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Differentiation of female mouse and human ES cells triggers silencing of one X chromosome
through X-chromosome inactivation (XCI). This process is required to equalize gene dosage
between the sexes. After Xist RNA coats the inactive X chromosome (Xi), a series of epigenetic
events occur that lead to silencing of the chromosome. However, the exact mechanisms
behind this silencing process remain elusive. Disappearance of histone modifications
associated with active chromatin and appearance of repressive marks like H3K27me3 and
H2AK119ub are thought to be amongst the early steps of XCI. Following its Xist-mediated
recruitment to the Xi, the Polycomb repressive complex 2 (PRC2) appears to be responsible
for the trimethylation of H3K27. This mark in turn is believed to recruit PRC1, a complex with
ubiquitin ligase activity specific for H2AK119. Eventually, these events result in incorporation
of macroH2A and DNA methylation, leading to stable repression of the Xi. In order to further
clarify the sequence of events during XCl, we here perform chromatin immunoprecipitation
(ChIP) followed by quantitative PCR (qPCR; targeted ChIP) on chromatin obtained from
cultured mouse embryonic stem (ES) cells and their differentiated derivatives. Using this
approach, we validate the use Ezh2 and Ring1B antibody in targeted ChIP. We detect
colocalization of the PRC2-subunits Suz12 and Ezh2, and the PRC1-subunit Ring1B during all
stages of differentiation at a selection of genes located across the whole mouse genome.
These observations are consistent with the hypothesis that PRC2-mediated H3K27me3
deposition leads to PRC1 recruitment and eventually uH2A deposition. However, the results
apply to a small subset of genes only, located across the whole genome and not specifically at

the X chromosome.

Introduction

In mammals, dosage of X-linked gene products is
equalized between males and females by
inactivation of one of the female X chromosomes
[1]. During early female embryonic development in
human and mice, random X inactivation of either
the paternal or the maternal X takes place [2]. The
formation of an inactive X chromosome involves a
series of epigenetic changes, which include post-
translational histone modifications and the
recruitment of protein complexes responsible for
their deposition (Fig. 1A) [3]. As a result of these
series of repressive events, XCI| provides a
powerful model system to gain insights into the
mechanisms of epigenetic gene repression.
Initiation of the silencing process is regulated by
the X-inactivation center (Xic), a region of
approximately one Mb on the X chromosome [4].
The Xic encodes two non-coding RNAs, Xist and
Tsix, whose coordinated expression determines
which X will become inactivated. On the future
inactive X (Xi), loss of Tsix expression permits

upregulation of Xist allowing for physical
interaction between Xist RNA and the Xi in cis [5].
This is the basis of the inactivation process. In
parallel, persistence of Tsix expression on the
future active X (Xa) prevents upregulation of Xist
thereby preventing silencing of both X
chromosomes at once [6].

Information on epigenetic changes associated
with XClI is widely based on immunofluorescence
(IF) studies. The silent state of Xi is initially
reversible and associated with a chromosome-
wide loss of histone modifications associated with
active chromatin [7]. Subsequently, the X
chromosome undergoes trimethylation of histone
H3 on lysine 27 (H3K27me3) [8,9] and H2A
monoubiquitination (uH2A) [10], as well as
enrichment of H3K9me2 and H4K20me1. The
successive  appearance of these histone
modifications is proposed to underlie the
progressive stability of the inactive state [11]. The
Polycomb repressive complex 2 (PRC2), and in
particular its methyltransferase subunit Ezh2,
appears to be responsible for the deposition of
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Figure 1. (A) Time range showing the cascade of events
that lead from an initially reversible repression to a stably
repressed inactive X chromosome during the differentiation
of female embryonic stem cells. This data is based on
immunofiluorescensce studies. Picture adapted and edited
from Chow and Heard, 2009; Current Opinion in Cell
Biology. (B) Xist-mediated recruitment of PRC2 is thought
to lead to H3K27me3, which in turn recruits PRC1 leading
to uH2A marks and further repressive events, like DNA
methylation.

