 
of DNA methylation are not necessary for growth typical of 
cancer cells. 

DISCUSSION 

In Escherichia coli, both the lac repressor and restriction 
enzymes are now known to be sensitive to subtle changes in 
the major groove of the DNA helix (25-28). We have argued 
that the introduction of a &methyl group in the major groove 
by formation of 5methylcytosine does affect the binding of 
regulatory proteins and that DNA methylation may have a 
regulatory function (1). BrdUrd substitution in DNA is known 
to affect the binding of lac repressor (25) and histones (29). 
Therefore, we hypothesized that BrdUrd substitution might 

affect the activity of DNA methylating enzymes and thereby 
affect differentiation. Holliday and Pugh (2) also reasoned 
similarly. We decided to test the hypothesis that BrdUrd 
affects methylation by using a cell line (HTC) whose growth is 
not affected by BrdUrd for at least two generations and whose 
responses to BrdUrd are well documented (Table Il. 

Our results argue against the idea tested. We find that even 
high levels of BrdUrd substitution do not affect the overall 5- 
methylcytosine content of rat hepatoma DNA (Table III). By 
fractionating the DNA into repetitive and nonrepetitive sam- 
ples, we hoped to detect changes in methylation which other- 
wise might have been obscured. However, as Table III also 
shows, no change in the 5methylcytosine content of repetitive 
or single copy DNA is evident after BrdUrd substitution. 
Therefore, it now seems unlikely that BrdUrd affects differen- 
tiation by changing DNA methylation. However, it should be 
noted that, because of the high background level of Ei-methyl- 
cytosine in mammalian DNA, we cannot rule out the possibil- 
ity that BrdUrd is affecting the 5methylcytosine content of 
DNA to a small extent. A doubling, for example, of the 5- 
methylcytosine content of 5% of the repetitive sequences would 
be undetectable. 

For mouse (30, 31) and chicken” repetitive DNA is more 
highly methylated than single copy DNA. The same trend is 
seen for rat DNA, but the differences are small (3.0 versus 
2.4%) (Table III). The meaning of the difference between the 5 
methylcytosine content of single copy vers‘sus repetitive DNA 
(2.4 versus 3.0%) is difficult to assess. Immunofluorescent 
studies have indicated that for some species the centromeric 
regions of chromosomes are highly methylated (321, so a func- 
tional significa;lce is possible. Another possibility is simply a 
“jackpot effect” caused by chance repetition of some methyl- 
ated sequences. 

We have found no selective incorporation of BrdUrd into 
repetitive sequences, even at a ratio of BrdUrd to dThd where 
BrdUrd replaces only 2% of the thymine (Table II). This 
finding conflicts with previous reports of selective incorpora- 
tion of BrdUrd into the repetitive and intermediate DNA of rat 
and chick embryo cells (13, 14). The discrepancy may reflect 
the fact that HTC cells are not an embryonic system or might 
be due to different experimental procedures. 

There is one report of a doubling in the 5-methylcytosine 
content of BHK cells after transformation with polyoma virus 
(33). Our finding that the DNA of HTC cells is not differently 
methylated from that of rat liver cells is evidence against the 
notion that abnormal methylation of DNA is necessarily corre- 

3 J. Singer and J. Roberta-Ems, unpublished data. 
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Methylation of Bromdeoxyuridine-substituted HTC DNA 5513 

lat.& with cancerous growth. Our results are consistent with 
those of Gantt et al. (34), who showed that the 5-methylcyto- 
sine content of a mouse non-neoplastic cell line was the same 
as that of a neoplastic line derived from it. 

The assay we used to detect 5-methylcytosine involves base 
separation by high pressure liquid chromatography and detec- 
tion by ultraviolet absorption. This method offers several ad- 
vantages (a) speed (only 15 minlsample), (b) since 10 ng of 5- 
methylcytosine are detectable, much less material is required 
than for paper chromatography, and (c) the problems of pool 
size inherent in most radioactive labeling are avoided (for a 
discussion see’Ref. 35). The sensitivity achieved is in the same 
range as has been currently attained using mass spectroscopy 
(36). 
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Euchromatin islands in large heterochromatin
domains are enriched for CTCF binding and
differentially DNA-methylated regions
Bo Wen1,4†, Hao Wu2†, Yuin-Han Loh3†, Eirikur Briem1, George Q Daley3 and Andrew P Feinberg1*
Abstract

Background: The organization of higher order chromatin is an emerging epigenetic mechanism for understanding
development and disease. We and others have previously observed dynamic changes during differentiation and
oncogenesis in large heterochromatin domains such as Large Organized Chromatin K (lysine) modifications (LOCKs),
of histone H3 lysine-9 dimethylation (H3K9me2) or other repressive histone posttranslational modifications. The
microstructure of these regions has not previously been explored.

Results: We analyzed the genome-wide distribution of H3K9me2 in two human pluripotent stem cell lines and
three differentiated cells lines. We identified > 2,500 small regions with very low H3K9me2 signals in the body of
LOCKs, which were termed as euchromatin islands (EIs). EIs are 6.5-fold enriched for DNase I Hypersensitive Sites
and 8-fold enriched for the binding of CTCF, the major organizer of higher-order chromatin. Furthermore, EIs are
2–6 fold enriched for differentially DNA-methylated regions associated with tissue types (T-DMRs), reprogramming
(R-DMRs) and cancer (C-DMRs). Gene ontology (GO) analysis suggests that EI-associated genes are functionally
related to organ system development, cell adhesion and cell differentiation.

Conclusions: We identify the existence of EIs as a finer layer of epigenomic architecture within large
heterochromatin domains. Their enrichment for CTCF sites and DNAse hypersensitive sites, as well as association
with DMRs, suggest that EIs play an important role in normal epigenomic architecture and its disruption in disease.

Keywords: Epigenetics, H3K9me2, Euchromatin islands, CTCF, DNA methylation
Background
Epigenetics involves information retained during cell
division other than DNA sequence per se, and both
DNA methylation and post-translational modifications
of histones are fundamental in understanding normal
development and disease [1-3]. Genome-scale localization
of histone modifications had been extensively mapped in
mammalian genomes [4-10]. While most of these studies
focused on local regulatory elements such as promoters
and enhancers, global organization of the chromatin has
not been well understood.
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Recent evidence indicates that repressive histone mod-
ifications form large scale domains in both mouse and
human genomes. We had previously identified large
blocks of H3 lysine 9 dimethylation (H3K9me2), termed
Large Organized Chromatin K9-modifications (LOCKs),
which affect more than 40% of the mouse genome in
liver cells [11]. LOCKs significantly overlap with lamina-
associated domains (LADs) [12] and are associated with
domain-wide gene silencing in a tissue-specific manner.
Importantly, both coverage and domain size of LOCKs
increase upon differentiation of mouse embryonic stem
cells (ESCs) [11]. On the other hand, genome-scale reduc-
tion of LOCKs was seen in epithelial-to-mesenchymal
transition (EMT) induced by TGF-β treatment of mouse
hepatocytes, a process in which cells gain stem cell-like
and malignant-type traits [13]. Similarly, large blocks of
other repressive marks (H3K9me3 and H3K27me3) are
also found to expand in human lung fibroblasts compared
d. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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with human ESCs [14], and those blocks/LOCKs expand
in breast cancer cells relative to normal epithelial cells
[15]. Furthermore, large H3K9me3 and H4K20me3
blocks specifically coat olfactory receptor (OR) gene clus-
ters in mouse olfactory epithelium but not in liver [16].
Taken together, these data demonstrate that large hetero-
chromatin domains are highly dynamic in differentiation
and tumorigenesis.
DNA methylation has been tightly linked to develop-

ment and disease [1]. We previously reported that differ-
entially methylated regions (DMRs) related to tissue
specificity (T-DMRs), colon cancer (C-DMRs) and re-
programming (R-DMRs) have largely common targets in
the genome and are strongly associated with local regu-
lation of adjacent genes [17,18]. Whole genome bisulfite
sequencing had found partial methylated domains
(PMDs) which are highly methylated in human ESCs but
partially methylated in fibroblasts [19]. Similar large
hypomethylation blocks relative to normal cells have
been identified in colon cancer [20] and breast cancer
cells [15], and loss of methylation in these regions is ac-
companied by acquisition of large domains of H3K9me3
and H3K27me3 [15].
Surprisingly, the relationship of H3K9me2 LOCKs/

blocks to DMRs has not been previously assessed. In the
course of this investigation, we identified a new chroma-
tin unit we term “euchromatin island” which may serve
as a fulcrum between DNA methylation and chromatin
in development.

Results
We analyzed whole genome distribution of H3K9me2 by
ChIP-chip using a highly specific monoclonal antibody
in two human pluripotent stem cell (PSC) lines (human
ESC H1, human iPSC ADA-38) and three primary differ-
entiated cell lines: human astrocytes (HA), human aortic
endothelial cells (HAEC) and human pulmonary fibro-
blasts (HPF). For differentiated cells, we used early pas-
sages of primary cells instead of immortalized cell lines
to avoid potentially aberrant epigenetic changes due to
long time cell culture and immortalization of the cells
[21]. These differentiated lines represent three germ
layers: ectoderm (HA), mesoderm (HAEC) and endo-
derm (HPF).
We normalized the ChIP-chip data as described [11]

to calculate the log2 ratios of ChIP/Input comparable
among cell types. By using the 90th quantile as a cutoff
to define large domains, the genome coverage of LOCKs
was found to increase from 17.5-24% in PSC lines, to
39.3-44.8% in differentiated cells, and the average sizes
of LOCK expanded from 142–171 kb in PSC lines, to
233–315 kb in the differentiated. The trends were the
same when we used different cutoffs to define LOCKs
(Additional file 1: Table S1), consistent with our previous
findings that LOCKs increase after mouse ESC differen-
tiation [11]. For example, in the WSCD2 gene locus, only
some small H3K9me2 peaks can be seen in the PSCs,
but the H3K9me2 enriched regions expanded to ~350 kb
long and cover the whole gene body and its flanking
regions in the differentiated cells (Figure 1A).
To validate the ChIP-chip data, we performed quanti-

tative PCR (qPCR) on 23 loci using independently pre-
pared ChIP and input DNA samples from four cell
types. For all the cases, the quantitative differences of
H3K9me2 enrichments within and among samples
detected by ChIP-chip were well validated by qPCR
(Additional file 2: Figure S1). Overall, the ChIP/Input
log2 ratios of microarray (ChIP-chip) and qPCR were
strongly correlated (R2 = 0.87, Figure 1B), indicating that
the ChIP-chip data are of high quality.
To reveal the relationship between dynamics of

H3K9me2 and DNA methylation on a large scale, we
compared genome-wide distributions of LOCKs (this
study), PMDs in fibroblasts [14], and DNA hypomethy-
lation blocks in colon cancer [20]. LOCKs in fibro-
blasts (HPF) largely overlap PMDs (Additional file 3:
Figure S2A), and overall 61.5% regions of LOCKs in
HPF coincide with PMDs (p < 0.001, based on 1,000
permutations), and H3K9me2 signals in the regions of
PMDs are higher than non-PMD regions (Additional
file 3: Figure S2B). Furthermore, more than 80% LOCK
regions in HPF were contained within DNA hypomethy-
lation blocks found in colon cancer tissues (Additional
file 3: Figure S2). Thus, our data support a strong cor-
relation between LOCKs and DNA hypomethylation
blocks in human cells.
On closer examination of the microstructure of the

LOCKs, we noticed that many small H3K9me2-depleted
regions are located in the body of LOCKs. These regions
are a few kb in length, and away from the LOCK bound-
aries. We found that these regions are abundant in the
genome, and they appear to be associated with open
chromatin (see below). Thus, we termed these regions
Euchromatin Islands (EIs). As an example, an EI was
found near the transcription start sites (TSSs) of the
cadherin 11 gene (CDH11, Figure 2A), of which epigen-
etic disruption was associated with metastasis of human
cancers [22]. Other examples of EIs include within the
gene body of PDILT, a testis-specific gene; and down-
stream of the glycoprotein 2 (GP2) gene (Figure 2B).
Then we developed a statistical algorithm to identify

EIs genome-wide (see Methods). We identified 758 to
2,465 EIs across cell types, with average sizes from 4.4
to 5.9 kb (Table 1 and Additional file 4: Table S2).
These EIs form strong dips relative to adjacent LOCK
regions as demonstrated by average H3K9me2 densities
(Additional file 5: Figure S3). We have performed repli-
cates on one array of the “Mouse ChIP-chip 2.1M
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Figure 1 Global pattern of H3K9me2 in human pluripotent and differentiated cells. A) A representative region that shows LOCKs in
differentiated cells (HA, HAEC and HPF) but not PSCs (H1 and ADA-38). Shown are H3K9me2 signals of ChIP-chip experiments in a ~500 kb long
region containing WSCD2 gene. Positive and negative log2 (ChIP/Input) rations are shown in blue and red, respectively. B) qPCR validation of
ChIP-chip data. By comparing four cell lines in 23 regions (Figure S1), enrichments (log2 ChIP/Input) measured by ChIP-chip (Y axis) and ChIP-
qPCR (X axis) are highly correlated (R2 = 0.87).
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Whole-Genome Tiling sets”, which covers 10% of the
genome. The EIs detected from the replicate experi-
ments have high concordance with the ones from whole
genome arrays (Additional file 6: Figure S4). Percentage
of EIs detected from whole genome arrays that can also
be detected from replicate arrays are 76.3% for H1,
74.1% for ADA-38, 63.3% for HA, 84.4% for HAEC and
71.4% for HPF. To exclude the possibility that EIs
resulted from lack of histones in these regions, we
plotted nucleosome density around EIs, and no deple-
tion of nucleosomes was observed in EIs (Additional
file 7: Figure S5), indicating that the observation of EIs
is not due to nucleosome positioning.
Among the five cell lines, 4.6% to 12.7% of EIs coin-

