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X chromosome inactivation is a remarkable example of chromosome-wide gene silencing and facultative heterochromatin for-
mation. Numerous histone posttranslational modifications, including H3K9me2 and H3K27me3, accompany this process, al-
though our understanding of the enzymes that lay down these marks and the factors that bind to them is still incomplete. Here
we identify Cdyl, a chromodomain-containing transcriptional corepressor, as a new chromatin-associated protein partner of the
inactive X chromosome (Xi). Using mouse embryonic stem cell lines with mutated histone methyltransferase activities, we show
that Cdyl relies on H3K9me?2 for its general association with chromatin in vivo. For its association with Xi, Cdyl requires the
process of differentiation and the presence of H3K9me2 and H3K27me3, which both become chromosomally enriched following
Xist RNA coating. We further show that the removal of the PRC2 component Eed and subsequent loss of H3K27me3 lead to a
reduction of both Cdyl and H3K9me2 enrichment on inactive Xi. Finally, we show that Cdyl associates with the H3K9 histone
methyltransferase G9a and the MGA protein, both of which are also found on Xi. We propose that the combination of H3K9me2
and H3K27me3 recruits Cdyl to Xi, and this, in turn, may facilitate propagation of the H3K9me2 mark by anchoring G9a.

n mammals, dosage compensation for X-linked gene products

between XX females and XY males is achieved by the inactiva-
tion of one of the two X chromosomes in females, a phenomenon
known as X chromosome inactivation (XCI) (1). XCI is triggered
by the noncoding Xist transcript, which is expressed from one of
the two X chromosomes during early development, coats the
chromosome from which it is produced in cis, and initiates gene
silencing, as well as a number of chromatin changes (see reference
2 for a review). Once established, the inactive X chromosome (Xi)
remains silent through subsequent cell divisions and represents a
dramatic example of epigenetic silencing in eukaryotes. Although
the initiation of XCI has been studied extensively, the protein
factors that participate in silencing and its maintenance are un-
known.

Mouse embryonic stem cells (mESCs), derived from female
blastocysts, are a useful model system for investigating XCI, as
they recapitulate this process when differentiation is induced in
vitro. During female ESC differentiation, Xist becomes monoal-
lelically upregulated on one X chromosome and triggers gene si-
lencing of that chromosome. Chromatin marks associated with
active transcription, such as H3K4 methylation, rapidly become
globally depleted on the Xist RNA-coated X chromosome (3-6).
Following this, several proteins and histone marks correlated with
gene silencing become enriched on Xi. Facultative heterochroma-
tin of Xi is progressively formed during differentiation, with tran-
scriptional repression being gradually locked in, presumably be-
cause of synergy between the different chromatin changes (7).
However, the exact mechanisms by which this chromosome-wide
gene silencing process is initiated and then stably maintained re-
main poorly understood.