H3K27me3 and seems to be recruited to the Xi in
a Xist RNA-dependent fashion (Fig. 1B) [8,9]. In
turn, this mark is thought to allow for the
recruitment of the PRC1 complex through
interactions with its Cbx7 subunit [12]. The
catalytic subunit of PRC1, Ring1B, is able to
ubiquitinate histone H2A [13]. However, a recent
study showed that PRC1 can also be recruited in a
PRC2- independent way as Ring 1B is also
recruited to the inactive X in PRC2-deficient cell
lines [14]. Another complication rises from the fact
that Polycomb complexes can be present in
alternative compositions, as for instance the
catalytic Ezh2 PRC2-subunit can be replaced by
its Ezh1 counterpart [15]. The same holds for the
PRC1 complex, which consists of four standard
components that can all contain different proteins
in different combinations, resulting in function
redundancy. This variability makes it hard to study
the Polycomb complexes by only their single
subunits.

Later events during XCI include incorporation of
macroH2A, a shift to late replication timing [16] and
DNA methylation of promoters of X-linked genes.
MacroH2A is enriched on the Xi in a cell-cycle
dependent fashion from around day four onwards,
but its role remains elusive [17]. DNA methylation,
on the other hand, has clearly been shown to play
an important role in stabilizing the inactive state of
the Xi [18].

In order to further clarify the sequence of events
leading to XCI, we here perform chromatin
immunoprecipitation (ChIP) followed by

quantitative PCR (qPCR; targeted ChIP) on
chromatin material from cultured mouse embryonic
stem (ES) cells in different stages of differentiation.
As these ES cells undergo XCI during
differentiation, they provide a powerful system to
study the process. We immunoprecipitate the
Suz12 and Ezh2 PRC2-subunits and the catalytic
PRC1 protein Ring1B and search for overlap
between the binding sites of these proteins and
available genome-wide H3K27me3 mouse ES cell
profiles [19]. Moreover, we look at the kinetics of
ChIP-gPCR recovery during differentiation for a
small selection of genes located across the mouse
genome. We also perform targeted ChIP against
H2A ubiquitination. Using this approach, we
validate the use Ezh2 and Ring1B antibody in
targeted ChIP. We detect colocalization of the
PRC2-subunits Suz12 and Ezh2, and the PRC1-
subunit Ring1B during all stages of differentiation
at a small selection of genes located across the
whole mouse genome. When recoveries of one
subunit decrease, recoveries of the others
decrease as well. Furthermore we find that the
enrichment of PRC1 and 2 on differentiation-
specific  genes  usually decreases upon
differentiation, with more enrichment present on
genes in undifferentiated cells than in differentiated
ones. These observations are consistent with the
hypothesis that PRC2-mediated H3K27me3
deposition leads to PRC1 recruitment and
eventually uH2A deposition. However, the results
apply to a small subset of genes only, located
across the whole genome and not specifically at
the X chromosome.

Results

In order to further examine the mechanisms of X-
chromosome inactivation (XCI), several subunits of
the PRC1 and PRC2 complexes were selected for
investigation by chromatin immunoprecipitation
(ChIP). For this purpose, we cultured female (LF2)
and male (E14) mouse embryonic cells and
harvested their chromatin from undifferentiated
cells, 4-day atRA differentiated cells and 10-day
Embryoid Bodies (EBs). Male ES cells are used to
distinguish between epigenetic changes specific to
XCl and changes occurring as a result of
differentiation. However, since we merely
performed ChIP-gPCR assays and therefore could
not concentrate specifically on XCI by ChIP-seq
and because of similarity between E14 and LF2
cells in pilot ChIP experiments, the E14 chromatin
material was used only to validate early ChIP
experiments and was no longer used in the
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Figure 2. (A) Sonication time course on chromatin material from undifferentiated
LF2 cells. At increasing times, aliquots of chromatin were withdrawn and DNA
was purified. Then, equal amounts of DNA for each time point were size-
Separated on a 1% agarose gel in TBE and visualized with EtBr. Ten minutes of
sonication produces fragmented DNA with a length between 100 and 2000