cided with transcriptional start sites (TSSs), which asso-
ciated with 60 to 409 genes across cell types. Compared
to random, the enrichment at TSS ranged from 2.7
(in ADA-38) to 7.8 (HA), with randomization p-values
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(See figure on previous page.)
Figure 2 Euchromatin islands (EIs) in LOCKs overlap CTCF interacting regions and DNase hypersensitive sites (DHSs). H3K9me2 log
ratios of HAEC are shown on the top track. CTCF binding regions and DHSs of HUVEC are denoted as light blue and orange bars, respectively. EIs
are small regions with strong negative signals within the body of LOCKs. A) Shown is a 3 Mb long region (top) containing CHD11 genes
(zoomed-in view on the bottom), a member of the cadherin gene family. CFCF interacting regions and DHSs are highly depleted in the
H3K9me2 blocks (LOCKS), but overlap the EI located near the TSS of CDH11 gene. B) Additional examples of EIs near GP2 and PDILT genes.
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< 10-3 for all cell lines (Table 1). We further investigated
the spatial relationship between EI and CpG islands
(CGI). We found that 4.7% to 17% of EIs overlapped
with CGIs, with enrichment ranging from 0.6 to 2.1.
The randomization test suggested that EIs significantly
overlapped with CGI in differentiated cells, but not in
ES and iPS cells (Table 1).
To probe the chromatin features of EIs, we com-

pared locations of EIs in H1, HAEC and HPF with
public datasets of comparable cell lines [10,23]. Inter-
estingly, EIs highly coincide with regions interacting
with CCCTC-binding factor (CTCF), the major organ-
izer of higher-order chromatin in mammalian genomes
(Figure 2). Overall, up to 61.3% of EIs overlap with
CTCF binding regions, which are 8.2-fold enriched
compared with the random pattern (P < 10-3, Table 2).
Furthermore, up to 49% of EIs overlap with DNase
hypersensitive sites (DHSs), the hallmark of open chro-
matin, which is 6.5-fold enrichment compared with the
random (P < 10-3, Figure 2 and Table 2). We further
explored the overlaps of EIs with other histone
modifications, and found that EIs highly overlaps
with H3K4me3 (Enrichment up to 5.3) and H3K9ac
(Enrichment up to 3.3), but less enrich for H3K27me3
(Enrichments from 1.7 to 2.2) and H3K36me3 (Enrich-
ments from 0.7 to 2.1). The enrichments are similar
among the three cell types. In addition, we investigated
the enrichment by comparing EIs with random pattern
within LOCK regions, and got similar results and even
stronger enrichments for CTCF (up to 13.9 fold,
Table 2).
We then asked whether there is any association be-

tween EIs and DMRs. For this purpose, we compared
genomic locations of EIs with DMRs identified by
CHARM array [17,18]. We found that EIs are highly
enriched for DMRs distinguishing tissue types (T-DMRs).
For example, EIs near TSSs of nitric oxide synthase
1 (NOS1), xylosyltransferase I (XYLT1) and heparan
sulfate (glucosamine) 3-O-sulfotransferase 1 (HS3ST1) all
overlap T-DMRs (Figure 3). Overall, a large fraction of
EIs (39-62% across the five cell types) overlap with
T-DMRs, with enrichment from 2.1 to 2.9 folds relative
to random patterns (Table 3; p < 10-3).
We further tested the relationship between EIs and

DMRs associated with reprogramming (R-DMRs). Simi-
lar to T-DMRs, R-DMRs were more methylated in iPSC
cells compared to fibroblasts (Hyper R-DMRs) were also
significantly enriched in EIs of all the cell types, whose
enrichments ranging from 2.2 to 3.2 fold. However,
R-DMRs less methylated in iPSC cells (Hypo R-DMRs)
were highly enriched in EIs of differentiated cells (5.1 to
6.2 folds enrichment, P values all < 10-3), but much less
enriched in PSCs (1.2 to 3.1 folds of enrichment). Im-
portantly, EIs in HPF, the same cell type of parental cells
in reprogramming, are strongly enriched for hypomethy-
lated R-DMRs (enrichment = 6.1, P < 10-3), whereas
those in iPSCs did not significantly overlap with
hypomethylated R-DMRs (enrichment = 1.2, P = 0.33),
indicating a coordinated hypomethylation in these EIs
during reprogramming.
We then compared EI locations with colon cancer-

associated DMRs (C-DMRs) and observed an opposite
trend to that of R-DMRs. EIs in 4 out of 5 cell lines were
significantly enriched for C-DMRs more methylated in
colon cancers (hypermethylated C-DMRs), and the en-
richment ranged from 3.8 to 5.4 fold (Table 3). In con-
trast, all five cells types were not significantly enriched
for C-DMRs less methylated in cancers (hypomethylated
C-DMRs). These results were further confirmed by com-
paring EIs with an independent list of C-DMRs discov-
ered by whole genome bisulfite sequencing [20]. EIs of
all five cell lines significantly overlapped hypermethy-
lated C-DMRs (enrichment from 4.1 to 7.6 fold, P values
all < 10-3), whereas none of them were significantly
enriched for hypomethylated C-DMRs (Table 3). Inter-
estingly, almost all EIs (98%) that associated with hyper-
methylated C-DMRs also overlap CGIs. These data
suggest that EIs in normal cells may become hyper-
methylated in cancers.
To explore the biological role of EIs, we compared ex-

pression levels of genes associated with EIs, of genes
with LOCKs but not EIs, and of genes not overlapping
LOCKs (Figure 4A). It is clear that expressions of genes
overlapping EIs are significantly higher than those of
within LOCKs but not EIs (t-test, p < 2–16). To further
test whether EI associated genes are regulated by other
histone marks, we investigated the relationship between
H3K36me3/H3K27me3 and genes with EIs, with LOCKs
and without LOCKs (Figure 4B). In either category (with
or without K36me3/K27me3), genes at LOCK regions
always have the lowest expression and genes at non-
LOCK regions have the highest. However, genes with
EIs have expressions in the middle, and positively
(negatively) associated with H3K36me3 (H3K27me3),



Table 1 Overlap of EIs with CpG islands (CGIs) and transcription start sites (TSSs)

Cell line Number
of EIs

Average Size
of EIs (bp)

% of EIs overlap
CGIs (En.b, Pc)

% of EIs overlap
TSSs (En.b, Pc)

# of genes
associated
with EIsa

H1 1,060 4880 9.7 (1.3, 0.06) 7.9 (5.0, <10-3) 119

ADA-38 758 4401 4.7 (0.6, 0.99) 4.6 (2.7, <10-3) 60

HA 2,254 5029 14.2 (1.8, <10-3) 12.4 (7.8, <10-3) 338

HAEC 2,359 5867 13.6 (1.6, <10-3) 11.3 (5.4, <10-3) 373

HPF 2,465 5477 17 (2.1, <10-3) 12.7 (6.5, <10-3) 409
a 1 kb up and downstream of TSS overlapping EIs; b Enrichment compared to random patterns; c p values calculated by 1,000 permutations.
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indicating that EI related genes could be regulated by
these two marks.
Then we conducted Gene Ontology (GO) analysis with

genes whose TSSs are associated with EIs. EI-associated
genes in differentiated cells were strongly associated
with 1) biological processes such as system development,
cell adhesion and cell differentiation; 2) cellular com-
partments of plasma membrane and synapse, and
3) molecular function of ion binding and channel
activity (Table 4).
Finally, to test whether EIs are associated with specific

cellular functions, we compared the location of EIs
among the three differentiated cell lines. Based on our
current strategy to define EIs, ~50% of them are cell
type specific (Figure 5A). It should be noted that the de-
tection of EI is based on the definition of LOCKs as well
Table 2 Overlaps (%) of EIs with chromatin marksa

EIs overlap with Observed Random within LOCKs Fold e

HAEC CTCF 61.3 4.4

DHSs 48.9 10.1

H3K4me3 23.3 6.8

H3K27me3 46.0 34.1

H3K36me3 20.0 14.1

H3K9ac 17.7 6.0

H1 CTCF 46.9 9.0

DHSs 36.0 7.1

H3K4me3 13.2 1.8

H3K27me3 21.6 10.8

H3K36me3 11.0 16.1

H3K9ac 28.9 11.8

HPF CTCF 56.9 7.9

DHSs 71.0 27.7

H3K4me3 30.8 8.1

H3K27me3 53.1 34.2

H3K36me3 22.6 16.5

H3K9ac 13.2 2.5
a EIs of HAEC, H1 and HPF were compared with chromatin marks of HUVEC, H1 and
bP values were calculated by 1000 permutations.
cEnrichment is calculated as the ratio of observed to random.
as the amount of reduction of H3K9me2 levels within
LOCK bodies. Some tissue specific EIs may be due to
differential LOCKs or different amount of H3K9me2
reductions among cell types. Due to these reasons the
number of tissue specific EIs is likely an over-estimate.
New technology with higher resolution and dynamic
range, such as ChIP-seq, will help achieve better accur-
acy and specificity in tissue comparisons. Nevertheless,
we found that some tissue specific EIs are biologically
meaningful. For example, an EI is located near the
TSS of Down syndrome cell adhesion molecule gene
(DSCAM) in astrocytes (HA) but not the other two cell
types (Figure 5B). It was shown that Dscam diversity is
essential for neuronal circuit assembly [24], and genetic
variations of this gene were associated with Down syn-
drome and congenital heart disease (DSCHD) [25] and
nrichedc P valueb Random at WG Fold enrichedc P valueb

13.9 <10-3 7.5 8.2 <10-3

4.8 <10-3 7.5 6.5 <10-3

3.4 <10-3 5.6 4.2 <10-3

1.4 <10-3 27.8 1.7 <10-3

1.4 <10-3 9.7 2.1 <10-3

2.9 <10-3 5.3 3.3 <10-3

5.2 <10-3 11.8 4.0 <10-3

5.1 <10-3 18.1 2.0 <10-3

7.4 <10-3 1.4 9.8 <10-3

2.0 <10-3 9.8 2.2 <10-3

0.7 1 15.2 0.7 1

2.4 <10-3 11.5 2.5 <10-3

7.2 <10-3 9.6 5.9 <10-3

2.6 <10-3 19.2 3.7 <10-3

3.8 <10-3 13.0 2.4 <10-3

1.6 <10-3 29.0 1.8 <10-3

1.4 <10-3 24.9 0.9 0.85

5.2 <10-3 6.2 2.1 <10-3

normal lung fibroblasts, respectively (ref.10).
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Figure 3 EIs are enriched for differential methylation regions (DMRs). The H3K9me2 signals of HAEC and HPF are compared with regions of
T-DMRs (pink bars). Regions of CHARM array are denoted by green bars. EIs (red dips) clearly overlap T-DMRs near the TSSs of NOS1 (A), XYLT1 (B)
and HS3HT1 (C).
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bipolar disorder [26]. Furthermore, an EI is found on the
5’ end of myocardin (MYOCD) gene in HA and HPF but
HAEC (Figure 5C). Myocardin is a coactivator of serum
response factor which specifically expressed in cardiac
and smooth muscle cells [27], and promoter variation of
this gene was proposed as a biomarker of cardiac hyper-
trophy [28]. These data suggest that EIs may be import-
ant in regulating specific cellular functions.

Discussion
In summary, by examining the genome-wide distribu-
tion of H3K9me2 in human PSCs and differentiated
cells, we found a novel microstructure within hetero-
chromatin domains of thousands of small euchromatin
islands (EIs) located within large H3K9me2 blocks
(LOCKs). EIs are strongly associated with open chroma-
tin regions (DHSs), active chromatin marks (H3K4me3
and H3K9ac) and higher-order chromatin organizers
(CTCF). Furthermore, EIs are highly enriched for DMRs
associated with tissue specificity (T-DMRs), reprogram-
ming (R-DMRs) and cancers (C-DMRs). This associ-
ation is particularly strong for hypomethylated R-DMRs
and hypermethylated C-DMRs. Genes associated with
EIs are enriched for annotations of system development,
cellular differentiation and cell adhesion. These results
suggested that EIs may coordinate higher order chroma-
tin and mediate co-regulation of DNA methylation in
reprogramming and tumorigenesis. However, further
experimental work is needed to address the functional
relevance of EIs and their strong association with
CTCF and DMRs.
In this study, we compared H3K9me2 profiles with

publicly available epigenomic data generated from simi-
lar cell types. This strategy may lead to biased estimation
of the enrichments of EIs with other epigenetic marks,
Table 3 Percentage of EIs overlap with DMRs

Cell line Overlaps

T-DMR R-DMR

Hyper Hypo

% En. p % En. p % En. p %

H1 53.4 2.8 <10-3 19.4 3.1 <10-3 5.8 3.1 0.02 11

ADA-38 39.1 2.1 <10-3 17.4 3.2 <10-3 2.2 1.2 0.33 6

HA 60.4 2.9 <10-3 19.3 3.1 <10-3 11 5.5 <10-3 16

HPF 59.5 2.8 <10-3 17.5 2.8 <10-3 12.8 6.1 <10-3 17

HAEC 62.3 2.9 <10-3 14.3 2.2 <10-3 11.7 5.6 <10-3 15

Notes: En. = Enrichment. Statistical significances were tested by 1000 permutations
because patterns of EIs may be different between the
two samples. Comparison of exactly matched cell lines
and cultures could assess the association between them
more accurately.
Note that a previous literature used the term “euchro-

matic islands” in a completely different context, simply
to describe chromatin regions with H3K4me3 and CpG
islands, essentially describing promoter regions of active
genes [4,29]. As that term was rarely used previously,
and to convey a completely different meaning, we do
not think there will be confusion with our newly defined
(and differently spelled) “euchromatin islands” or EIs,
namely H3K9me2 depleted regions/islands within an
ocean of heterochromatin (LOCKs), enriched for regula-
tory elements such as enhancers (DHSs) and insulators
(CTCF). Thus, EIs are novel units of the genomic “tool
box” which may be important in epigenetic regulation
as suggested by their strong association with DMRs
(Table 3).
Higher-order organization of the genome remains a

highly active area to be explored. Recent evidence indi-
cates the presence of spatial compartments of active and
repressive chromatin domains as general principles of
genome organization in mammalian cells [30,31], and
CTCF mediates intra- and inter-chromosomal interac-
tions by tethering chromatin regions binding CTCF [32].
It would be interesting to explore the possibility that eu-
chromatin islands act as “anchors” for the interactions
among heterochromatin domains or between hetero-
chromatic and enchromatic regions. Moreover, the rela-
tionships between EIs and heterochromatin formation,
and the biophysical features of EIs are interesting ques-
tions for future investigation.
Although evidence provided in this and other stud-

ies have indicated that large heterochromatin domains
with DMRs (%)