The Polycomb group (PcG) complexes are probably the best-
characterized protein complexes associated with Xi. PRC2 recruit-
ment to Xi results in trimethylation of histone H3 lysine 27
(H3K27me3) (8-10), while PRC1 recruitment catalyzes the
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monoubiquitination of histone H2A lysine 119 (H2AK119ub1) of
Xi (11, 12). PRC2 is thought to be recruited to Xi via Xist RNA,
either directly or indirectly (10, 13). Different PRC1 complexes
are recruited to Xi in at least two ways: via CBX7 binding to the
H3K27me3 mark (14, 15) and via RYBP, independently of
H3K27me3 and CBX7 (16, 17). The complexes that lay down or
associate with the other histone modifications on Xi are less well
characterized. The H3K9me2 (3) and H4K20mel (18) marks be-
come enriched on the Xist RNA-coated chromosome within the
same time window as PRC2 and PRCI, although it is not clear
whether these changes are linked to or downstream of the PcG
complexes on Xi or whether they occur independently of PcG
(16). The H4K20mel mark is dependent on the histone methyl-
transferase (HMT) PRSet7. The absence of this protein rapidly
leads to cell death and embryonic lethality (19). The HMT respon-
sible for H3K9me2 enrichment on Xi is unclear. Several H3K9
HMTs, including G9a and ESET, may be involved, with a certain
degree of redundancy, but this has so far not been established.
An important question is whether the histone modifications
that become enriched on Xi have a role, either alone or in combi-
nation, in recruiting factors that participate in the process of XCI.
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Recently, the chromodomain-containing transcriptional core-
pressor protein Cdyl was reported to bind H3K9me3- and
H3K27me3-containing histone peptides (20) and to have a high
affinity for the H3K9me2 modification (21). Furthermore, CDYL
is able to bind to reconstituted nucleosomes carrying the
H3K9me3 mark (22). Cdyl could therefore be a candidate effector
(“reader”) protein of the histone H3K9 and K27 methylation
marks associated with Xi. Cdyl belongs to the Cdy (chromodo-
main Y) family (23), which represents a set of related genes in
higher eukaryotes (24). In humans, the CDY family comprises two
autosomal genes, CDYLI and CDYL2, as well as multiple copies of
the CDY gene, on the Y chromosome (24). Three splicing variants
of CDYLI (CDYL1a, -b, and -c) have been described that differ in
the N-terminal domain (21). The CDYLIb variant has been
shown to depend on protein multimerization in order to interact
with the H3K9me3 mark in vitro (21). In the mouse, two related
genes, Cdyl and Cdyl2, have been identified (23). In addition to
its chromodomain, which may mediate H3K9me3 and/or
H3K27me3 binding, Cdyl harbors an enoyl coenzyme A (CoA)
hydratase (ECH) homology domain of unknown function that
has been shown to bind CoA and the histone deacetylases Hdacl
and Hdac2, suggesting that Cdyl is primarily a transcriptional
corepressor (25). Biochemical studies have suggested that Cdyl
recruits G9a to REST targets (26) and that it has a possible role in
PRC2 recruitment via the H3K27me3 mark (27). Altogether, these
studies point to the participation of Cdyl in several chromatin-
modifying and gene regulatory processes.

Here, we show that Cdyl is a developmentally and cell cycle
regulated protein that becomes associated with Xi early on in XCI.
This association appears to be dependent on the onset of cellular
differentiation and the combined presence of the H3K9me2 and
H3K27me3 histone marks. We also demonstrate that Cdyl-defi-
cient mESCs are viable but have a compromised ability to differ-
entiate and die rapidly upon differentiation. Finally, we identify
several Cdyl interacting partners and provide evidence that some
of these can associate with Xi, including H3K9me2 HMT GYa.
Our study provides one of the first examples of how combinatorial
histone modifications on Xi may serve as a specific binding plat-
form for chromatin state “readers” that can, in turn, recruit addi-
tional effector proteins, some of which may participate in the
propagation of the chromatin state itself.

MATERIALS AND METHODS

Cell culture. Female LF2 and PGK12.1 ESCs were grown under feeder-
free conditions in gelatin-coated flasks in classical ES medium as previ-
ously described (6). Male ESC lines 36:11 (28), ASX (29), and 36:11
Eed™'~ (16) were grown on a feeder layer in gelatin-coated flasks as pre-
viously described (28). Male TT2, G9a '~ (30), and Eed '~ (31) ESCs
were grown on a feeder layer in gelatin-coated flasks under the same
conditions as feeder-free ESCs. Differentiation was induced by preadsorb-
ing feeders in the case of feeder-dependent ESCs, removing leukemia in-
hibitory factor (LIF), and applying 100 nM all-trans-retinoic acid (Sigma)
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine se-
rum and 10~* mM 2-mercaptoethanol. Embryoid body differentiation
was performed by standard procedures.

Cdyl expression constructs. The Cdyl-green fluorescent protein
(GFP) fusions that were used in transient transfections were generated by
PCR from the Cdyl cDNA (25) and inserted into vectors pPEGFP-N2 and
PEGFP-C2 (BD Biosciences Clontech). For the Cdylb and Cdylc variants
or specific Cdyl domains, PCR amplification was used to add or eliminate
specific domains and PCR products were inserted into vectors pEGFP-N2
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and pEGFP-C2 (the primers used are described below). For Cdyl-GFP
stable cell lines, GFP-Cdyl constructs were introduced into the
pBROAD3-mcs (InvivoGene) plasmid and stably transfected into ESCs. A
hygromycin cassette was integrated into plasmid pBROAD?3 as a selectable
marker for ESC clone selection. The hygromycin cassette was generated by
PCR amplification adding Ndel restriction sites and integrated into the
Vspl site from pPBROAD3. Clone selection was carried out with a hygro-
mycin concentration of 250 pg/ml. For Cdyl knockdowns, the 5'-GAGA
TATTGTCGTCAGGAA-3" and 5'-CAGTTCTGATCAAACTTAA-3' se-
quences were introduced into pSuper.puro (Oligoengine) and stably
transfected in accordance with the manufacturer’s specifications. Clone
selection was performed with 1 pg/ml puromycin.