mononucleosomal DNA
fragments were created by a
combination of sonication and
micrococcal nuclease (MNase)
treatment. In order to find out how
long MNase digestion treatment
was necessary to  obtain
mononucleosomal resolution, we
carried out a time course with
increasing amounts of digestion
time. As a result, chromatin used
in uH2A ChIP was sonicated for
15 minutes followed by a 25
minute MNase treatment.
Attempts to put purified DNA on a
gel to see if mononucleosomal
resolution was obtained, failed.

basepairs (bp), suitable for ChIP. (B) Chromatin material from LF2 and E14 cells

and different stages of differentiation was sonicated for 13 minutes. A small
amount was used to purify DNA and put on gel as described above.
Undifferentiated LF2 chromatin (LF undiff.2) and 4d atRA differentiated LF2
chromatin (LF2 atRA) produced well-sized fragments with lengths varying
between 100 and 2000 basepairs. The other chromatin samples were
fragmented to a lower degree, creating larger fragments on average.

remaining experiments. ChIP-gPCR results are
interpreted solely in terms of recovery compared to
input sample. Occupancies, in which recovery
values were normalized to recoveries of negative
controls, were very similar and therefore not
included.

Fragmentation of chromatin material
Sonication was needed to fragment the harvested
chromatin. A time course was performed with
undifferentiated LF2 chromatin using an increasing
sonication time range (0, 5, 10, 15, 20, 25, 40 min).
After purification, the corresponding DNA was put
on agarose gel (Fig. 2a). 10 minutes of sonication
produced fragmented DNA with a length spread
between 100 and 2000 basepairs, which is
considered optimal for ChIP. Based on this
experience, chromatin from LF2 and E14 ES cells
was sonicated for 13 minutes and a small amount
of DNA was put on gel to check the fragment size
(Fig. 2b). One batch of undifferentiated LF2
chromatin (LF2 undiff.2) and the atRA LF2
chromatin produced the intended fragment size
with lengths varying between 100 and 2000
basepairs. The other chromatin samples were less
well fragmented, creating larger fragments on
average. Therefore, chromatin samples used in
later ChIP experiments were sonicated for 15
minutes.

For ChIPs
ubiquitinated

the anti-
antibody,

performed
H2A

using
(uH2A)

Antibody concentration

The concentrations of the
monoclonal purified Ring1B and
uH2A antibodies were obtained
by measuring their absorption
coefficient at 260 nm using a
NanoDrop ND-1000
spectrophotometer. By means of a known BSA
standard (supplementary figure 1), concentrations
of the antibodies were calculated (Table 1). The
concentrations of Ezh2 and Suz12 were not
measured directly, since Ezh2 antibody is present
in crude serum, which prevents correct
measurements using the NanoDrop. Suz12
antibody concentration was provided by the
supplier.

The optimal antibody concentration for Suz12
and uH2A for ChIPs were already known from
previous experiments [20]. In order to find out how
much Ezh2 and Ring1B antibody should be used
in ChIP assays, an antibody concentration range
with different amounts of antibody was performed
using undifferentiated LF2 chromatin material.
Real-time PCR results (supplementary figure 2)
indicate the optimal amount of antibody for usage
in ChIP (Table 1). We have hereby shown that
chromatin immunoprecipitation assays can be

Table 1. Concentrations and amounts of antibodies
used for ChiIP

Target Concentration Amount used in ChiIP
Suzi2 0.4 mg/ml 2l (0.8 pg)