C-DMR Whole genome C-DMR

Hyper Hypo Hyper Hypo

En. p % En. p % En. p % En. p

.7 3.8 <10-3 4.9 1.4 0.24 5.6 5.2 <10-3 0.9 1 0.31

.5 2.2 0.05 6.5 2 0.08 4.1 4.1 <10-3 0.4 0.5 0.84

.7 5.4 <10-3 4.5 1.3 0.25 8.6 7.3 <10-3 1 1.1 0.34

.5 5.1 <10-3 5.7 1.5 0.09 9.4 7.6 <10-3 1.3 1.4 0.04

.7 4.5 <10-3 4.6 1.2 0.29 7 5.3 <10-3 1.1 1.1 0.27

.
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Figure 4 Expression of genes associated with EIs. We compared expression levels for genes with TSS at different regions. Expression values
are RPKM (read per kb per million reads) for lung fibroblast IMR90 [7]. A) boxplot of expression level of genes with TSS 1) overlapping EIs;
2) overlapping LOCKs but not EIs; and 3) not overlapping EIs. B) Relationship between H3K36me3/H3K27me3 and expression of EI associated genes.
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Table 4 Top 10 GO terms of genes associated with EIs

GO terms % of genes Fold en. FDR

Biological processes

nervous system development 12.6 2.2 9E-11

developmental process 25.5 1.6 4E-09

system development 20.5 1.7 4E-09

anatomical structure development 21.5 1.6 1E-08

multicellular organismal development 23.4 1.6 2E-08

cell adhesion 8.7 2.4 8E-08

biological adhesion 8.7 2.4 8E-08

cell differentiation 15.2 1.8 4E-07

cell development 8.0 2.4 4E-07

multicellular organismal process 31.1 1.4 4E-07

Cellular compartment

plasma membrane part 21.1 1.9 4E-14

plasma membrane 30.3 1.6 1E-12

membrane part 44.2 1.3 1E-09

integral to plasma membrane 12.6 2.1 3E-09

intrinsic to plasma membrane 12.7 2.1 5E-09

membrane 47.0 1.3 2E-08

intrinsic to membrane 37.3 1.4 2E-07

integral to membrane 35.9 1.4 1E-06

synapse 5.3 3.0 2E-06

extracellular region 16.7 1.7 6E-06

Molecular function

calcium ion binding 9.7 2.1 4E-06

gated channel activity 4.5 2.9 9E-05

molecular transducer activity 17.5 1.5 6E-04

signal transducer activity 17.5 1.5 6E-04

substrate specific channel activity 5.1 2.5 6E-04

ion channel activity 4.9 2.5 8E-04

channel activity 5.1 2.4 1E-03

passive transmembrane
transporter activity

5.1 2.4 1E-03

cation channel activity 3.9 2.8 2E-03

ligand-gated channel activity 2.3 3.6 1E-02

Wen et al. BMC Genomics 2012, 13:566 Page 10 of 13
http://www.biomedcentral.com/1471-2164/13/566
are highly dynamic in stem cell differentiation and
tumorigenesis [11-15], Lienert et al. indicated that gen-
ome coverage of H3K9me2 domains do not increase
globally during neuronal differentiation of mouse ES
cells [33]. First of all, lineage specificity of differentiated
cells may explain the conflicts. As reported in our earl-
ier work [11] the amount of LOCKs detected from
brain and ES cells are comparable (9.8% vs. 4%),
whereas the amount is very high in liver (45.6%). The
Lienert study used in vitro differentiated neurons as dif-
ferentiated cells which is more similar to brain. Further-
more, the inconsistence may be due to sensitivities of
different statistical methods for finding large domains,
heterogenenity of stem cells, and so on. Notably, exten-
sive deduction of LOCKs during EMT suggested that
quantitative differences of these large domains may be
functionally important [13]. Nevertheless, further stud-
ies on homogenous stem cell populations may be help-
ful to address these debates. Whatever it holds,
functionally investigations of these large domains should
provide important insight toward how higher-order
chromatin affects normal development and disease.

Conclusions
In conclusion, we have explored the microstructure of
LOCKS and indentified thousands of euchromatin
islands (EIs), which may be served as a finer layer of epi-
genomic architecture within large heterochromatin
domains. The strong association of EIs with CTCF sites,
DNAse hypersensitivies sites, and DMRs suggests that
EIs play an important role in normal epigenomic archi-
tecture and its disruption in disease.

Methods
Cell culture
Human H1 ESCs and ADA-38 iPSCs were cultured as
described [34]. Primary Human Pulmonary Fibroblasts
(HPF), Human Aortic Endothelial Cells (HAEC) and
Human Astrocytes (HA) were purchased from ScienCell
Research Laboratories (San Diego, CA), and cultured as
recommended by ScienCell.

ChIP-chip
ChIP-chip experiments were performed as described
[11], using a commercial monoclonal antibody (Abcam,
ab1220), which specifically recognizes H3K9me2 but not
other modifications [35]. The passage numbers for cells
used for ChIP analysis were P46 for H1, P59 for ADA-
38 and P2 for primary cells from ScienCell. We first
mapped whole genome distribution of H3K9me2 using
“Mouse ChIP-chip 2.1M Economy Whole-Genome Til-
ing arrays (4 arrays per set) from NimbleGen”, with
203 bp of median probe spacing. Then we repeated the
microarray experiments on one of the Mouse ChIP-chip
2.1 M Whole-Genome Tiling sets, whose median probe
spacing is 100 bp. The replicate array covers 10% of the
genome, including part of chromosome 6 (111,920,
005-170,893,515), whole chromosome 7 and part of chro-
mosome 8 (521–74,730,105). For the replicate experi-
ments, cell cultures, ChIP sample preparation, labeling
and hybridization were performed independently.

ChiP-chip data analysis
Data were first normalized by partial quantile
normalization, then LOCKs were detected based on the
smoothing values of normalized log2 ratios of data
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Figure 5 Cell type specific EIs. A) The Venn diagram shows overlaps of EIs among three differentiated cell lines (HA, HAEC and HPF). B-C)
Shown are examples of EIs which differ among cell types. The annotation of tracks is the same as in Figures 2 and 3. An EI is found near the 5’
end of the myocardin gene (MYOCD) in HA and HPF but not in HAEC. An EI is found in the TSS of the Down syndrome cell adhesion molecule
gene (DSCAM) specifically in HA but not in other two cell types (C).
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between ChIP and input channels [11]. The euchromatin
islands (EIs) are defined as short regions within LOCK
body that have low H3K9me2 methylation levels. To de-
tect such regions we designed the following smoothing
based approach. The log2 ratios for probes within
LOCKs were first smoothed using 5000 bp window. The
relatively short smoothing window is used to capture the
signal variations in small regions. Genomic regions with
smoothed value less than 1% of all the smoothed values
were defined as EIs. It is required that EIs are at least
1000 bps long and contain at least 10 probes. EIs less
than 1000 bps apart will be merged into one. It is also
required that the EIs are at least 20000 bps away from
the LOCK boundaries. This is because the log2 ratios
are smaller at LOCK boundaries. Such requirement pre-
vents mistakenly taking LOCK boundaries as EIs. A flow
diagram showing the algorithm for detecting EIs was
provided in Additional file 8: Figure S6. Microarray data
have been submitted to GEO database (accession num-
bers: GSE37335).
To compute the enrichment of EI overlapping other
genomic features (CTCF, DHS, etc.), we first calculated
the percent of EIs overlapping the feature. Then a set
of genomic regions was randomly sampled. The num-
ber and lengths of the random regions match the EI
list. The random regions were then compared with the
feature to obtain a percentage of overlapping. Such
process was repeated 1000 times. The percentages
obtained from the process form the null distribution
for percentage of overlapping. The p-values and
enrichments were computed based on the null distri-
bution. The p-values were then corrected for multiple
testing using Bonferroni correction. Publicly available
datasets used for analysis were listed in Additional
file 9: Table S3.

Quantitative PCR (qPCR)
Experiments of qPCR were conducted as described [11].
Primer sequences are provided in Additional file 10:
Table S4.
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GO analysis
GO analysis was performed using DAVID tools as
described [36], using the list of genes overlapping EIs of
the three differentiated cell lines (HA, HAEC and HPF).

Additional files

Additional file 1: Table S1. Description: Genome coverage and average
size of LOCKs in human PSCs and differentiated cells.

Additional file 2: Figure S1(A-D). Description: qRCR validation of
H3K9me2 ChIP-chip data on 23 loci. Upper panels show log2 (ChIP/Input)
ratios of microarrays and green bars denote regions selected for qPCR
validation; lower panels present qPCR enrichments of ChIP over input in
the selected regions.

Additional file 3: Figure S2. Description: LOCKs overlap partial
methylation domains (PMDs). (A) One representative region (on
chromosome 17) where LOCKs and PMDs overlap, green and orange
bars show locations of LOCK (green) and PMD (orange), and
hypomethylation blocks (purple), respectively; (B) H3K9me2 density in
and out of PMDs. X-axis is the probe log2 ratios between ChIP and
control samples. Y-axis is the the probability density.

Additional file 4: Table S2. Description: Coordinates of EIs (HG18).

Additional file 5: Figure S3. Description: Average H3K9me2 densities in
EIs and their adjacent regions.

Additional file 6: Figure S4. Description: H3K9me2 ChIP-chip
experiments in whole genome (WG) and replicate (rep) arrays.

Additional file 7: Figure S5. Description: Nucleosome density in EIs
and adjacent regions. We compared common EIs of HA, HAEC and HPF
with nucleosome maps of GM12878 (Supplementary Table S3), to
overcome potential lineage specificity among those cell types.

Additional file 8: Figure S6. Description: Flow diagram of EI
detection.

Additional file 9: Table S3. Description: Public datasets used for
analysis.

Additional file 10: Table S4. Description: qPCR primer sequences.
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Polycomb (PcG) and Trithorax (TrxG) group proteins are evolutionarily conserved chromatin-modi-
fying factors originally identified as part of an epigenetic cellular memory system that maintains
repressed or active gene expression states. Recently, they have been shown to globally control
a plethora of cellular processes. This functional diversity is achieved by their ability to regulate
chromatin at multiple levels, ranging from modifying local chromatin structure to orchestrating
the three-dimensional organization of the genome. Understanding this system is a fascinating
challenge of critical relevance for biology and medicine, since misexpression or mutation of multi-
ple PcGcomponents, aswell as of TrxGmembers of theCOMPASS family and of the SWI/SNF com-
plex, is implicated in cancer and other diseases.
Epigenetic regulation of gene expression is one of the key mech-

anisms regulating cell-fate choices and cell identity during devel-

opment.Oneof themostprominent andenigmaticepigenetic reg-

ulatory systems involves the evolutionarily conserved Polycomb

group (PcG) and Trithorax group (TrxG) components, acting

antagonistically to orchestrate the expression of key genes in

cell differentiation and developmental processes. Seventy years

ago, the first PcG gene, Polycomb (PC), was discovered in

Drosophila melanogaster by Pamela Lewis (Lewis, 1947). Later,

Ed Lewis determined thatPolycombmutations transform anterior

embryonic segments into more posterior ones due to the ectopic

expression of Homeotic (Hox) genes (Lewis, 1978). Subsequent

genetic screens identified other genes whose mutations resulted

in phenotypes similar to the loss of function ofPcmutations, lead-

ing to the definition of the Polycomb group (PcG) proteins. A few

years after the discovery of PcG, the first TrxG gene, Trithorax,

was isolated as a regulator of Hox gene expression. Its mutation

causes embryonic segments to be transformed intomore anterior

ones by antagonizing PcG proteins (Ingham, 1983; Ingham,

1985b; Struhl and Akam, 1985). After additional genes were

discovered that had mutant phenotypes counteracting PcG mu-

tations and consistent with the loss of Hox function, the overall

group was defined as the Trithorax group (TrxG) of proteins (Ken-

nisonandTamkun,1988). Theobservation thatPcGandTrxG fac-

tors are required tomaintainHox gene expression after their initial

transcriptional regulators disappear from the embryo gave rise to

the hypothesis that PcG and TrxG proteins act as a cellular mem-

ory system (Ingham, 1985a). Soon after these early discoveries,

somePcGand TrxGmemberswere linked to proliferation, senes-

cence (Jacobs et al., 1999a), and cancer (Djabali et al., 1992; van

Lohuizen et al., 1991). Extensive research over the past decade

has revealed that PcG and TrxG proteins are much more than
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epigenetic gatekeepers of Hox gene expression. They regulate

a plethora of cellular processes, including X chromosome inacti-

vation, genomic imprinting, cell cycle control, stem cell biology,

and cancer. This functional diversity is achieved by a variety of

PcG and TrxG complexes that are assembled in a develop-

mental-stage- and cell-specific manner to modify chromatin at

their target genes via histone-modifying or chromatin-remodeling

activities. Although PcG and TrxG target genes are conserved

during evolution (Schuettengruber et al., 2007), the way these

complexes are targeted to chromatin can significantly differ be-

tween species. In Drosophila, Polycomb response elements

(PREs) and Trithorax response elements (TREs) target PcG and

TrxG complexes to chromatin, thus driving the epigenetic inheri-

tance of silent or active chromatin states throughout develop-

ment. Inmammals, hypomethylatedCpG islands (CGIs) represent

PRE-like sequences that can recruit PcG and TrxG complexes.

Research in the last decade has shown that PcG and TrxG com-

plexes can regulate their target genes at multiple levels, from

modifying local chromatin structure to regulating higher-order

chromatin organization and global genome architecture. PcG

and TrxG proteins are currently under intense study and, during

the last decade,major progresswasmade toward understanding

(1) their diversity and biochemical interactions, (2) their recruit-

ment to chromatin, (3) the mechanisms by which they regulate

genome function, (4) their role and mechanisms in conveying in-

heritance of chromatin states, and (5) their implications in normal

and pathogenic cellular processes, particularly embryonic stem

cell (ESC) biology and cancer (Figure S1).