RNA FISH and IF assays. Xist RNA fluorescence in situ hybridization
(FISH) was performed with a 19-kb genomic lambda clone (510) probe
labeled by nick translation (Vysis) with Spectrum Red-dUTP, Spectrum
Cy5-dUTP, or Spectrum Green-dUTP in accordance with the manufac-
turer’s instructions. Immunofluorescence (IF) assays and RNA FISH were
performed as described previously (32). For precleared IF assay-FISH
experiments, a permeabilization step with 0.1 g/ml digitonin (Sigma) was
add before the standard IF assay-FISH fixation. In brief, cells were washed
with phosphate-buffered saline and permeabilized with CSK buffer con-
taining 0.1 g/ml digitonin (Sigma) for 5 min at 4°C, digitonin was washed
out with CSK bulffer, and cells were fixed in 3% paraformaldehyde. From
this step, the protocols are the same as for a standard IF assay. The anti-
bodies used were as follows: Cdyl, IF-1/100 and WB-1/1000 (Abcam; lot
419777; rabbit); H3K9me2, IF-1/100 and WB-1/2000 (Cosmo Bio;
mouse); H3K27me3, IF-1/300 and WB-1/2000 (gift from D. Reinberg
[33]; mouse); H3S10p, IF-1/250 (Upstate; mouse); G9a, IF-1/100 and
WB-1/2000 (Cell Signaling; rabbit); Mierl, IF-1/100 and WB-1/500
(Santa Cruz; goat); HMGAla/HMGALD, IF-1/100 and WB-1/1000 (Ab-
cam; rabbit); GFP, IF-1/100 and WB-1/3000 (Abcam; rabbit); REST/
NRSF, IF-1/100 and WB-1/2000 (Abcam; rabbit); Eed, IF-1/5 (gift from
A. P. Otte [34]; mouse); Ringlb, IF-1/100 (MBL; mouse); HDAC1, WB-
1/2000 (Active Motif; mouse); HDAC2, WB-1/2000 (Abcam; mouse);
polll, WB-1/3000 (Abcam; rabbit); Ezh2, WB-1/3000 (gift from D. Rein-
berg [35]; mouse).

Imaging. Fluorescence imaging was undertaken with either a DeltaVi-
sion microscope (Applied Precision) or an Apotome microscope (Zeiss).

Transient and stable transfections. Stable ESC lines were generated by
using Lipofectamine 2000 (Invitrogen) under the conditions recommended
by the manufacturer and then grown under selection under standard condi-
tions. Transient transfections were performed with TransIT-LT1 (Eurome-
dex) in accordance with the manufacturer’s recommendations.

Tet-inducible Cbx7-EGFP cell line. The female mESC line LF2 was
electroporated with a linearized pPROSA26/P-nlsrtTA plasmid to generate
the cell line LF2/P-ROSA26-rtTA, which stably expresses rtTA at the
ROSA26 locus. LF2 and pROSA26/P-nlsrtTA were gifts from Austin
Smith and Philippe Soriano, respectively. To make a Tet-inducible Cbx7—
enhanced-GFP (EGFP)-expressing plasmid, Cbx7 cDNA was fused with
the EGFP open reading frame in frame and inserted into the BamHI/NotI
site of pTRE-Tight (Clontech) to produce pTRE-Tight/Cbx7-EGFP.
Cbx7 ¢cDNA was a gift from Jesus Gil. pTRE-Tight/Cbx7-EGFP was
cotransfected with plasmid pL2-neo into LF2/P-ROSA26-rtTA cells,
which were selected with 350 pg/ml G418 to generate the Tet-inducible
Cbx7-EGFP-expressing ESC line. Clones with efficient Cbx7-EGFP in-
duction upon 1 pg/ml doxycycline treatment were used for experiments.