Ezh2 3l

Ring1B 4 34 mg/ml 10 pl (40.3 pg)

uH2A 2.37 mg/ml 6.33 pl (15 pg)
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Figure 3. ChIP-gPCR results for antibodies against PRC2-subunits Suz12 and
Ezh2, and PRC1-subunit Ring1B. For each antibody, the percentage recovery of
ChIPped material compared to input is shown for several differentiation-specific,
stem cell-specific and other genes. Actin and a primer for chromosome 6 negative
were used as negative controls. Results of all three antibodies show global
similarities in terms of recoveries. Overall, each of these proteins seems to be
present on the same genes roughly to the same extent, suggesting colocalization.

performed with Ezh2 and Ring1B antibody and
determined the optimal concentration of antibodies
in ChIP.

Suz12, Ezh2 and Ring1B chromatin
immunoprecipitation

Chromatin immunoprecipitation with antibodies
against PRC2-subunits Suz12 and Ezh2, PRC1-
subunit Ring1B and ubiquitinated H2A have been
performed in combination with quantitative PCR.
Primer pairs were designed to determine
recoveries in differentiation-specific genes, stem
cell-specific genes and other genes as well as
primers where no recovery was expected (negative
controls). Suz12, Ezh2 and Ring1B gPCR results
show global similarities (Fig. 3) in terms of the
percentage recovery of ChiPped material
compared to input. Overall, for the small selection
of genes we analyzed, each of these proteins
seems to be present on the same genes roughly to
the same extent, suggesting colocalization. For
example, differentiation-specific genes like HoxA7,
Msx1, HoxC13 and Gataé6 all show high recoveries
for Suz12, Ezh2 and Ring1B. In contrast, for Fgf6,

Other genes

Y negative controls such as actin
Negative controls  gnd chromosome 6 negative
(chr 6 neg.). For the gene
group termed ‘other’, recovery
values vary significantly per
gene. Especially Cebpa
(CCAAT/enhancer binding
protein alpha), B4gaint1 (Beta-

14-N-acetyl
galactosaminyltransferase) and
the androgen receptor gene (AR) show relatively
high recoveries, whereas the remaining ‘other
genes show little ChIP recovery as compared to
input material.

Two trends can be found most often in the
ChIP-gPCR results for all three antibodies. First, a
tendency in which we find a high recovery in
undifferentiated cell material compared to a low
one in 10d Embryoid Body material. The other
shows a different development, with 4d atRA
sample showing the lowest recovery flanked by
higher undifferentiated and Embryoid Body values.
In both trends however, undifferentiated chromatin
shows the highest recovery. Variations between
different chromatin samples can be seen as well,
such as the high overall recovery rate of chromatin
of 4 days differentiated cells immunoprecipitated
with Ring1B antibody. The Ezh2 antibody delivers
relatively lower recoveries with atRA material, but
its EB recoveries are high compared to Ring1B
and Suz12 ChIPs. Given the variable results, the
essential observation of both trends seems to be
the fact that recoveries drop with differentiation,
which often correlates with differentiation-specific
genes.
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When recovery values are compared between
the different antibodies, Ezh2 antibody stands out
with recoveries up to 20%, where as Suz12 gives
recoveries only half these values. The Ring1B
antibody shows the lowest recoveries, having
values between 1% and 2%. This study shows that
the Suz12, Ezh2 and Ring1B antibodies do work in
ChiP.

qPCR comparison with genome-wide
H3K27me3 and Suz12 profiles

Genome-wide H3K27me3 and Suz12 profiles have
been produced using ChlP-seq by previous studies
with mouse ES cells [19]. We compared our gPCR
results with these profiles. Figures 4a-c show the
Suz12, Ezh2 and Ring1B recoveries of HoxA7,
Gatab and AR together with the K27 trimethylation
and Suz12 landscape surrounding these genes.
HoxA7 (Fig. 4a) exhibits decreasing recoveries for
each antibody during differentiation. This tendency
is expected for differentiation-specific genes and
corresponds with both the H3K27me3 and the
Suz12 profile over HoxA7: in undifferentiated ES
cells, there is more trimethylation of H3K27 and
more binding of Suz12 than in 10-day
differentiated EBs.

differentiation.