PcG Complexes
Historically, based on biochemical purification experiments

from Drosophila melanogaster, the PcG machinery has been
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Table 1. Overview of PcG and TrxG Complexes and Their Core Subunits, Enzymatic Functions, and Functional/Structural Domains

PcG Complex Components Characteristic Domain (Epigenetic) Function

Mammals Flies

Core PRC1 Complex (common to all PRC1 Complexes)

RING1A/B dRing/Sce RING finger H2AK119 ubiquitylation

PCGF1–PCGF6 Psc/Suz(2) RING finger, UBL (RAWUL) H2AK119 ubiquitylation, oligomerization

Canonical PRC1

CBX2, CBX4, CBX6–CBX8 Pc chromodomain H3K27me3 binding

PHC1–PHC3 Ph sterile alpha motif (SAM) oligomerization/protein-protein interaction

SCMH1/2 Scm SAM oligomerization/protein-protein interaction

Non-canonical PRC1

RYBP/YAF2 dRybp zinc finger DNA binding

KDM2B dKdm2 JmjC, CxxC H3K36 demethylase, DNA binding

DCAF7 Wap/n.i. WD40 scaffold factors

WDR5 Wds/n.i. WD40 scaffold factors

Core PRC2 Complex

EZH1/2 E(z) SET, SANT H3K27 methyltransferase, histone binding

SUZ12 Suz(12) zinc finger RNA/DNA binding

EED164 Esc/Escl WD40 H3K27me binding

RBBP4/7 Nurf55/Caf1 WD40 H3K36me3 binding

PRC2 Accessory Proteins

PCL1–PCL3 Pcl Tudor, PHD finger H3K36me3 binding

JARID2 Jarid2 zinc finger, ARID H2Aub binding, RNA binding

AEBP2 Jing zinc finger DNA binding, H2Aub binding

EPOP/C17orf96 n.i. N/A modulating enzymatic activity

LCOR/C10orf12 n.i. N/A N/A

Core PR-DUB

BAP1 Calypso ubiquitin C-terminal hydrolase

(UCH) N-terminal catalytic

ubiquitin C-terminal hydrolase

ASXL1/2 Asx N/A chromatin binding

PR-DUB Accessory Proteins

FOXK1/2 FoxK/n.i. Forkhead box DNA binding

OGT1 Sxc/n.i. N/A O-GlcNAcylation

KDM1B dLsd1/n.i. amine oxidase histone demethylation

MBD5/6 Sba/n.i. methyl binding DNA binding

TrxG Complex Components Protein Domain (Epigenetic) Function

Mammals Flies

Core COMPASS Components common to all COMPASS (-like) Complexes

WDR5 Wds WD40 histone binding

ASH2L Ash2 zinc finger DNA binding

RBBP5 Rbbp5 WD40 histone binding

DPY30 Dpy30 N/A N/A

SET1/COMPASS

SET1A/B dSet1 SET H3K4 methyltransferase

HCF1 Hcf1 Kelch N/A

(Continued on next page)
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Table 1. Continued

TrxG Complex Components Protein Domain (Epigenetic) Function

WDR82 Wdr82 WD40 histone binding

CFP1 Cfp1 CxxC DNA binding

MLL1/2 COMPASS-like

MLL1/2 Trx SET d H3K4 methyltransferase

HCF1 Hcf1 Kelch N/A

MENIN Menin N/A N/A

MLL3/4 COMPASS-like

MLL3/4 Trr SET H3K4 methyltransferase

NCOA6 Ncoa6 N/A N/A

PA1 Pa1 N/A N/A

UTX Utx JmjC H3K27 demethylase

PTIP Ptip BRCT N/A

ASH1

ASH1L Ash1 SET, bromodomain H3K36 methyltransferase

CBP dCbp HAT, bromodomain H3K27 acetyltransferase

SWI/SNF (BAF and PBAF) Complex

BRM/BRG1 Brm helicase, bromodomain ATPase-dependent chromatin remodeling

BAF250A/B Osa ARID possible DNA binding

BAF155/170 Mor SWIRM, SANT, chromodomain possible DNA and histone binding

BAF47 Snr1 winged helix possible DNA binding

BAF45A-D Sayp PHD-finger possible DNA binding

BAF53A/B Bap55 actin-like –

BAF180/BAF200 Bap180 polybromodomain histone binding

BAF60A-C Bap60 Swi-B –

BAF57 Bap111 HMG possible DNA binding

beta-ACTIN Actin5C N/A N/A

BCL7A-C Bcl7-like/n.i. N/A N/A

BRD7/9 CG7154/n.i. N/A N/A

Note that only TrxG complexes with a major function in counteracting PcG function are shown. n.i. indicates that homologous proteins exist, but they

have not been purified as part of PcG/TrxG complexes.
subdivided into two main complexes: Polycomb repressive

complex 1 (PRC1) and PRC2 (Table 1). This view has been greatly

clarified and expanded in the last decade revealing that the PcG

system is much more diverse in mammals than in Drosophila,

especially for PRC1, which is subdivided into canonical (cPRC1)

and non-canonical complexes (ncPRC1) (for a review, see Black-

ledgeet al., 2015). All PRC1complexesshare aprotein core that is

conserved in thefivemajor animal lineagesand inplants,butnot in

fungi (Figure 1A). In mammals, this core is composed of RING1

proteins (RING1A or RING1B), which have E3 ubiquitin ligase ac-

tivity mediating ubiquitylation of histone H2A on lysine 119

(H2AK119ub), and one of the six Polycomb group ring-finger

domainproteins (PCGF1–PCGF6). cPRC1complexesareassem-

bled around PCGF2/4 and are specified by the presence of one

chromobox protein (CBX2, CBX4, and CBX6–CBX8) that binds

H3K27me3 and a Polyhomeotic (Ph) homologous protein

(PHC1–PHC3), which contains a sterile alphamotif (SAM) domain

essential for PcG-mediated repression (Robinson et al., 2012). In
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contrast, ncPRC1 possesses the zinc-finger domain and YY1-

binding protein (RYBP) or its paralog, YAF2 (Wilkinson et al.,

2010), which associates with PCGF1, PCGF3/5, or PCGF6 to

form ncPRC1.1, ncPRC1.3/PRC1.5, or ncPRC1.6, respectively

(Figure 1B). ncPRC1.1, which contains the H3K36-specific his-

tone demethylase KDM2B, is the only non-canonical complex

also purified inDrosophila (dRAF) (Lagarou et al., 2008). The enzy-

matic activity of each complex is defined by the choice of PCGF

protein, which is stimulated by the presence of RYBP (Rose

et al., 2016). The WD40 domain proteins DCAF7 and WDR5 act

as central scaffold proteins of the ncPRC1.3/1.5/1.6 complexes

(Hauri et al., 2016), whereas an additional set of subunits specific

to eachcomplex canmodulate their DNA-binding affinities or reg-

ulatory functions. Interestingly, RYBP/YAF2 and KDM2B, but not

the CBX, PHC, or SCMH proteins, are present in choanoflagel-

lates, the closest unicellular relatives of animals, suggesting that

ncPRC1 appeared earlier during evolution than cPRC1

(Figure 1A).



Figure 1. Composition and Evolution of PcG and TrxG Complexes
(A) Phylogenetic distribution of PcG and TrxG complexes. A broad spectrum of eukaryotes has been investigated, with an emphasis on holozoans, among which
are the five major metazoans lineages (see Supplemental Information for experimental details on homolog searches). The presence of predicted proteins
orthologous to bilaterian PcG/TrxG complex subunits is indicated by filled boxes. Accessory proteins (or non-canonical PRC1 components) are represented by
lateral dashed lines. Note that the broadly conserved DCAF7 (ncPRC1), RBBP4/7 (core PRC2), and RBBP5 (COMPASS) WD proteins are not included in this
analysis.
(B) Composition of PRC1 complexes. The core of PRC1 can associate with different PCGF proteins (PCGF1–PCGF6) defining canonical PRC1 complexes
(cPRC1) and non-canonical (ncPRC1) PRC1 complexes. cPRC1 contains PHC and CBX proteins and the more loosely associated SCMH proteins. ncPRC1
complexes are defined by the presence of RYBP/YAF2 that associate with additional proteins.
(C) Composition of PRC2 complexes. The core of the PRC2 complex associates with different accessory proteins to define the PRC2.1 and PRC2.2 complexes,
respectively.
(D) Composition of COMPASS(-like) complexes. A conserved core (WARD) composed of the proteins WDR5, ASH2, RBBP5, and DPY30 associates with the
H3K4 methyltransferases SET1A/B, MLL1/2, and MLL3/4 as well as with additional regulatory proteins to produce COMPASS(-like) complexes.
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The functional core of the mammalian PRC2 essential

to mediate histone methyltransferase activity (for a review,

see Blackledge et al., 2015) is composed of one of the SET-

domain-containing histone methyltransferases enhancer of

zeste (EZH2 or EZH1), embryonic ectoderm development

(EED), suppressor of zeste (SUZ12), and the CAF1 histone-bind-

ing proteins RBBP4 and RBBP7 (Table 1). This PRC2 core is

broadly conserved in the five major animal lineages as well as

in plants and some fungi, including N. crassa, and the yeast

Cryptococcus neoformans (Dumesic et al., 2015; Jamieson

et al., 2013) (Figure 1A). PRC2 compositional diversity is

achieved through association with non-stoichiometric subunits

(hereafter called accessory proteins) that can modulate its enzy-

matic activities or chromatin target sites (Ciferri et al., 2012; Li

et al., 2010; Pasini et al., 2010; Shen et al., 2009). Importantly,

the emergence of accessory subunits of PRC2 follows the

increasing cell and tissue complexity of metazoans (Figure 1A),

suggesting that the regulation of PRC2 activity by these different

regulatory subunits might be key for specifying cell identity dur-

ing development and differentiation. A systematic proteomics

approach in human cells revealed two fundamental alternative

assemblies linked to the PRC2 core complex (Hauri et al.,

2016) (Figure 1C). PRC2.1 is defined by its mutually exclusive

binding of one of the three Polycomb-like homologs (PCLs)

PHF1, PHF19, or MTF2. PHD finger protein 1 (PHF1) and its

Drosophila homolog, Pcl, stimulate efficient trimethylation activ-

ity of EZH2 toward the H3K27me2 substrate (Nekrasov et al.,

2007; Sarma et al., 2008). PRC2.2 is defined by the presence

of the zinc-finger proteins AEBP2 and JARID2, which enhance

enzymatic activity and regulate chromatin binding of the PRC2

complex. Finally, the two mammalian-specific proteins,

C10ORF12/LCOR and C17ORF96/EPOP, also co-purify with

PRC2 complexes (Beringer et al., 2016; Kloet et al., 2016).

Genetic screens in Drosophila further identified PcG proteins

that are not components of PRC1/2 but constitute additional

PcG complexes (Table 1). Pho-repressive complex (PhoRC) is

composed of the zinc-finger protein Pleiohomeotic (Pho) and

dSfmbt (Scm-related gene containing four MBT domains), which

can bind to H3K9me1 andH3K20me2 (Klymenko et al., 2006). No

enzymatic activity is associated with PhoRC. The Polycomb

repressive deubiquitinase complex (PR-DUB) was initially identi-

fied inDrosophila and contains the ubiquitin C-terminal hydrolase

Calypso (Bap1) and additional sex combs (Asx) (Scheuermann

et al., 2010). It possesses H2A-specific deubiquitinase activity

that is paradoxically required for PcG-mediated repression, sug-

gesting that a tight balance between H2A ubiquitination and deu-

biquitination is essential for PcG-dependent silencing. Mamma-

lian homologs of PR-DUB can be divided into PR-DUB1 and

PR-DUB2, depending on whether the BAP1 partner is ASXL1 or

ASXL2, respectively (Hauri et al., 2016). Both complexes share a

similar set of accessory proteins, including FOXK1/2, the histone

demethylase KDM1B, methyl-binding domain proteins MBD5/6,

and theO-GlcNAc transferaseOGT1. Notably, theDrosophila ho-

molog Ogt/Sxc was previously identified as a PcG protein (Gam-

betta et al., 2009) but had been not co-purified with Drosophila

PR-DUB. In summary, considerable progress has been made in

determining the composition of PcG complexes in various spe-

cies. However,much remains to be done in this field. In particular,
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the functional importance of many of the identified subunits—pu-

rified fromdiverse andsometimeshighly aneuploid cell lines—ina

developing organism has yet to be determined.

TrxG (COMPASS, SWI/SNF) Complexes
The complexity of TrxG complexes matches that of their PcG

counterparts. TrxG is a heterogeneous group that plays a wide-

spread role in transcriptional activation. Here, we will focus on

TrxG complexes (the SWI/SNF complex and COMPASS family)

that were shown to be key players in specifically counteracting

PcG-mediated repression. Genetic studies in Drosophila first

identified antagonistic links between PcG genes and the SWI/

SNF (switch/sucrose non-fermentable) complexes (Kennison

and Tamkun, 1988), originally purified and characterized in yeast.

Subsequently, homologous complexes having ATP-dependent

chromatin-remodeling activities were identified in flies andmam-

mals (Dingwall et al., 1995; Khavari et al., 1993). Elegant

biochemical, genetic, and molecular studies led to the discovery

that mammalian homologs of SWI/SNF, BRM, and BRG1 form

two distinct complexes, BAF and PBAF, each of which contains

up to 15 additional subunits that arewell conserved during evolu-

tion (Table 1; Figure 1A) andwhich regulate chromatin structureof

a large number of genes implicated in the cell cycle, signaling,

and proliferation and are often dysregulated in cancer (reviewed

in Hodges et al., 2016; Kadoch and Crabtree, 2015).

A second group of TrxG complexes is associatedwith histone-

modifying activities, including histone acetylation and methyl-

ation, thereby counteracting the action of the repressive marks

deposited by PcG complexes. The histone methyltransferase

complex SET1/COMPASS (Piunti and Shilatifard, 2016) was first

isolated in yeast and is well conserved across all pre-metazoan

andmajor animal lineages (Figure 1A).However, duringevolution,

this complex diverged to give rise to COMPASS-like complexes

containing different SET-domain methyltransferases with unique

functionalities (reviewed in Piunti and Shilatifard, 2016). The

well-conserved protein core of all COMPASS complexes is

required for their function and includes the proteins WDR5,

ASH2, RBBP5, and DPY30 (sometimes abbreviated as WARD)

(Figure 1D). SET1/COMPASS additionally contains HCF1,

WDR82, and the DNA-binding protein CXXC1 (CFP1) and

mediates bulk trimethylation of K4 on histone H3 (H3K4me3)

(Figure 2B). MLL1/MLL2 COMPASS-like additionally contains

theproteinsMENIN,HCF1, andeitherMLL1orMLL2 inamutually

exclusive manner (Hu et al., 2013). MLL2 is responsible for H3K4

trimethylation at bivalent promoters in ESCs (Figure 2B) (Denis-

sov et al., 2014), whereas MLL1 is required for H3K4 trimethy-

lation at only a small subset of genes, including HOX genes,

emphasizing the non-redundant function of these two histone

methyltransferases. The Drosophila homolog of MLL1, Trx, is

dispensable for genome-wide H3K4me3 levels but has recently

been found todimethylateH3K4atPREs tomaintain thedevelop-

mental expressionpatternof its target genes (Rickels et al., 2016).