RT-PCR. Total RNA was isolated from ESCs with TRIzol reagent (Invit-
rogen) and then DNase treated (Promega) to remove contaminating DNA.
First-strand cDNA was prepared from 5 mg of RNA and random hexamers
with Superscript III (Invitrogen) at 42°C for 1 h. Primer pairs (0.5 mM final
concentration) were then used to amplify the sequence of interest with Taq
DNA polymerase (Roche). For strand-specific reverse transcription (RT)-
PCR, first-strand cDNA was prepared from 2.5 mg of RNA and 2 mM gene-
specific primer in either the sense or the antisense orientation with Thermo-
script enzyme (Invitrogen) at 62°C for 1 h. The primers used for the
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transcriptional variants were Cdyl-C_up (GGTGGAATTCATGGGCATAG
GCAATAGCCAGCCTAATTCA), mCdylTV2EcoRI_fwr (GGTGGAATTC
ACCATGGCCTCCGAGGAGCTGTACGAGGTGGAAAGTATCGTTGAC
AAAAG), mCdylTV3EcoRI_fwr (GGTGGAATTCACCATGGACCTCGCC
AAGTCAGG), Cdyl-C_lo (GCCCTCTAGAAGAACTCATCGATTTTCCT
CTGTAAGT), CdylENO-C_up (GGTGGAATTCATGGCCACAGGCTTA
GCTGTTAATGGA), Cdylchrom-C_lo (GCCCTCTAGACTTTTCCATTA
ACAGCTAAGCCTGTGG), and Cdyl-C_lo (GCCCTCTAGAAGAACTCA
TCGATTTTCC TCTGTAAGT). The RT primers used for transcriptional-
variant analysis were mCdylTV1_fwr (CAAGACGCGGAGACTCAG),
mCdylTV1/2_rev (GATGTATTCCTCACAGTTCAC), mCdylexon3/4_fwr
(CCAGCTCTGCACACTTCC), mCdylexon3/4_rev (CTGAGTCTCCGCG
TCTTG), mCdylexon5/6_fwr (GCTTTGCTGGGCCCTGG), mCdylexon5/
6_rev (CTAGCGCATCCATGAATGG), mCdylexon6/7_fwr (CACCCACA
TCTTGTTATCCAC), mCdylexon6/7_rev (GTCCAGACCACAGCAGA
AG), mCdylexon7/8_fwr (GACCGAAAGAGAGAAAGCAC), mCdylexon7/
8_rev (ACAAAGAGGCAATATGGATGC), mCdylTV3ex1_1_fwr (GTAGA
TGGCATGCAGATTATTG), mCdylTV3exl 2 fwr (GAGAGAGAAAGAAG
GGAGGG), mCdylTV3exl_ 3_fwr (CTGTTTGAATCTCCTCCACTG),
mCdylTV3ex2_1_fwr (TGATGTTGGTGGAGGTGG), mCdylTV3exl_1_rev
(CAGTGGAGGAGATTCAAACAG), mCdylTV3ex1_2 _rev (GGTATGGAAG
TGGTCAACATG), mCdylTV3ex2 1 rev (CAGGCTTTGAGGACCCTTC),
and mCdylTV3ex2_2_rev (CCTGACTTGGCGAGGTC).

WB analysis. Whole-cell extracts were prepared with conventional
radioimmunoprecipitation assay buffer, and high-salt (HS) nuclear ex-
tracts and chromatin fractions were generating by using a cell fraction-
ation protocol. Briefly, fractions were separated by cell centrifugation and
the use of hypertonic buffer (10 mM Tris-HCI [pH 7.9], 10 mM KCI, 0.1
mM EDTA, 0.1 mM EGTA) and HS buffer (50 mM Tris-HCI [pH 7.5],
10% sucrose, 420 mM KCl, 0.1 mM EDTA, 5 mM MgCl,, 20% glycerol).
Protease inhibitors were added. For Western blotting (WB), extracts were
loaded and electrophoresed by SDS-PAGE with 8 to 12% gradient gels.
WB analyses were performed by following the protocols provided by each
antibody supplier and detected with the Amersham ECL+ detection kit
by using horseradish peroxidase-conjugated secondary antibodies ac-
cording to the manufacturer’s recommendations.