Similar same profiles are present for the Gata6
gene. Recovery kinetics as measured with gq°PCR
however (Fig. 4b) differ slightly from those of
HoxA7, with the atRA chromatin having the lowest
recovery for Suz12 and Ezh2 ChIPs, and a
decreasing trend for Ring1B, The Androgen
Receptor (AR) gene is located on the X
chromosome. The available profiles show a large
peak of both H3K27me3 and Suzi12 at the
promoter of AR (Fig.4c). Once again there is a
decrease of H3K27me3 deposition and Suz12
presence during differentiation. A similar decrease
for the presence of Ring1B as well as Ezh2 is
shown by qPCR, yet to a smaller extent.

uH2A chromatin immunoprecipitation
Next to ChIPs against Polycomb complex subunits,
a ChIP has been performed with an antibody
against monoubiquitinated H2A. In order to obtain
quality results, we adjusted the chromatin harvest
procedure by means of including micrococcal
nuclease digestion and nuclease isolation,
according to [20]. However, gPCR recovery values
remain very low although there are exceptions
(Fig. 5a). Recoveries in 4d atRA differentiated cells
are very high in comparison to undifferentiated and
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Figure 5. (A) ChiIP-qPCR results for ubiquitinated H2A. The percentage recovery of ChlPped material compared to input is
shown for the same primers as used before. Overall, recovery values remain low, with the exception of 4d atRA
differentiated cells. The zoomed-in graph gives a better view on the relative differences between undifferentiated and 10d
Embryoid Body material. (B) Screenshots from the UCSC genome browser showing the distribution of the uH2A ChIP-seq
profile from [20] across the Actin, HoxA7 and Arpc3 genes (UCSC Mouse [mm9], July 2007) in mouse embryonic fibroblast
cells. The profiles show low ubiquitination genome-wide and across these genes in particular, corresponding with the minor

recoveries of uH2A at the location of the primers in figure A.

10d EB material, especially on the B4galnt1 gene.
Given these results it seems that ChlP using the
uUH2A antibody is not fully optimized yet. But
because genome wide ChlP-seq uH2A profiles of
mouse embryonic fibroblasts [20] show low
ubiquitination genome-wide, the low values as
observed with qPCR could just as well be a
reflection of the in vivo situation. In figure 5b, the
profiles showing the surroundings of Actin, HoxA7
and Arpc3 are given. All three show relatively high
recovery values for undifferentiated and 10d
Embryoid Body cells as compared to other genes.
Their surrounding uH2A profiles correspond with
the still minor recovery of uH2A at the location of
the primers.

Discussion

We performed chromatin immunoprecipitation
studies with several antibodies to gain more insight
in the cascade of events leading to X-chromosome
inactivation. Antibodies against subunits Ezh2 and
Suz12 (Polycomb repressive complex 2, PRC2)
and Ring1B (PRC1) have been examined and
showed similar results. Enrichments are overall
alike, although absolute recovery values differ, with
Ezh2 showing the highest recovery followed by
Suz12 and Ring1B. Recoveries of these protein
decrease during differentiation, especially with

differentiation-specific genes like HoxA7 and
Gata6, which is in line with expectations.

Variation in ChIP results

When we evaluate the ChIP results, some
peculiarities can be noticed and the results were
not always reproducible. atRA recovery values
seem to differ with different antibodies, being
relatively higher in combination with the Ring1B
antibody as well as the uH2A antibody. The
Embryoid Body LF2 and undifferentiated LF2 show
very low recovery values in the uH2A ChIP. These
differences could be caused by the quality of the
chromatin used. In order to test chromatin quality
and correct for the dissimilarities between several
chromatin samples, an additional negative control
could be added in future experiments, like mock-
experiments lacking only antibody. Suz12 has
proven to be a good ChlP-grade antibody and
could function as a control for chromatin quality
too. To check if the remaining variation has
biological causes, replication of the data is
necessary.