In addition to the WARD subunits, MLL3/4 COMPASS-like in-

cludes the proteins NCOA6 and PA1 and the histone demethy-

lase KDM6/UTX, which can remove the PcG-mediated repres-

sive H3K27me3 mark (Figure 2A). Like the Drosophila homolog

Trr, MLL3/4 are the major methyltransferases mediating mono-

methylation of H3K4 at enhancers (Figure 2B) (reviewed in Piunti



Figure 2. Deposition and Removal of PcG and TrxG-Mediated Histone Marks Contributes to Their Balanced Action on Chromatin
(A) According to the ‘‘classical model,’’ targeting of the PRC2 complex leads to the methylation of H3K27. This modification is recognized by the Cbx subunit of
the canonical PRC1 complex, which in turn catalyzesmonoubiquitination of histone H2A at lysine 119 (H2AK119ub). An alternative recruitment mechanism posits
that ncPRC1 is targeted to unmethylated CpG islands through the FBXL10/KDM2B subunit. ncPRC1 seems to be responsible for the majority of the H2AK119ub
modifications present at PcG-target sites, which might facilitate the recruitment of PRC2. H3K27 methyl marks can be erased by histone demethylases, such as
UTX/KDM6A and JMJD3/KDM6B, while several deuquibitinases (including BAP1, USP16 and USP21) can remove the monoubiquitin moiety from histone H2A.
(B) Set1A/B COMPASS complexes catalyze mono-, di-, and trimethylation on H3K4 at active promoters. The activity of the partially redundant COMPASS
complexes containing MLL3/KMT2C andMLL4/KMT2D leads to the deposition of H3K4me1 at enhancers, facilitating the recruitment of other activators such as
CBP/p300. The deposition of methyl marks on H3K4 at bivalent regions is performed byMLL2/COMPASS. Multiple histone demethylases, including members of
the KDM1/LSD, KDM2A/FBXL11, and KDM5/JARID families, are implicated in the removal of methyl groups on H3K4.
andShilatifard, 2016). Intriguingly, the choanoflagellateS. rosetta

(but not M. brevicolis) possesses MLL3/4 and UTX proteins

(Figure 1A). This is of special interest, asS. rosetta can exist either

as single cells or as multicellular rosette-shaped colonies, and it

possesses homologs of several genes required for animal cell

signaling and adhesion (Dayel et al., 2011). Further, distal

enhancer elements are only present in metazoans that possess

MLL3/4; in the filasterean Capsaspora, in which MLL3/4 are ab-

sent, regulatory regions are close to transcription start sites

(Sebé-Pedrós et al., 2016). The correlation of the presence of

MLL3/4 in metazoans with a corresponding increase in cis-regu-

latory genome complexity suggests that the emergence of

enhancer-specific MLL3/4 activity was a key event in cell differ-

entiation processes during pre-metazoan evolution. An addi-

tional histone demethylase (KDM) specific for H3K4me3 (little

imaginal discs [Lid]) has been classified as a TrxG protein in

Drosophila (Eissenberg et al., 2007; Lee et al., 2007b; Secombe

et al., 2007), and its mammalian homolog, JARID1d, associates

with PCL proteins regulating transcriptional initiation through

H3K4 demethylation (Figure 2B) (Lee et al., 2007a).

Recruitment of PcG Components
Although PcG proteins and their target genes are highly

conserved during evolution (Schuettengruber et al., 2007), the
sequence requirements underlying PcG recruitment can diverge

significantly. Early work in Drosophila identified PREs as the

DNA regulatory elements that recruit PcG factors to chromatin

and mediate epigenetic inheritance of silent chromatin states

throughout development (Fauvarque and Dura, 1993; Müller

and Bienz, 1991; Simon et al., 1993).Drosophila PREs frequently

contain DNAmotifs for sequence-specific DNA-binding proteins

like Pho, Phol, Trl/GAF, Spps, Dsp1, and Cg. While these tran-

scription factors (TFs) play important roles in PcG recruitment

in Drosophila, none of them are sufficient to recruit PcG com-

plexes on their own (reviewed in Entrevan et al., 2016). Initially,

a hierarchical recruitment model was proposed in which TFs re-

cruit PRC2, which subsequently recruits PRC1 via the interaction

of Polycomb (Pc/CBX) with the PRC2-deposited H3K27me3

mark (Figure 2A) (Wang et al., 2004). However, genome-wide

identification of PREs (Schuettengruber et al., 2009; Schwartz

et al., 2006; Tolhuis et al., 2006) revealed that they are usually

nucleosome-depleted regions and that PRC1-bound regions

devoid of H3K27me3 exist (Loubière et al., 2016; Schaaf et al.,

2013; Schwartz et al., 2006). This context-dependent relation-

ship among TFs, PRC1, and PRC2 is cooperative rather than hi-

erarchical (Figure 3A). In particular, PRC1 can stabilize binding of

PhoRC by a positive feedback loop (Kahn et al., 2014; Schuet-

tengruber et al., 2014) and supports PRC2 binding at a large
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Figure 3. Analogous Factors Regulate the

Recruitment and Stable Binding of PcG and

TrxG Complexes
(A) Transcription factor (TF)-mediated recruitment.
Cooperative interactions (indicated by the dashed
arrows) between TFs and PRC1 and PRC2 com-
plexes contribute to stable PcG binding. The PRC1
accessory protein Scm is a key protein inmediating
PRC1 interaction and PhoRC. Similarly, SCMH1/2
and EED might mediate interactions between
PRC1 and PRC2 complexes, thereby facilitating
stable binding to chromatin. KDM2B, which is part
of ncPRC1.1, binds to CGIs through its zinc-finger
CxxC domain. Similarly, COMPASS(-like) com-
plexes can bind sequence specifically to their
target sites via the CxxC domain of MLL1/2 or can
be recruited by TFs such as CFP1 or FOXA1 or via
their interaction with PAF1.
(B) RNA-mediated recruitment. ncRNAs (like XIST,
HOTAIR, or KCNQ1, shown in red), or short RNAs
transcribed from repressed genes that form stem-
loop structures (in black), can induce recruitment
of PcG complexes. In a similar manner, HOTTIP
ncRNA interacts with the WDR5 subunit of
COMPASS to recruit it to the HOXA locus.
(C) Chromatin-mediated recruitment. H3K27me3
can increase the affinity of PRC1 to chromatin via
interaction with the chromodomain of Pc/CBX. The
EED subunit of PRC2 can bind to methylated H3K9
and H3K27, thereby stabilizing its binding to
chromatin. H2AK119ub can induce PRC2 recruit-
ment mediated by AEBP2 and JARID2. H3K36me3
can stabilize binding of PRC2 via the TUDOR
domain of PCL proteins. TrxG complexes con-
taining MLL1 can be recruited to their target sites
via their interaction of the PHD finger with
H3K4me3. H3K36me2, deposited by ASH1L, can
promote binding of COMPASS complexes via the
epigenetic reader protein LEDGF.
(D) In the absence of PRE-like sequences and PcG-
recruiting components, PRC2 associates only
transiently to mediate mono- and dimethylation of
H3K27 (H3K27me1/me2).
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subset of PREs. Moreover, both complexes can be recruited

independently to chromatin in certain genome contexts (Kahn

et al., 2016). PRC2-independent recruitment of PRC1 might be

mediated by the PRC1 accessory component Scm, which acts

as a molecular bridge connecting PhoRC and PRC1 via the olig-

omerization ability of the SAM domain (Frey et al., 2016).

In mammals, genome-wide mapping studies of PcG proteins

have revealed a strong correlation with hypomethylated CGIs

(Boyer et al., 2006; Tanay et al., 2007). This, together with the

observation that an artificial GC-rich element devoid of activating

TF-binding sites can ectopically recruit PcG proteins, gave rise

to the idea that CGIs represent mammalian PREs (Farcas

et al., 2012; Mendenhall et al., 2010; Riising et al., 2014).

KDM2B binds to CGIs through its zinc-finger CxxC domain,

contributing to PRC1.1 recruitment. However, most PcG-bind-

ing sites are not affected by loss of KDM2B, suggesting that

PcG complexes can bind to CGIs in alternative ways. In addition,

although KDM2B is bound to virtually all CGIs, it induces recruit-

ment of PRCs at only �30% of mammalian CGIs in ESCs (Bern-

stein et al., 2006a; Ku et al., 2008). These PcG-bound CGIs

correspond to repressed promoters, and inhibition of transcrip-

tion induces recruitment of PcG proteins to newly silenced CGIs

(Riising et al., 2014). This supports a ‘‘chromatin sampling’’

model (Klose et al., 2013), which proposes that PcG proteins

weakly interact with all potential binding sites but that their stable

binding is blocked by active transcription or the presence of acti-

vating TFs. However, even after inhibition of transcription, a sig-

nificant number of CGIs remains unbound by PcG proteins, and

PcG proteins have been shown to be targeted to sites of active

transcription, arguing for an alternative mechanism that comple-

ments chromatin sampling by PcG proteins. This might entail

interaction of PcG proteins with TFs, such as E2F6, MGA/MAX,

REST, SNAIL, RUNX1, JARID2, AEBP2, and YY1. Individually,

these TFs induce recruitment only in specific circumstances

and to a subset of their target sites. It is therefore possible

that the PcG machinery is recruited to target genes via multiple

interactions with diverse TFs, similar to the transcription

machinery that can induce transcription via interactions with

multiple enhancer-bound TFs.

Long non-coding RNAs (lncRNAs) also regulate recruitment of

PcG complexes (Figure 3B). After the initial discovery that XIST

plays a role in targeting PcG to the inactive X chromosome (Plath

et al., 2003), additional work implicated other lncRNAs, like

HOTAIR and KCNQ1, in targeting PcG proteins to HOX or im-

printed gene loci (reviewed in Davidovich and Cech, 2015),

although the direct role of lncRNAs in PcG recruitment remains

disputed (Cerase et al., 2014; Portoso et al., 2017). In addition,

short RNAs transcribed from repressed genes that form stem-

loop structures resembling PRC2-binding sites in XIST can

interact with PRC2 in cis, suggesting a general role for RNAs in

PRC2 targeting (Kanhere et al., 2010). The complex relationship

between RNAs and PRC2 is underscored by the observations

that PRC2-RNA interactions can also prevent PRC2 recruitment

to chromatin or inhibit its HMT activity (Beltran et al., 2016; Ci-

fuentes-Rojas et al., 2014; Herzog et al., 2014). In summary, the

current data suggest that a general RNA-PRC2 interaction coun-

teracts silencing, whereas selective RNAs might favor PRC2-

mediated silencing in the presence of specific cofactors.
A third factor that regulates PcG recruitment is chromatin

marks deposited by other histone-modifying complexes or by

PcG proteins themselves (Figure 3C). Whereas the PRC2-

dependent mark H3K27me3 increases the affinity for Pc/CBX-

containing PRC1 complexes to chromatin (Fischle et al., 2003;

Min et al., 2003), recent evidence in mammals suggests the ex-

istence of a recruiting step upstream of this canonical hierarchy

(Figure 2A). Tethering KDM2B induces the recruitment of

ncPRC1 complexes in a PRC2-independent manner, which re-

sults in the deposition of H2AK119ub and promotes binding of

PRC2 (Blackledge et al., 2014; Cooper et al., 2014). Moreover,

a recent study showed that the ncPRC1.3/5 complex initiates

recruitment of PRC1 and PRC2 to the inactive X chromosome

via H2A ubiquitination, demonstrating a function of ncPRC1

and H2A ubiquitination for the initiation of Polycomb domains

in a physiological context (Almeida et al., 2017). H2AK119ub-

mediated recruitment of PRC2 might depend on AEBP2 and

JARID2, which bind to H2AK119ub in vitro (Cooper et al.,

2016; Kalb et al., 2014). Intriguingly, however, the E3 ligase activ-

ity of RING1B is not essential for PcG function in mouse (Illing-

worth et al., 2015), and H2A ubiquitination in flies seems to be

largely dispensable for PRC2 recruitment (Kahn et al., 2016; Pen-

gelly et al., 2015). Direct interactions between PRC1 and PRC2

complexes mediated by the proteins SCM or EEDmight support

their co-binding to target genes, providing a potential explana-

tion for why histone modifications are dispensable for PcG

recruitment in many cases (Cao et al., 2014; Frey et al., 2016;

Kang et al., 2015). The H3K36me3 modification, usually associ-

ated with active genes or DNA damage sites (Musselman et al.,

2013), can also contribute to PcG targeting. The PRC2-associ-

ated factor Polycomb-like binds to H3K36me3 via its Tudor

domain (Ballaré et al., 2012), facilitating the intrusion of PRC2

into active chromatin regions to promote silencing. Finally,

multiple links have been established between H3K9 methylation

and Polycomb. EED can bind H3K9me3 (Margueron et al., 2009),

and PRC2 physically interacts with the H3K9methyltransferases

GLP/EHMT1 and G9A, whose loss results in reduced PRC2

binding to chromatin (Mozzetta et al., 2014).