Nuclear extracts. Cells were cultured as described above. Nuclear ex-
tracts were prepared essentially as described in reference 36. Cells were
harvested and swollen in a hypotonic buffer, after which they were lysed
by Dounce homogenization. Nuclei were lysed by resuspending the pellet
in 2 volumes of 420 mM NaCl-20 mM HEPES (pH 7.9)-20% (vol/vol)
glycerol-2 mM MgClL,—0.2 mM EDTA-0.1% NP-40—complete protease
inhibitor without EDTA (Roche)—0.5 mM dithiothreitol (DTT) and then
incubating it in a rotation wheel for 1 h at 4°C. After centrifugation, the
supernatant contained the soluble nuclear proteins. Protein concentra-
tions were determined by Bio-Rad protein assay.

Label-free GFP affinity purifications. GFP affinity purifications were
performed essentially as described in reference 53. Pulldowns were per-
formed in triplicate with 7.5 pl of GFP binder beads (Chromotek
GFP_Trap_A) (both CDYL-specific purification and wild-type [WT]
control) or blocked agarose beads (Chromotek, bab-20) (NON-GFP bead
control). One milligram of nuclear extract was diluted with incubation
buffer (300 mM NaCl, 20 mM HEPES KOH [pH 7.9], 20% [vol/vol]
glycerol, 2 mM MgCl,, 0.2 mM EDTA, 0.1% NP-40, 0.5 mM DTT, com-
plete protease inhibitors) to a final volume of 400 L. Ethidium bromide at
a final concentration of 50 pg/ml was added to prevent indirect, DNA-
mediated interactions. After a 90-min incubation in a rotation wheel at
4°C, beads were washed extensively and bound proteins were finally sub-
jected to on-bead trypsin digestion (38). Peptides were desalted and con-
centrated with Stagetips (39).

Mass spectrometry. Peptides were separated by high-performance
liquid chromatography with an EASY-nLC system (Proxeon) connected
online to an LTQ-Orbitrap-Velos (Thermo) mass spectrometer. Spectra
were recorded in collision-induced dissociation mode, during a 120-min
gradient of organic solvent (5 to 30% acetonitrile), and the 15 most abun-
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dant peptides were fragmented for tandem mass spectrometry. Raw data
were analyzed with the free MaxQuant package, version 1.2.2.5, and the
ipi.MOUSE.v3.68.fasta protein database. With Perseus, data were filtered
for contaminants, reverse hits, the number of peptides (>1), and unique
peptides (>0). Label-free quantification (LFQ) intensities were converted
to logarithmic values (log,). After “groups” were defined, filtering was
performed on the basis of valid values, with at least three values in a single
group, assuming that CDYL-specific interactors may not be identified in
the control pulldowns. The missing values were computed by using a
normal distribution (width = 0.3, shift = 1.8). The significant outliers
were calculated by using t tests for CDYL versus control groups (tv =
0.0001, SO = 4), in which multiple-testing correction was applied by using
a permutation-based false-discovery rate (FDR) method. Volcano plots
were made by using R with the curve resulting from the t test, in which the
LFQ ratio of the Cdyl to the control purification is plotted on the x axis
and the P value of the ¢ test is plotted on the y axis.

Photobleaching experiments. A Zeiss LSM780 confocal microscope
was used for all photobleaching experiments. Fluorescence recovery after
photobleaching (FRAP) was performed with GaAsP detectors and the
488-nm line of a 25-mW argon laser. The bleaching time was 600 ms with
1.9 mW of power at the back focal plane of the objective. The bleach
region was a circle with a diameter of 10 pixels, and a pixel dwell of 2 s
and 100 iterations were used. All experiments were done at 37°C, and
imaging was done with an alpha-plan Apochromat 1.46 numerical aper-
ture 63X objective. Scanning was monodirectional with a zoom of 5 and
a 488-nm laser line at 1.1% (7.3 pW at the back focal plane of the objec-
tive). During the recovery period, 190 images (128 by 128 pixels) were
collected every 500 ms until the recovery signal reached a plateau. Identi-
cal imaging settings were used for all prebleach (10 images) and post-
bleach experiments. Photobleaching was measured for each cell and was
low. Image analysis was performed with Zen 2011 (Zeiss software) for
intensity measurement, FRAPcalc software (Kota Miura, Center for
Molecular and Cellular Imaging, EMBL Heidelberg) in IgorPro
(WaveMetrics) for curve fitting (double-exponential model with double
normalization) and mobile fraction and half-maximal value estimation,
and Excel (Microsoft) for graphs.