Since Embryoid Bodies are already ten days
into differentiation, differences in gene expression
and epigenetic landscapes between cells are likely
to be present as compared to undifferentiated
cells. Therefore, chromatin of these cells is likely to
show varying recovery values. This might be the

July 2009

a validation for the use of Ezh2 and Ring1B antibody in ChIP

Unraveling the role of PRC1 and 2 in X inactivation:



cause of the relatively high recoveries seen with
EB material in Ezh2 ChIPs in our results.

The extreme variation found in its gPCR results
show that the ChIP with uH2A antibody is not very
efficient and that the protocol might have to be
optimized, although enrichments in a ChIP-Seq
experiment of uH2A were very low as well [20].

Colocalization of PRC1, PRC2 and H3K27me3
Recently it was reported that PRC1, besides the
previously known PRC2-dependent way, can also
be recruited to the chromosome in a PRC2-
independent way [14]. In this study, we find
colocalization between the PRC2 subunits, Suz12
and Ezh2, and the Ring1B PRC1 subunit on all
genes we looked at. Furthermore, these
enrichments also colocalize with H3K27me3. We
found no genes at which only PRC1 or PRC2 is
enriched. This suggests that, at least for the genes
that we analyzed, PRC1 is recruited in a PRC2-
dependent matter only. This presumably happens
as a result of an interaction between PRC1 and the
H3K27me3 mark deposited by PRC2.

The Polycomb complexes can be present in
alternative combinations, as reported in [15]. This
property questions the use of specific antibodies
as representatives for the whole corresponding
complex. In the case of PRC2, there is less
redundancy than for PRC1 (see supplementary
Fig. 3). The use of Suzi12 to represent PRC2
seems justified, since there are no other proteins
that can take over of the role of this protein. The
catalytic function is usually represented by Ezh2,
but can occasionally be replaced by Ezh1.
However, since we studied both Suz12 and Ezh2,
it seems likely that genes at which these proteins
colocalize are indeed bound by PRC2. For PRC1,
many more subunit combinations are possible and
therefore we looked at the subunit responsible for
the catalytic ubiquitin ligase activity, Ring1B. This
subunit is necessary for the activity of the complex
so it seems likely that we studied the core of the
complex. Therefore, the observed colocalization
between Suz12, Ezh2 and Ring1B is likely to be
real, supporting the hypothesis that PRC2-
mediated H3K27me3 deposition leads to PRC1
recruitment and eventually uH2A deposition.

However, since our experiments do not focus
on the X chromosome, they are not sufficient to
conclude whether colocalization of the PRC
subunits occurs genome-wide or as part of the
XCI. Also, since replicate experiments have not
been performed, reproduction of the data is
necessary to further support the hypothesis that

PRC2-mediated H3K27me3 deposition leads to
PRC1 recruitment.

Future research

In our research, we intended to investigate XCI
which serves as a model system for epigenetic
regulation of gene repression. To unravel more
about XCI, the next step is the use of next
generation sequencing to perform ChlIP-seq with
the antibodies we validated using ChIP-qPCR.
ChlIP-seq delivers high resolution data leading to
more extensive and solid conclusions. Profiles
obtained by this approach can be compared with
previously available profiles, leading to knowledge
about the sequence of events during XCI. For the
uH2A antibody, ChIP protocol should be optimized
after which further validation and deep sequencing
can be applied. Additionally, because PRC1 (and
PRC2 to a lesser extent) has several appearances
existing of different subunits with the same activity,
different subunits should be ChilPped and
sequenced as well to get full coverage of PRC1
binding sites and to find out the exact working
mechanism of these enzymes.

Methods

Additional protocols can be found in the supplementary
information.