In addition to H3K27me3, PRC2 catalyzes H3K27me1 and

H3K27me2, which cover the large majority of the euchromatic

genome (Ferrari et al., 2014; Lee et al., 2015). PRC2 is not

detected in regions marked by H3K27me2, suggesting that

its binding to these regions is transient. As PRC2 prefers

lower methylated states (i.e., H3K27me0 or H3K27me1) over

H3K27me2 for its methylation reaction (McCabe et al., 2012),

this suggests a model in which PRC2 associates with most of

the genomic chromatin through weak and transient interactions,

which lead to mono- and dimethylation of H3K27. In contrast,

additional components, including TFs, non-coding RNAs

(ncRNAs), and specific chromatin-protein interactions, stabilize

the chromatin targeting of PRC2 to a subset of regions where

it can deposit H3K27me3 and facilitate cPRC1 targeting. Like-

wise, multiple targeting components might induce PRC1-spe-

cific chromatin binding in the absence of H3K27me3. The over-

arching picture is thus that PcG complexes have relatively poor

DNA sequence specificity, but they can be specifically recruited

to or evicted from selected regions by specific TFs, nascent

RNAs, ncRNAs, and chromatin modifications.
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Recruitment of TrxG Components
Compared to the wealth of data concerning PcG complexes,

much less is known about the recruitment of TrxG complexes,

although this is an equally important subject. In flies, TrxG com-

plexes co-occupy a fraction of PREs with PcG complexes and

are potentially recruited by a similar set of TFs implicated in PcG

complex recruitment (Beisel et al., 2007). Whereas Trx is re-

cruited independently of the activation status of its target gene,

Ash1 and Brm are targeted to chromatin in an activation-depen-

dent manner (Dejardin and Cavalli, 2004; Papp and Müller,

2006). In analogy to KDM2B-mediated recruitment of PRC1 to

CGIs, sequence-specific DNA binding of COMPASS-like com-

plexes to CGIs can be mediated by the CxxC domain of MLL1/2

(Ayton et al., 2004; Hu et al., 2017) (Figure 3A). COMPASS-like

complexes can also be recruited to CGIs via their interaction

with PAF1, which directly interacts with motifs flanking the

CxxC domain of MLL1/2 (Muntean et al., 2010). Moreover,

SET1/COMPASS complexes can be recruited to CGIs via their

interaction with another CxxC-domain-containing protein, CFP1

(also known as CXXC1), that specifically associates with non-

methylated CGIs (Thomson et al., 2010) (Figure 3A). Recently,

the pioneering factor FOXA1 was shown to recruit MLL3 to en-

hancers, thereby mediating H3K4me1/2 (Jozwik et al., 2016).

lncRNAs can also contribute to the recruitment of COMPASS to

chromatin. HOXA transcript at the distal tip (HOTTIP) interacts

with the COMPASS subunit WDR5 (Wang et al., 2011; Yang

etal., 2014), resulting inCOMPASSrecruitment to theHOXA locus

(Figure 3B).However, similar to the role of lncRNAs inPcG recruit-

ment, thequestion of amoregeneral role of lncRNAs inTrxGcom-

plex targeting to chromatin remains elusive. Finally, COMPASS

can also be targeted to chromatin by preexisting histone marks

(Figure 3C). MLL1 bindsH3K4me3 via its PHD finger, thereby sta-

bilizing its association with the HOXA9 target gene locus (Milne

et al., 2010). The COMPASS subunit WDR5 can contribute to

chromatin binding by binding to H3K4 tails, irrespective of their

methylation status. Another histone mark that contributes to tar-

geting COMPASS to chromatin is the H3K36me2mark deposited

by ASH1L, which promotes binding of the epigenetic reader lens

epithelium-derived growth factor (LEDGF) and MLL at key leuke-

mia target genes.Conversely, overexpression of the demethylase

KDM2A reduces H3K36me2, leading to the replacement of

LEDGF/MLL and reduced expression of MLL target genes (Zhu

et al., 2016). These data suggest that multifactorial contributions

might stabilize theTrxG/COMPASScomplex targeting toasubset

of chromosomal regions, similar to the case of PcG complexes.

Mechanisms of PcG- and TrxG-Mediated Chromatin
Regulation
PcG-mediated repression is considered to be the default state,

with gene activation mediated by the counteracting activity of

TrxG proteins (Klymenko and Müller, 2004). Intriguingly, both in

flies andmammals, PcG and TrxG complexes extensively coloc-

alize at chromatin, regardless of the activity state of the target

gene (Beisel et al., 2007; Enderle et al., 2011; Papp and Müller,

2006). One key question is therefore how PcG and TrxG com-

plexes exert their repressive or activating function and what

tips the balance between PcG-mediated repression and TrxG-

dependent gene activation.
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One of the principal mechanisms of PcG-mediated repression

is chromatin compaction, rendering chromatin inaccessible to

the transcription machinery and inhibiting SWI/SNF-mediated

chromatin remodeling (Shao et al., 1999) (Figure 4A). Impor-

tantly, different PRC1 variants might exert different levels of

chromatin compaction that is mediated via a highly positively

charged ‘‘compaction region’’ present in fly Psc (Grau et al.,

2011) and vertebrate CBX2 bridging adjacent nucleosomes to

compact chromatin (Lau et al., 2017). Moreover, PRC2 itself

can lead to chromatin compaction (Margueron et al., 2008; Ter-

ranova et al., 2008). Together with the ability of PRC2 to bind

H3K27 trimethylated nucleosomes (Margueron et al., 2009)

and with the allosteric stimulation of catalysis by dense chro-

matin templates (Jiao and Liu, 2015; Yuan et al., 2012), this ac-

tivity might lead to cooperation of PRC2 and PRC1 toward chro-

matin condensation and inhibition of transcription. The SWI/SNF

complex, which was recently shown to be constantly involved in

a dynamic competition with PRC1 thanks to a SMARCA4/BRG1-

dependent PRC1 eviction activity (Kadoch et al., 2017; Stanton

et al., 2017), might be key to switch this repressive chromatin to-

ward activation. The outcome of this competition at individual

loci might depend on the amount of PRC1 being recruited, which

may lead to different net levels of PcG complexes on specific

target genes and drive each locus into an open or closed chro-

matin state. This corroborates classic genetic studies showing

that the SWI/SNF subunit Brm suppresses Polycomb mutations

(Tamkun et al., 1992). Interestingly, beyond regulating Hox

genes, the mammalian SWI/SNF complex is critically important

in cell-fate decisions, such as neuronal differentiation andmitotic

exit (Victor et al., 2014; Yoo et al., 2009, 2011). It will be inter-

esting to see whether this role involves the activation of Poly-

comb target genes.

Polycomb can also act as a repressive agent by inhibiting

the acetyltransferase activity of dCBP associated with regulatory

regions to block H3K27 acetylation, thereby favoring H3K27

methylation (Tie et al., 2016) (Figure 4B). On the activating side,

Trx associates with dCBP and is required for H3K27 acetylation

to block PRC2-mediated methylation (Tie et al., 2009). Similarly,

Trx-catalyzed H3K4me3 and Ash1-mediated methylation of

H3K36 can inhibit PRC2 activity (Schmitges et al., 2011; Yuan

et al., 2011) and Trx-dependent dimethylation on histone H3K4

marks PREs and contributes to the maintenance of activation

(Rickels et al., 2016). The molecular trigger to switch PREs be-

tween silencing and activationmight bemediated by non-coding

transcription through PREs, affecting PRC2 activity (Herzog

et al., 2014) rather than displacement of PcG proteins (Erokhin

et al., 2015).

PRC1-mediated H2A ubiquitination was initially suggested to

play an important role in PcG-mediated repression by interfering

with multiple steps of the transcription process (Nakagawa et al.,

2008; Stock et al., 2007; Zhou et al., 2008). However, more

recent data have demonstrated that H2A ubiquitination is not

required for PcG repression in flies and mammals (Illingworth

et al., 2015; Pengelly et al., 2015), suggesting that PRC2 might

be a key effector of PcG-mediated silencing. Indeed, flies car-

rying a point mutation in lysine 27 of histone H3 fail to repress

PRC2-target genes, mimicking PRC2 mutant phenotypes and

indicating that H3K27 is the PRC2 substrate relevant for PcG



Figures 4. PcGProteinsUseMultiple, Coop-

erative Mechanisms to Silence Their Target

Genes
(A) PRC1 can induce chromatin compaction via a
positively charged compacting region present
in mammalian CBX2 or fly Psc. In addition, Pc/CBX
(via H3K27me3-binding through its chromodo-
main) and Ph/PHC (via polymerization through
its SAM domain) can contribute to chromatin
compaction, which can interfere with SWI/SNF-
mediated chromatin remodeling or PolII recruit-
ment. PRC2 can also contribute to the compaction
of nucleosomal arrays.
(B) Trimethylation of H3K27 (H3K27me3) can
directly block acetylation of H3K27 (H3K27ac),
which is involved in gene activation. Further,
Pc/CBX can inhibit the acetyltransferase activity of
CBP, therefore favoring methylation of H3K27.
(C) Distribution of the H3K27me3 mark over large
genomic regionsmight stabilize chromatin-looping
interactions between PcG-binding sites and gene
regulatory regions, thereby contributing to stably
locking genes in a repressed state. Oligomeriza-
tion of the SAM domain of Ph/PHC is essential
for PcG-mediated repression and can mediate
long-range interactions between distal Polycomb
domains.
(D) Dimethylation of H3K27 (H3K27me2) exerts
protective functions by preventing acetylation of
cis regulatory regions (CRRs), such as enhancers
or promoters, thereby inhibiting their inappropriate
activation.
repression (Pengelly et al., 2013). It seems that H3K27me3 stabi-

lizes PcG-mediated repression but is not the initial cue (Kahn

et al., 2016). This mark might also stabilize chromatin looping in-

teractions of PRE-bound PcG complexes with neighboring gene

regulatory elements, thereby contributing to locking target genes

in a repressed state and promoting the formation of large repres-

sive genomic domains (Figure 4C). Furthermore, the PRC1 sub-

unit Ph cooperates with H3K27me3 to lock genes in a repressed

state by mediating long-range interactions between distal PcG

domains via oligomerization of its SAM domain, thereby estab-

lishing nuclear subcompartments enriched in PcG proteins

(Wani et al., 2016). While PRC1 and PRC2 can and do cooperate

at multiple target genes, the long-standing dogma that PcG
repression requires both complexes has

been challenged by evidence for an un-

coupling of these complexes in gene

regulation for at least a subset of PcG

target genes that depend on PRC1, but

not PRC2, for their silencing (Loubière

et al., 2016; Schaaf et al., 2013). However,

PRC1-dependent transcriptional repres-

sion is weaker at these genes than at

canonical genes, suggesting that the

cooperation between the PRC1 and

PRC2 classes of complexes ensures

more robust gene silencing.

Finally, the repressive function of PcG

complexes might be mediated by the

widespread H3K27 dimethylation, which

can suppress pervasive chromatin open-
ing and transcriptional activities by preventing H3K27 acetyla-

tion (Ferrari et al., 2014; Lee et al., 2015) (Figure 4D).

Higher-Order Genome Regulation
In metazoans, chromatin is organized in a hierarchical series of

3D architectures. At the lower level, nucleosome fibers fold

into chromatin loops, which build topologically associating do-

mains (TADs). TADs interact to form active and inactive chromo-

some compartments, which organize into chromosome terri-

tories (for reviews, see Bonev and Cavalli, 2016; Entrevan

et al., 2016; Schwartz and Cavalli, 2017). PcG proteins display

a punctate distribution in the cell nucleus, both in flies and in

mammals (Buchenau et al., 1998; Saurin et al., 1998). These
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Figure 5. Roles of PcG Proteins in Regu-

lating Higher-Order Chromosome Orga-

nization
(A) Chromatin domains are defined by a specific
combination of chromatin marks. Intradomain
chromatin contacts are much more frequent than
contacts with regions outside domains.
(B) PcG components contribute to multi-looped
higher-order structures that lead to the formation
of repressive chromosomal domains or Polycomb
TADs.
(C) Multiple Polycomb TADs can cluster, forming
nuclear repressive compartments that stabilize
silencing.
(D) EED andPc/CBX can bind toH3K27me3, which
might contribute to the propagation of PcG com-
plexes in cis along the chromatin fiber. The PRC1
accessory protein Scm/SCM can contribute to the
spreading of PcG complexes by acting as a mo-
lecular bridge connecting PRC1 and PRC2 via its
SAM domain. In addition, the SAM domain of Ph/
PHC and the UBL domain of PCGF4/BMI1 can
contribute to PRC1 oligomerization, which might
stabilize PcG complexes bound to their target
sites. Similarly, Drosophila Psc has been show to
bind to itself.
(E) Ph/PHC oligomerization mediated by the SAM
domain can also facilitate binding of PcG com-
plexes to extended chromatin regions by medi-
ating long-range interactions between distal PRC1
binding sites.
PcG foci were shown to be the physical manifestation of PcG-

mediated silencing (Grimaud et al., 2006a; Terranova et al.,

2008), and recent developments have begun to unravel the mo-

lecular basis of PcG-mediated 3D genome regulation (Figure 5).

At the level of oligonucleosomes and chromatin fibers, new tech-

nology has begun to pinpoint differences between Polycomb

and other types of chromatin (Risca et al., 2017). In mammals,

flies, and plants, several PcG components have been shown to
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be involved in regulatory chromatin loops

(for a review, see Entrevan et al., 2016) as

well as in the regulation of higher-order

chromosome structure and function.

Genome-wide mapping of a large set of

DNA-binding proteins and histone marks

revealed that the genome can be parti-

tioned into epigenetic domains character-

ized by a specific combination of active or

repressive chromatin marks (Filion et al.,

2010; Kharchenko et al., 2011; Thurman

et al., 2012) (Figure 5A). These states

are distributed in chromosome domains,

and the analysis of their 3D organization

by Hi-C has shown that they form TADs,

in which intradomain chromatin contacts

have a much higher frequency than con-

tacts with regions outside the domain

(Dixon et al., 2012; Nora et al., 2012;

Rao et al., 2014; Sexton et al., 2012).

PcG components organize the 3D archi-

tecture of Polycomb-containing TADs

(Figure 5B). Many studies focused on
HOX gene clusters, which are regulated by PcG, TrxG, and insu-

lator proteins in insects as well as in mammals. In flies, PcG- and

TrxG-binding sites juxtapose insulator elements, and this prox-

imity is important for Hox regulation (Schwartz and Pirrotta,

2007; Singh and Mishra, 2015). Within these domains, PcG

binding sites establish preferential contacts, suggesting that

silencing might involve the formation of a multi-looped structure

(Lanzuolo et al., 2007). Inmammals, repressedHOX clusters also



form a repressive domain spatially segregated from adjacent

chromosome regions (Noordermeer et al., 2011). 3D contacts

between independent PcG binding sites may support spreading

of PcG complexes in cis, leading to the establishment of the

highly condensed chromatin architecture described in these

species. Local looping interactions and spreading in cis is likely

mediated by the cooperative action of PRC2 (Eed) and PRC1

(Ph/PHC, Psc/BMI1, and Scm) subunits (Figure 5D) (Kundu

et al., 2017; Wani et al., 2016). Mammalian HOX domains

are progressively opened during activation, and 4C (circular

chromosome conformation capture) studies showed that the

active part of the cluster segregates away from the Polycomb-

repressed domain (Noordermeer et al., 2011). The CTCF insu-

lator protein regulates this process and is required for appro-

priate regulation of HOX genes (Narendra et al., 2015, 2016).

These data thus suggest that regulation of 3D architecture of

chromosome domains plays a critical role in specification of

the body plan.