RESULTS
Identification of Cdyl as a new protein partner of Xi in early
embryonic lineages. In a previous study, Cdyl was identified as a
binding protein for both H3K9me3 and H3K27me3 (20). Using
quantitative mass spectrometry based on stable isotope labeling
with amino acids in cell culture (SILAC) and WB analysis, we
found that Cdyl also binds to H3K9me2 (Fig. 1A and B). These
findings prompted us to consider Cdyl as a candidate binding
protein or “reader” that might be recruited to H3K9me2/
H3K27me3-enriched Xi. Using IF assays with an anti-Cdyl anti-
body combined with Xist RNA FISH, we examined whether Cdyl
is associated with Xi in different mouse cell types representing
different lineages, including female mESCs before and after differ-
entiation, primitive endoderm (XEN) cells (which contain an in-
active paternal X chromosome, Xp), trophoblast stem cells (also
contain inactive Xp), as well as primary mouse embryonic fibro-
blasts (MEFs), which contain an inactive paternal or maternal X
chromosome and are thought to represent a later stage of differ-
entiation. In all of the cell lines examined, Cdyl was found to
colocalize with Xi in a proportion of the cells (Fig. 1C). This colo-
calization was seen with two different antibodies raised against
Cdyl and tested in both mouse and human (HEK293) cells (data
not shown). Taken together, these results identify Cdyl as a new
partner of Xi.

Cdyl enrichment (defined as a greater intensity of staining than
the rest of the nucleus) on the Xist RNA-coated chromosome was
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FIG 1 Recruitment of the Cdyl protein to Xi. (A) SILAC-based histone peptide pulldown approach (59). Representative spectra of a Cdyl peptide showing higher
intensity in the heavy form, demonstrating specific H3K9me2/3 binding. (B) The preferential interaction was confirmed by pulldowns of nuclear extracts with
unmodified H3, H3K9me2, H3K27me3, or a mixture of the peptides. Bound proteins were analyzed by immunoblotting with anti-GFP antibodies. (C) Cdyl enrichment
on Xi was determined by IF assay with an anti-Cdyl antibody (green in merged image) combined with Xist RNA FISH (red in merged image). DNA was stained with
4,6-diamidino-2-phenylindole (DAPI). An analysis of different mouse cell lines representative of the first three embryonic lineages was performed. The percentage of
enrichment is shown in relation to the total number of cells. TS cells, trophoblast stem cells. (D) Cell cycle analysis of Cdyl by double IF assay of mESCs differentiated to
day 5, with anti-Cdyl antibody staining (red) and anti-H3S10ph antibody staining (green). Cdyl is not present in the G,/S phase of the cell cycle.
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not detected in all cells, and in particular, it was absent from cells
undergoing mitosis. This prompted us to consider cell cycle reg-
ulation of the Cdyl protein. We performed IF assay-FISH with an
anti-histone H3 phosphoserine 10 (H3S10p) antibody (a charac-
teristic mark at the onset of mitosis [40, 41]) and found that Cdyl
staining was dramatically reduced in or absent from H3S10p-pos-
itive cells (Fig. 1D). Thus, nuclear Cdyl protein is present only in
the G,/S and not in the G,/M phase of the cell cycle. This is con-
sistent with biochemical data showing that binding of Cdyl to
H3K9me3 is negatively affected by H3S10p (20, 21) and expres-
sion data showing that CDYL is downregulated about 3-fold in
mitosis (42). In summary, our data reveal that Cdyl is a novel
protein partner of Xi that is recruited during the onset of XCI.
Cdyl is present in the three earliest embryonic mouse lineages, as
well as in transformed cells, and is less abundant in fully differen-
tiated cells.