E14 and LF2 cell culture

Female LF2 and male E14 mouse embryonic stem cells
were cultured (thawing, passaging, expansion and
freezing) based on the previously described standard
protocols of the Wellcome Trust Sanger Institute
(http://www.sanger.ac.uk/PostGenomics/genetrap/
protocols/Generallnformation.pdf).

Stem cell differentiation using four day all-trans-
retinoic acid (atRA) treatment was performed based on
[21]: 80% confluent cell plates were washed twice with
PBS and trypsinized. Trypsin was neutralized using cell
culture medium containing anti-differentiation factors.
After counting using a Coulter AC T Series Analyzer,
the cells were plated at a density of 2x10* cells/cm® and
grown like undifferentiating stem cells for one day (using
LIF-containing medium). Then, the cells were rinsed
thoroughly of LIF by washing them three times with
PBS. Next, medium without LIF was added together
with 10° M atRA. During differentiation, the medium
with  retinoic acid was changed daily. atRA
concentration was adjusted according to the observed
ratio of cell death and differentiation.

For Embryoid Body formation (ten days), confluent
cell plates were washed with PBS and trpysinized using
a low concentration of trypsin for two minutes at room
temperature. Deattached cells were made sure to
remain in clumps. The obtained cell suspension was
divided over multiple non-gelatin coated bacterial dished
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using a glass pipet with wide opening. Cells were grown
in clumps for two days and attachment was prevented
by swirling them around every day. On day three, the
swimming Embryoid Bodies were placed in gelatin
coated plates using a pipet with wide opening. Medium
was changed daily.

Antibodies

The concentration of the Ring1B and uH2A antibodies
was measured using the NanoDrop ND-1000
spectrophotometer with BSA correlation. Suz12
antibody concentration was provided by Abcam. Ezh2
could not be measured correctly since this antibody is
present in none-purified serum (Table 2).

Chromatin harvest and fragmentation

Methods for the harvest and fragmentation of chromatin
material differ between samples meant for uH2A ChIP
and samples meant for ChIP with Suz12, Ezh2 and
Ring1B. A combination of the protocols used for Suz12,
Ezh2 and Ring1B chromatin immunoprecipitation and
the protocol used in [20] led to the procedure for uH2A
ChlIP.

Suz12, Ezh2 and Ring1B

Cells were trypsinized and dissolved in medium to a
concentration of 5x10° cells/ml. 1% formaldehyde was
added and the solution was rotated at room temperature
for 30 minutes to crosslink the cells. The reaction was
stopped by adding 125 mM glycine, resulting in a yellow
colored solution [23]. Cells were washed with cold PBS
and several buffers by ten minutes rotation at four
degrees centigrade. Sample pellet was dissolved in
ChIP incubation buffer containing protease inhibitors to
a concentration of 33x10° cells/ml.

Chromatin samples were sonicated into fragments
with an average length of 0.5 to 2 kilobases. The
required time for sonication was determined using a
timecourse and fragment length analysis on agarose gel
after de-crosslinking and DNA isolation. After 13
minutes (decided to be the optimal duration) of
sonication, the samples were centrifuged to get rid of
cellular debris.

UuH2A
After trypsinization and crosslinking as described above,
the cells were washed twice with PBS. The cells were
resuspended in one volume of cell lysis buffer and kept
on ice for ten minutes. In order to isolate nuclei, one
volume of Solution B was added.

Next, the chromatin was sonicated for 15 minutes to
obtain an average fragment length of 0.5-2 kb and the

Table 2. Antibody information

cellular debris was removed by spinning it down.
Micrococcal digestion was then performed with the
purpose of acquiring mononucleosomal fragment
resolution. In order to gain insight in how long digestion
(MNase) treatment was necessary, a timecourse was
first carried out. Sonicated chromatin was treated with
0.06 units of micrococcal nuclease per ug chromatin (as
measured using the NanoDrop ND-1000
spectrophotometer) for 25 minutes (decided to be the
optimal treatment duration) at 37°C. To stop the
reaction, 10 mM of EDTA was added, followed by one
volume of modified lysis buffer. In order to determine
fragment size of each sample after sonication and, for
uH2A samples, after sonication and digestion, part of
the fragmented chromatin was de-crosslinked and the
corresponding DNA isolated to put on gel.