At a higher level of folding, Polycomb domains cluster to con-

tact each other in the cell nucleus (Figure 5C). Again, this phe-

nomenon is conserved in flies, plants, and mammalian systems

(Bantignies et al., 2011; Rosa et al., 2013; Schoenfelder et al.,

2015; Vieux-Rochas et al., 2015). Furthermore, Polycomb-medi-

ated long-range interactions are dynamic. In flies, activation of

a subset of the Hox genes prevents their interaction with their

Polycomb-silenced counterparts (Bantignies et al., 2011), and

in mouse ESCs, PRC2-dependent interactions are established

during the transition from the naive to the primed state (Joshi

et al., 2015). Both PRC2 and PRC1 have been shown to be

required for long-range interactions of PcG-regulated regions

in ESCs (Boettiger et al., 2016; Denholtz et al., 2013; Schoen-

felder et al., 2015; Wani et al., 2016). However, PRC2 does not

seem to be critical for establishing TADs (Nora et al., 2012),

and its depletion has only limited effects on long-range interac-

tions of Polycomb domains (Denholtz et al., 2013; Schoenfelder

et al., 2015). In contrast, PRC1 plays a critical role, both in local

chromatin condensation of Polycomb domains and in the estab-

lishment of their long-range interactions (Schoenfelder et al.,

2015; Wani et al., 2016). In particular, oligomerization mediated

by the SAM domain of the Ph/PHC1 subunit of cPRC1 (Figures

5D and 5E) is crucial for the condensation of individual Polycomb

domains (Kundu et al., 2017) as well as for mediating long-range

Polycomb domain interactions (Isono et al., 2013; Wani et al.,

2016). Of note, not only Polycomb-silenced genes but also

many active gene promoters interact in space with their en-

hancers and other promoters (Javierre et al., 2016; Schoenfelder

et al., 2015). Whether COMPASS complexes are causally linked

to 3D interactions, andwhether this architecture affects function,

are important questions for future research.

Equally important is to understand whether the 3D organiza-

tion of PcG proteins plays a regulatory role or whether it is a

consequence of the silencing process. In addition to a reciprocal

stabilization of PRC1 and PRC2 complexes, PRC1 stabilizes the

binding of the key recruiter protein Pho (Kahn et al., 2014;

Schuettengruber et al., 2014), suggesting that, after initial PcG

recruitment by DNA-binding factors, PcG complexes may form

nuclear subcompartments that stabilize their binding as well as

that of their own recruiters. This scenario suggests that 3D orga-
nization contributes to Polycomb-mediated silencing (Schuet-

tengruber et al., 2014), yet how can one test this hypothesis?

Mutations of PRC2 components such as EED, or of PRC1 com-

ponents such as RING1 and Ph/PHC1, induce changes in gene

expression and in 3D chromosome architecture, such that ef-

fects due to the loss of local PcG repressive components cannot

be easily disentangled from those due to higher-order chromatin

organization (Bantignies et al., 2011; Denholtz et al., 2013; Joshi

et al., 2015; Schoenfelder et al., 2015; Wani et al., 2016). To

tackle this, Wijchers et al. (2016) ectopically targeted EZH2 to

naive loci containing lacO-binding sites, which led to local depo-

sition of H3K27me3 and the establishment of new long-range

contacts with other Polycomb domains, yet these changes had

little impact on gene expression. In contrast, evidence for a

direct role of 3D organization was obtained in Drosophila by de-

leting a DNA element in one of the Hox clusters (the BITHORAX

complex). This mutation induced loss of contacts with the other

Hox cluster (the ANTENNAPEDIA complex), which is located 10

Mb away along the same chromosome arm. In this configuration,

genes in the ANTENNAPEDIA complex were upregulated, sug-

gesting that 3D contacts contribute to the stability of Poly-

comb-dependent gene silencing (Bantignies et al., 2011). Similar

genome engineering studies (i.e., manipulating the 3D neighbor-

hood of the tested loci while preserving their cis-regulatory

sequences) will be required to understand the relationship be-

tween nuclear organization and gene expression changes on a

genome-wide scale.

The Role of PcG and TrxG Proteins in Somatic and
Transgenerational Epigenetic Inheritance
PcG and TrxG proteins were originally studied for their ability

to maintain the memory of HOX gene expression patterns

throughout development (Cavalli and Paro, 1998; Grimaud

et al., 2006b; Margueron and Reinberg, 2011; Poux et al.,

2002; Schwartz and Pirrotta, 2007), but how powerful is this

memory function, and what are its mechanisms? The two most

challenging processes for chromatin inheritance during cell pro-

liferation are DNA replication and mitosis/meiosis. PcG compo-

nents were shown to remain bound to chromatin templates dur-

ing replication, both in vitro (Francis et al., 2009; Lengsfeld et al.,

2012; Lo et al., 2012) and in vivo (Hansen et al., 2008; Petruk

et al., 2012). Although H3K27me3 is diluted during DNA replica-

tion, it can mediate short-term memory of repressed chromatin

states (Coleman and Struhl, 2017), and post-replicative PRC2

activity is induced by binding to H3K27me3 on parental nucleo-

somes to restore original H3K27me3 levels (Alabert et al., 2015).

However, sequence-specific targeting of PRC2 to PREs is

required for efficient propagation of H3K27me3 levels over mul-

tiple cell divisions, indicating that the whole PcG machinery

(including PRE sequences, chromatin-modifying activities, and

their associated histone marks) acts as a epigenetic memory

system that is needed for long-term memory of repressive chro-

matin states (Coleman and Struhl, 2017; Laprell et al., 2017).

Likewise, Trx remains associated during DNA replication, and

H3K4me3 is rapidly reconstituted after DNA replication (Alabert

et al., 2015; Petruk et al., 2012), suggesting that Trx/COMPASS

proteins use similar mechanisms to propagate active chromatin

states.
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Much less is known about the maintenance of PcG and TrxG

components during mitosis. Quantitative in vivo analysis and

genome-widemapping studies inmitotic cells revealed the pres-

ence of Psc and Pc as well as the TrxG member Ash1 on mitotic

chromatin (Follmer et al., 2012; Fonseca et al., 2012; Steffen

et al., 2013). Likewise, both MLL and PcG components were de-

tected on mammalian mitotic chromosomes, suggesting that at

least a part of the PcG and TrxG machinery may bookmark

mitotic chromosomes to inherit chromatin states. However, the

mitotic chromosome distribution of both mammalian MLL com-

ponents and fly Psc differs at least partly from that in interphase

cells, and the mechanism of this targeting dynamic is still un-

known (Blobel et al., 2009; Follmer et al., 2012).

Polycomb-mediated memory of chromatin states can last for

long periods of time, as illustrated by the phenomenon of vernal-

ization, in which exposure to prolonged cold accelerates flower-

ing after a return to milder temperatures. In Arabidopsis, this

phenomenon depends on PRC2-mediated silencing of the FLC

locus, which progressively and quantitatively increases with

longer periods of cold exposure (Angel et al., 2011; Bastow

et al., 2004). In every generation, the chromatin state of the

FLC locus is reset by the H3K27-specific demethylase ELF6,

which prevents transgenerational inheritance of previous expo-

sures to cold (Crevillén et al., 2014). Other observations suggest

the possibility that inter- and transgenerational inheritance

of chromatin states may occur under certain circumstances.

Recent data suggest that intergenerational inheritance of mater-

nally provided nucleosomes carrying H3K27me3 are propagated

in early embryos to prevent inappropriate activation of lineage-

specific enhancers during development (Zenk et al., 2017).

PcG and TrxG proteins were also shown to induce transgenera-

tional inheritance of alternative states of transgene expression

in flies (Bantignies et al., 2003; Cavalli and Paro, 1998). In

C. elegans, PRC2 proteins had been suggested to transmit inter-

and transgenerational silencing of the X chromosome via both

sperm and oocytes (Gaydos et al., 2014). In vertebrates, the

mechanisms underlying transgenerational epigenetic inheri-

tance are hotly debated (Blake and Watson, 2016; Heard and

Martienssen, 2014; Hollick, 2017). This is mostly because spe-

cific pathways are responsible for resetting the state of the epi-

genome during germline development. DNAmethylation is vastly

reprogrammed, andmostmethylated DNA sites do not survive in

the next generation (Smallwood and Kelsey, 2012). However, a

small subset of loci can preserve their DNA methylation status

(Surani, 2015). Improvement of chromatin-immunoprecipita-

tion-sequencing (ChIP-seq) technologies allowed histone marks

to be mapped in gametes and the early stages of mouse devel-

opment. The data showed that both sperm and oocytes bear re-

gions endowedwith H3K4me3 and H3K27me3, which are exten-

sively reprogrammed upon fertilization and during the early cell

division cycles of the embryo (Dahl et al., 2016; Liu et al., 2016;

Zhang et al., 2016; Zheng et al., 2016). However, a significant

number of these regions aremaintained during early embryogen-

esis (Zheng et al., 2016), and both PRC1 components and MLL2

are required in the oocyte for the correct specification of gene

expression patterns in embryos of the subsequent generation

(Andreu-Vieyra et al., 2010; Posfai et al., 2012). Likewise, the

alteration of H3K4me3 levels by overexpression or inhibition of
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the H3K4 demethylase KDM5B induces severe early embryonic

defects (Dahl et al., 2016; Liu et al., 2016; Zhang et al., 2016).

Mouse and frog studies directly suggested the possibility of a

role of PcG and TrxG proteins in transgenerational inheritance

(Siklenka et al., 2015; Teperek et al., 2016). Finally, the analysis

of a system in which the nuclear organization of a transgene

was transiently perturbed demonstrated the PRC2-dependent

transgenerational inheritance of different levels of H3K27me3

in Drosophila. Remarkably, inheritance could be transmitted

through both the female and the male germline, suggesting

that it is robust even to the partial replacement of histones by

protamines during spermatogenesis (Ciabrelli et al., 2017). It

will be important to define the extent to which this phenomenon

can regulate endogenous genome function and its underlying

molecular mechanisms, including the interplay with other com-

ponents, such as ncRNAs, that have been linked to transgenera-

tional inheritance (Sharma, 2017; Sharma et al., 2016).

Role in Stem Cell Renewal and Differentiation
While mutations of PcG proteins lead to homeotic transforma-

tions and other developmental defects in Drosophila, knockout

of most PRC2 or PRC1 subunits in mice causes embryonic

lethality at the gastrulation stage (Aloia et al., 2013). These ge-

netic studies highlight a key role of PcG proteins in the specifica-

tion and maintenance of cell fate rather than defects in the

viability of early pluripotent cells (Montgomery et al., 2005).

Indeed, genome-wide mapping of PRC1 and PRC2 subunits in

pluripotent stem cells (Morey et al., 2012), more differentiated

progenitors, and terminally differentiated cells (Morey et al.,

2015) supports the key role of PcG proteins in cell identity and

the maintenance of a proper differentiation program during

development. In both embryonic and adult stem cells, a large

number of PcG-bound regions are decorated by both the

H3K27me3 repressive mark and the H3K4me3 activation mark

(Shema et al., 2016). Those modifications, which are catalyzed

by PRC2 and the MLL2 complex (Piunti and Shilatifard, 2016),

respectively, contribute to set the promoter of genes implicated

in cell-fate determination and development into a poised bivalent

state. Such ‘‘bivalent promoters’’ are transcribed at very low

levels and can be either activated or repressed, depending on

developmental signals. How the correct balance between PcG

and MLL2 occupancy is regulated at bivalent regions is still un-

clear, and the contributions of histone post-translational modifi-

cations (PTMs) in modulating promoter activity and chromatin

organization of bivalent regions remain to be determined.

Bivalent regions and, more generally, the set of PcG-

repressed genes differ depending on the state of the cells. In

pluripotent ESCs, PcG complexes repress all lineage-specific

genes, while genes necessary to maintain the proliferative and

undifferentiated state of ESCs are continuously transcribed.

Repression of specific lineage genes is relieved when ESCs

are induced to differentiate. This occurs concomitantly with the

silencing of pluripotency genes. Under this condition, PcG pro-

teins still maintain the repression of alternative cell-fate genes,

thus allowing cells to proceed to one specific cell type and pre-

venting cells from de-differentiation or trans-differentiation. This

exquisite regulation and the genome-wide redistribution of both

PRC1 and PRC2 relies on the assembly and disassembly of PcG



Figure 6. Dynamic Assembly of PRC1 and

PRC2 during ES Cell Differentiation
Different paralogs of PRC1 core components,
such as PCGF or CBX proteins, are incorporated
into PRC1 in ESCs or differentiated cells to
potentially regulate PRC1 function. Similarly,
different ancillary proteins assemble with PRC2 in
ESCs or differentiated cells to modulate its func-
tion and localization during differentiation.
complexes for the proper balance between pluripotency and

lineage commitment (Figure 6). In pluripotent ESCs, CBX7 is

the most abundant CBX family member. To allow differentiation,

CBX7 has to be replaced by other paralogous family members,

such as CBX2, CBX4, and CBX8. Failure to replace CBX7 with

other CBX family members causes hyper-proliferation of he-

matopoietic stem cells and thus leukemia (Klauke et al., 2013),

while the function of CBX6 in gene regulation and in ESC differ-

entiation is still enigmatic. Recently, several reports unveiled the

specific role of PCGF family members in ESC maintenance (En-

doh et al., 2017), mesodermal differentiation (Morey et al., 2015),

and reprogramming (Zdzieblo et al., 2014). Thus, variation in as-

sembly contributes to the dynamic targeting of PRC1 to different

promoters (via CBX proteins) and provides specific biochemical

functions that can regulate cell identity and cell-fate choices (via

PCGF proteins). We know much less about how this occurs in

adult stem cells or in differentiated cell types. In the past few

years, several studies demonstrated an essential role for PRC1

and PRC2 in the patterning and homeostasis of the adult mouse

intestine, skin, craniofacial structures, and hematopoietic sys-

tems (Chiacchiera et al., 2016; Ezhkova et al., 2009; Hidalgo

et al., 2012; Minoux et al., 2017; Xie et al., 2014). Indeed, deletion

of PcG proteins compromises the self-renewal capacity of adult

stem cells, often triggering senescence and unscheduled activa-

tion of the differentiation program.