The Cdylb splice variant is recruited to the Xist RNA-coated
X chromosome during early ESC differentiation. We next eval-
uated the timing of Cdyl recruitment to the X chromosome during
ESC differentiation and XCI. By performing anti-Cdyl IF assays
combined with Xist RNA FISH (Fig. 2A), Cdyl was first found to
be enriched on the Xist RNA-coated chromosome at day 2 of
differentiation, which corresponds to the time when gene silenc-
ing begins and chromatin changes such as H3K9me2 and
H3K27me3 enrichment appear on Xi (3, 10, 33, 43). Interestingly,
the highest proportion of cells with Xi enriched for Cdyl was
found at around day 5 of differentiation. The proportion de-
creased at later stages, suggesting that enrichment of this protein
on Xi is transient during development. Indeed, in more differen-
tiated cell types, such as MEFs, only a very low percentage (~6%)
of the cells displayed Cdyl enrichment on Xi (Fig. 1C). We also
examined Cdyl protein and RNA levels during differentiation by
WB analysis (Fig. 2B) and RT-PCR (Fig. 2C), respectively. Cdyl
RNA and protein were observed to be present throughout ESC
differentiation, with only a slight increase at later stages. We there-
fore conclude that the recruitment of Cdyl to Xi between days 2
and 5 of differentiation is associated primarily with the changing
chromatin status (enrichment for H3K9 and H3K27 methylation)
of the Xist RNA-coated chromosome. The decrease in Cdyl asso-
ciation with Xi at later stages of differentiation correlates with the
decrease in Xi enrichment of H3K9 and H3K27 methylation (33).

Given that three alternatively spliced variants of CDYLI
(CDYL1a, -b, and -c) have been described in human cells (21), we
wished to determine whether these also exist in mouse cells and if
so, which of the variants associates with Xi. All three variants share
the C-terminal enoyl-CoA hydratase-like domain, but only
CDYLla and -b contain the chromodomain and only CDYL1b
can bind to H3K9me3 (21). The respective roles of these variants
are still unclear. Using RT-PCR, we detected transcripts for all
three putative Cdyl isoforms in mESCs (Fig. 2C). Transient trans-
fections of the corresponding cDNAs fused to GFP into differen-
tiating female mESCs revealed that Cdylb is the main isoform
enriched on Xi (Fig. 2D). This was confirmed after stable transfec-
tion and analysis of transgenic ESC lines upon differentiation (Fig.
2E). The Xi association of Cdylb but not of Cdyla was consistent
with studies of the human CDYLa and -b proteins and suggests
that the 57-amino-acid Cdyla N-terminal extension inactivates
the adjacent chromodomain and perturbs its interaction with
H3K9 methylation. Further support for an inhibitory effect of the
Cdyl N terminus on its binding to Xi came from our finding that
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an N-terminal GFP fusion of murine Cdylb severely affected its
capacity to associate with Xi, unlike a C-terminal fusion (Fig. 2E).

To further investigate which domain(s) of the Cdylb protein is
responsible for its recruitment to Xi, we stably transfected either
full-length or truncated Cdylb (C-terminal GFP fusion) expres-
sion constructs into mESCs and induced differentiation. Only
full-length Cdylb was able to associate with Xi during differentia-
tion (Fig. 2F and G), suggesting that multiple portions of the Cdyl
protein are required for its correct folding and/or recruitment to
Xi. Finally, we noted that transfection of the Cdylc isoform had no
impact on endogenous Cdyl recruitment to Xi (Fig. 2G). In con-
clusion, Cdylb appears to be the main isoform of Cdyl recruited to
Xi. The amino- and carboxyl-terminal domains both appear to be
required for this association, and expression of the other isoforms
does not compete with Cdylb’s Xi association.