ChiIP

Immunoprecipitation was carried out using protein-A
Sepharose bead. After swelling the beads in PBS, they
were blocked for aspecific binding by washing twice and
incubating for 2 hours at 4°C with 0.1% bovine serum
albumin (BSA) in incubation buffer. IP mixtures (beads,
fragmented chromatin and antibody amongst other
components) were incubated by overnight rotation at
4°C and washed with several buffers afterwards. Then,
using elution buffer with a high salt concentration,
immunoprecipitated chromatin was eluted from the
beads followed by addition of 16 ul 5M NaCl to the
supernatant. De-crosslinking was done by shaking the
samples for 5 hours at 65°C. Next, DNA was isolated
using Phenol Chloroform Isoamyl alcohol (PCI)
extraction, followed by precipitation at -20°C using
100% ethanol, glycogen and NaAc. Input DNA sample
was prepared by de-crosslinking fragmented chromatin,
followed by DNA isolation.

qPCR

For a list of primers used in gPCR analysis of ChlIPs,
see supplementary information. BioRad SYBR Green
Supermix was used to detect and measure real-time
changes in DNA concentration during the polymerase
chain reaction. A two step and melt protocol was used
on BioRad MyiQ gPCR machines.

Analysis of qPCR results were carried out using the
BioRad iQ5 program. Melting curves of each well were
checked on the presence of only a PCR single product.
Then, an appropriate fluorescent detection threshold
was determined. The corresponding cycles were
analyzed using Excel. ChIP data was represented as
percentage recovery compared to input sample usin

the following formula: Recovery = 2% 17 ((# cycles |

Target Antibody # Antibody lot Type Supplier Concentration Amount used in
ChiP

Suz12 ab12073-100 418328 Paolyclonal Abcam 0.4 mg/mi 2 ul (0.8 pg)

Ezh2 05-678 - Crude serum Active Motif - 3l

Ring1B  Koseki et al. (2001) [22] Monoclonal Koseki et al. 4.34 mg/mi 10 pl (40.3 pg)

UH2A 05-676 (EBCH) DAM1588211 Monoclonal Millipore 2.37 mg/mi 6.33 pl (15 pg)
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sample - # cycles input sample) *correction factor) The

correction factor represents the difference in the original
amount of chromatin used for template and IP samples
as well as the different fold dilutions of the isolated
DNA. According to the recovery graphs generated on
this way, a robust background primer pair was chosen.
In order to get occupancy graphs, recovery values were
then divided by those of the background primer pair for
each sample. These graphs represent fold changes
over background.

Primers

uH2A-specific primers were designed using genome-
wide H3K27me3 and Suz12 profiles (unpublished data,
available at http://mb01.azn.nl/~hendrik/Edith/) as well
as a recently published uH2A profile in MEF-cells ([20].,

available at http://www.ncbi.nim.nih.gov/projects/geo/
query/acc.cgi?acc=GSE15909), which was converted
from mm8 mouse genome build to mm9 using the
‘Batch Coordinate Conversion (liftOver)’ from the UCSC
Genome Browser [24]. This browser was used to view
these profiles as well. As uH2A is supposed to be
present preferentially at gene transcription start sites
(TSS) [25], some genes with robust H3K27 methylation
and Suz12 enrichment at the TSS were chosen to
design primers against. Also, [25,26] showed genes at
which uH2A is present at specific spots around the TSS.
These genes, HoxC13 and HoxA7 respectively, were
chosen as primer targets as well. For a full list of
primers with their corresponding genome locations and
targets, see the supplementary information.
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