The situation is a bit simpler for the PRC2 core components,

with an exchange of EZH2 with EZH1 during the switch between

proliferation and differentiation. Although EZH1 can partially

complement EZH2 functions in ESCs (Shen et al., 2008),

biochemical data suggest that EZH2-PRC2 is enzymatically

more active, while EZH1-PRC2 is more efficient in chromatin
compaction assays (Margueron et al.,

2008). However, most of the variation

of the PRC2 complex relies on its dy-

namic interactions with accessory pro-

teins (Figure 6); whereas EPOP, MTF2,

PHF19, and JARID2 are more strongly

enriched in undifferentiated cells, PHF1

and AEBP2 are preferentially associated

with PRC2 core components in differenti-

ated cells (Kloet et al., 2016; Oliviero

et al., 2016). Clearly, these proteins can

contribute to PRC2 targeting during cell-

fate transitions via direct recognition of

histone modifications (Ballaré et al.,

2012) or by providing affinity for DNA se-

quences (Pasini et al., 2010). Indeed,

depletion of PCLs or of JARID2 compro-
mises the association of PRC2 with specific target genes as

well as ESC differentiation. In contrast, EPOP, which is only pre-

sent in the PCL-PRC2 complex, does not affect PRC2 occu-

pancy (Beringer et al., 2016; Liefke et al., 2016). Together, these

data suggest a scenario in which EPOP/PCLs and JARID2 asso-

ciate with PRC2 in a mutually exclusive fashion (Grijzenhout

et al., 2016; Hauri et al., 2016). Interestingly, EPOP also brings

Elongins B/C into the PCL-PRC2 complex, opening the possibil-

ity of direct communication between PRC2 and the Pol II ma-

chinery. Since the expression pattern of PRC2-associated fac-

tors varies dramatically among different cell types, this adds a

further layer of complexity to the assembly and function of the

PRC2 complexes. To date, it is unclear how the expression of

PRC1 and PRC2 core components and accessory proteins is

regulated in different cell types or how the assembly of the

different PcG variations is regulated. It is likely that post-transla-

tional modifications play an important role.

PcG and TrxG Proteins in Cancer
The role of PcG proteins in both cell identity and development is

mainly achieved by the transcription control of pluripotency

genes and linage-specific genes. Several years ago, van Lohui-

zen and coworkers reported that PcG can cooperate with

c-MYC to generate mouse lymphomas via direct silencing of

the CDKN2a locus (Jacobs et al., 1999a), thus suggesting that

PcG proteins can play an oncogenic role by modulating cell pro-

liferation and senescence. Later, the Chinnaiyan lab showed that

elevated levels of EZH2 and the H3K27me3 mark in prostate

tumors often correlates with a poor prognosis (Varambally

et al., 2002). Along the same line, several subunits of PRC1

and PRC2 have been found to be overexpressed in both solid
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cancers and leukemias and to be required for proliferation of

cancer cells. This was then followed up by the identification of

mutations in the demethylase UTX (KDM6A) in myeloma and

renal cell carcinoma. Finally, a gain-of-function mono-allelic mu-

tation in the catalytic pocket of EZH2 (Y641) has also been iden-

tified in lymphoma (Morin et al., 2010). The missense mutation

renders the EZH2 Y641 incapable of either mono- or dimethylat-

ingH3K27, but it enhances the subsequent catalytic step (i.e., tri-

methylation to H3K27me3). Mechanistically, EZH2 expressed

from the wild-type allele provides the enzymatic activity for the

initial conversion of unmethylated H3K27 into H3K27me1/2,

whilemutated EZH2 activity leads to aberrantly high global levels

of H3K27me3 in tumor samples. All these data suggest that hy-

permethylation at H3K27 acts as a driver in several human can-

cers (reviewed in Comet et al., 2016) and that it can initiate cell

invasion and metastasis (Figure 7A). Based on these observa-

tions, several small-molecule inhibitors of EZH2 have been

developed and are either being tested in clinical trials or already

in use in clinical practice (Helin and Dhanak, 2013).

Unexpectedly, inactivating mutations in EZH2, EED, and

SUZ12 have also been reported in myelodysplastic syndrome

and malignant peripheral nerve sheath tumors (MPNST) (Lee

et al., 2014), thus challenging the concept that PRC2 acts as

an oncogene. Indeed, these loss-of-function mutations lead to

reduced levels of H3K27me2/3 (Figure 7A). Likewise, a lysine-

to-methionine mutation at position 27 of histone H3 (H3K27M)

has been identified in diffuse intrinsic pontine glioma (DIPG).

This mutation also results in reduced levels of H3K27me2/3

(Lewis et al., 2013). Although this was initially correlated to the

capacity of H3K27me2/3 to strongly bind and sequester the

PRC2 complex, recent data seem to support a model in which

H3K27M excludes PRC2 binding, facilitating an aberrant accu-

mulation of acetylated H3K27 (Figure 7A) on the other wild-

type copies of histone H3 in heterotypic nucleosomes (Piunti

et al., 2017). This has important clinical implications, since inhibi-

tion of proteins that bind to acetylated lysines, such as members

of the bromodomain (BRD) family of proteins, offer new thera-

peutic avenues for DIPG. Moreover, recent crystal structural an-

alyses of PcG complexes have provided important information

about the mechanisms of histone modification catalysis and

specificity. These studies propose a mechanism for the onco-

genic effects of H3K27M, which explains how H3K27me3

binding to the PRC2 subunit EED enhances PRC2 activity and

suggests possibilities for designing drugs that could interfere

with PRC2 function (Brooun et al., 2016; Jiao and Liu, 2015; Jus-

tin et al., 2016; McGinty et al., 2014).

Should EZH2 inhibitors thus be considered for cancer treat-

ments? In other words, do PcGs function as oncogenes, tumor
Figure 7. The Function of PcG and TrxG Proteins in Cancer
A summary of common mutations in PcG and TrxG subunits that affect gene ex
(A) Gain-of-function mutations in PcG due to overexpression and changes in P
catalytic subunit (top) often leads to aberrant deposition of H3K27me3 at tum
(bottom) or mutation in lysine 27 of histone H3, cause reactivation of PcG-repres
lineage-specific genes and oncogenes.
(B) Similarly, deletion, mutation, and truncation of TrxG subunits results in reduced
wide distribution (top). Gain of function, such as chromosome translocations,
recruitment of the super elongation complex (SEC). Recently identified mutatio
histone modifications and thus affect interactions with promoters.
suppressors, or both, depending on the cellular context? It is

likely that they can be both, leaving uswith a highly complex puz-

zle of understanding the PcG function in each cellular content.

What is clear is that an unbalance in cellular levels of

H3K27me3 can have devastating effects, compromising both

cellular identity and homeostasis. PcG loss of function leads

not only to the reactivation of PcG-silenced genes but also to

increased transcriptional noise (Kar et al., 2017), which might

sensitize the cell to oncogenic signaling. In contrast, PcG gain

of function causes diffuse genome compaction, which is likely

to be unresponsive to differentiation stimuli, thereby promoting

uncontrolled growth.

A further interesting aspect to consider is that TrxG proteins

are also often mutated in cancer (Figure 7B). Several SWI/SNF

subunits, including SNF5/SMARCB1 and ARID1, are highly

mutated in ovarian clear cell carcinomas and malignant rhab-

doid tumors (Zinzalla, 2016). Mutations in the ATPase domain

of SMARCA4 (also known as BRG1) are frequent in renal,

ovarian, medulloblastoma, rhabdoid, colorectal, and lung tu-

mors and lead to increased PcG occupancy on unmethylated

CGI promoters, indicating a role for the SWI/SNF complex in

displacing PcG complexes from chromatin (reviewed in Kadoch

and Crabtree, 2015). COMPASS members are also heavily

mutated in cancer. MLL genes were originally identified in a

region that has frequently translocations in leukemia, and

ELL elongation factor was the first reported fusion partner of

MLL1 (Ziemin-van der Poel et al., 1991). Surprisingly, in the

chimeric MLL-ELL protein, the catalytic SET domain of MLL is

not retained, suggesting that altered levels of H3K4 methylation

are not implicated in leukemogenesis. These initial observations

were corroborated by the characterization of several other MLL

fusion partners also implicated in transcription elongation,

including AFF1, AF9, ELL, and ENL. Biochemical studies from

the Shilatifard laboratory demonstrated that aberrant activation

via the recruitment of the super elongation complex (SEC) is a

common theme for all MLL translocations (Smith et al., 2011),

thus exposing a potential Achilles’ heel for treatment. In

contrast, the other family members are often mutated rather

than translocated in human tumors. MLL4 missense mutations

have been found in lymphomas and medulloblastomas, while

MLL3 mutations have been reported in bladder and kidney

neoplasia (Piunti and Shilatifard, 2016). Given the dedicated

role of MLL3 and MLL4 in methylating H3K4 at enhancers, it

is intriguing to speculate that enhancer malfunction is the direct

cause of these pathologies (Figure 7B). However, the underly-

ing mechanisms are still unclear. Alterations in the chromatin

loops between those enhancers affected by MLL3/4 mutations

with gene promoters are a likely possibility. Identifying direct
pression and cellular functions.
cG complex composition or due to dominant-negative point mutation in the
or suppressor loci. Loss-of-function mutations, such as missense mutations
sed genes through depletion of H3K27me3 and accumulation of H3K27ac at

stability and/or activity of TrxG complexes, which in turn affects PcG genome-
also are implicated in carcinogenesis processes (middle) through aberrant
ns in MLL3/4 (bottom panel) could possibly results in changes in enhancers’
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target genes using Hi-C technology might shed some light

on this.

The roles of PRC1 components in cancer are likely to reflect

their functions in stem cells. CBX7 overexpression has been re-

ported in human leukemias, prostate cancer, and ovarian clear

cell carcinoma. Results obtained using animal models indicate

that it acts as an oncogene by silencing the INK4A/ARF locus

and preventing senescence and/or apoptosis. Conversely, no

clear functional data have been reported so far for an oncogenic

role of the other CBX paralogs, although correlative studies have

shown their misexpression in several cancers. It is important to

note that CBX family members have different affinity for

H3K27me3, with CBX7 having the highest binding capability

(Bernstein et al., 2006b). Other CBX proteins have been shown

to recognize additional histone modifications as well as ncRNA.

Understanding the exact mechanism of CBX chromatin recogni-

tion is a key challenge to properly understand the roles of this

protein family in human cancer. Finally, specific inhibitors for

each member could provide important tools to block cancer

progression.

Similarly, BMI1 is highly expressed in hematopoietic stem cells

but is replaced within the PRC1 complex byMEL18 during differ-

entiation (Morey et al., 2015). Mechanistic insight provided by

many studies suggests that BMI1 promotes cell proliferation

by orchestrating the repression of CDKN2a and PTEN and by

modulating the AKT pathway (Jacobs et al., 1999b), and its dele-

tion in animal models confirms a key role in the initial steps of the

carcinogenesis process. In contrast, MEL18 seems to act as a

tumor suppressor bymodulating the expression of several onco-

genes, including c-MYC (Guo et al., 2007). Moreover, in several

human tumors,MEL18 is often downregulated, and its depletion

in mouse models does not cause increased tumor formation.

Since BMI1 and MEL18 have opposite effects on PRC1 activity

(Cao et al., 2005), it is tempting to speculate that the switch of

subunits might affect the deposition of the ubiquitin group and

therefore gene expression programs. Whether this is a key

aspect behind the oncogenic differences between BMI1 and

MEL18 remains to be demonstrated, especially since the impact

of H2Aub on gene regulation is still unclear.

Conclusions and Future Perspectives
Despite the boom in the PcG and TrxG research field, many

open questions remain. Among the future developments, we

suggest six major areas to watch. (1) PcG and TrxG members

have now gained a reputation as important players in develop-

ment, physiology, and cancer etiology. We also now have a

reasonably good inventory of their target genes in a subset of

cell types. However, we do not know how the PcG and TrxG

complexes are targeted at specific subsets of genes in each

cell type or which targets are critical for the regulation of specific

functions in each cell type. While classical research showed, for

instance, that Hox genes are crucial for regulating the antero-

posterior body plan in flies, much more work will have to be

devoted to understand critical PcG- and TrxG-regulated pro-

cesses in the other cases. (2) PcG and TrxG proteins have an

increasing evolutionary complexity with the gradual acquisition

of more paralogs in more complex species, but what are the

functions of individual paralogs? Changing the balance between
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paralogs in different protein complexes could restrict, expand,

or even change the repertoire of target genes, and hence the

regulatory outputs, in different cell types or in response to

various cues. (3) Over the last decade, a clear link between

PcG and TrxG proteins and 3D genome regulation has been es-

tablished, and 3D contact networks have been shown to be

established between active or PcG-silenced genes. However,

these findings almost always described correlations. Are the

architectural functions required, or are they a consequence of

gene regulatory processes? A combination of analytical studies

using microscopy and 3C-type technologies, as well as dedi-

cated genome engineering studies, will be required to disen-

tangle causes and consequences. (4) Recent studies have

begun to decipher the molecular mechanisms that allow repres-

sive or active chromatin states to be propagated through cell

division. Furthermore, it is becoming clear that some PcG and

TrxG components can convey transmission of inheritance not

only throughout mitosis but also across multiple generations

of an organism. On the other hand, additional work suggests

that these components not only are able to carry out mainte-

nance functions but also could be used dynamically to change

gene regulatory states. It will be important to understand how

these dynamic functions differ from memory functions and

how transitions between labile, reprogrammable states and

more stable, transmissible states might be regulated. Further-

more, in a specific context, these proteins can switch their func-

tion. For instance, PcG proteins may be involved in gene activa-

tion. They can associate with active genes (Brookes et al., 2012;

Frangini et al., 2013; Kaneko et al., 2013; Mousavi et al., 2012;

van den Boom et al., 2016) and can activate gene expression via

PcG protein association with specific cofactors, positive regula-

tion of PolII activity, recruitment of co-activators, and modula-

tion of chromosome architecture (Arora et al., 2015; Frangini

et al., 2013; Gao et al., 2014; Hauri et al., 2016; Lv et al.,

2016; Morey et al., 2015). Moreover, a recent report demon-

strated that a subset of Drosophila PREs can function as devel-

opmental enhancers in vivo, activating transcription in specific

spatial domains (Erceg et al., 2017). Whether this dual function-

ality of PREs is conserved in mammals is unclear, and much re-

mains to be done in this field. (5) The points above require a full,

in-depth understanding of how PcG and TrxG functions are

regulated, such as by post-translational modifications of indi-

vidual components or by regulation of their gene expression.

While multiple post-translational modifications of these compo-

nents have been described (Gambetta and Müller, 2014; Gon-

zalez et al., 2014; Niessen et al., 2009) and subunit switching

has also been described in various systems and cell types,

the mechanistic regulation of these processes has not been

investigated in detail. (6) Finally, new and unexpected discov-

eries will surely be made and will have to be taken into consid-

eration, such as the role of Polycomb components in mitochon-

drial function (Liu et al., 2009) and the cytoplasm (Bodega et al.,

2017; Chen et al., 2017). Future research is thus likely to deepen

and expand the understanding the biological functions of epige-

netic components in normal physiology and disease to provide

the community with new prognostic and diagnostic tools and,

finally, allow for the development of new therapeutic treatments

for many cancers and other diseases.
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