Cdyl is enriched on Xi marked with H3K9me2 and
H3K27me3. Given that Cdyl accumulation on Xi was found to
occur within the same time window as the enrichment of
H3K9me2 and H3K27me3 methylation (3, 10, 44) and that these
marks are strong candidates for the recruitment of Cdyl to chro-
matin (Fig. 1 and reference 20), we explored whether they might
be implicated in Cdyl’s recruitment to Xi. We first analyzed the
relative kinetics of enrichment of H3K9me2, H3K27me3, and
Cdyl to the Xist RNA-coated X chromosome (Fig. 3). Using dou-
ble IF assay-Xist RNA FISH with anti-Cdyl/anti-H3K27me3 or
anti-Cdyl/anti-H3K9me2 antibodies, we found that H3K27me3
slightly precedes Cdyl enrichment (Fig. 3B), while Cdyl and
H3K9me2 both start to be enriched on Xi in a proportion of the
cells starting from day 2 (Fig. 3C). The proportion of H3K9me2/
Cdyl-positive Xi cells peaks at day 5. Subsequently, both
H3K9me2 and Cdyl decrease on Xi from day 5 to day 10 (Fig. 3D).
In summary, Cdyl associates with Xi when both H3K27me3 and
H3K9me?2 are enriched on this chromosome, and Cdyl binding is
lost when H3K9me2 enrichment diminishes on Xi. This suggests
that a combination of H3K9me2 and H3K27me3 may be neces-
sary for the recruitment of Cdyl to Xi and that the loss of Cdyl
from Xi at later differentiation time points may be connected to
the reduction of H3K9me?2 levels on Xi. Finally, we noted that not
all cells that were H3K9me2 or H3K27me3 positive during days 2
to 5 of differentiation were Cdyl positive. Presumably, this is due
to cells that were in the G,/M phase, where Cdyl is absent (Fig. 1D)
although the chromatin marks on Xi persist.

Interaction of Cdyl with chromatin depends on the histone
H3K9me2 mark. Given the correlation we found, we investigated
whether the H3K9me2 and H3K27me3 marks might indeed be
necessary for the recruitment of Cdyl to chromatin. For this, we
used mESCs that lack either of these two marks because of disrup-
tion of the HMT responsible for them. Male mESCs were exam-
ined, as no female mutant mESCs were available. We first exam-
ined Eed”’~ mESCs, which lack H3K27me3 (45) (Fig. 4A and D).
Cdyl recruitment to chromatin was not obviously affected in IF
analyses and only mildly affected in WB analysis (Fig. 4A to D),
suggesting that H3K27me3 is not essential for Cdyl recruitment to
chromatin.

Next, we examined mESCs lacking the H3K9me2 HMT, G9a,
that were previously shown to lack global H3K9me2, at least in the
undifferentiated state (30, 33). We studied the association of Cdyl
with chromatin by IF assays and WB (Fig. 4B to D). The control
parental cell line TT2 showed clear nuclear staining for both
H3K9me2 and Cdyl (Fig. 4B, top). However, H3K9me?2 staining
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FIG 2 Cdylb is the major splice variant recruited to Xi. (A) Cdyl kinetics of enrichment on Xi in mESCs differentiated in the presence of RA as determined by
anti-Cdyl IF assay-Xist RNA FISH experiments. Error bars correspond to standard deviations of four independent experiments. (B) Left, WB analysis of
chromatin fractions from differentiated mESCs with anti-Cdyl antibody. Detection of anti-H3K4me2 antibody and Coomassie blue staining were used to control
for loading. The red arrow shows the band corresponding to Cdyl, determined by WB in the Cdyl knockdown (right panel). WT, wild type; WCE, whole-cell
extracts. The asterisk represents a nonspecific band. Right, WB analysis of nuclear extracts from Cdyl knockdown ESC lines with anti-Cdyl antibody. The
arrowheads show the bands determined as corresponding to the Cdyl isoforms. Cdyl sh, shRNA against Cdyl; Ctrl sh, shRNA, control. The values in the center
are molecular sizes in kilodaltons. (C) Schematic representation of the gene structure for the predicted splice variants of Cdyl in the mouse. CoA pocket (CoAP)
domain illustrations and RT-PCR analysis show the presence of Cdyl splice variants Cdyla, -b, and -c in female (XX) and male (XY) cells across differentiation.
MWM, molecular weight marker. (D) GFP was fused to the Cdyl splice variants and transiently transfected into PGK12.1 ESCs at day 3 of RA differentiation. The
transfection efficiency averaged around 20%. Analysis was performed at day 5 of RA differentiation by IF assay with anti-GFP antibody combined with Xist RNA
FISH. The percentage of Xi enrichment in transfected cells is shown. (E) Stable ESC lines were generated with constructs containing Cdylb fused to GFP at the
N- and C-terminal domains. IF assay-FISH at day 5 with an anti-GFP antibody and Xist RNA shows that Cdyl-GFP is better recruited than GFP-Cdyl to Xi. Thee
arrows indicate Xist domains. (F) Stable clonal cell lines were generated with constructs containing different domains of the Cdylb protein fused to GFP. IF
assay-FISH at day 5 of RA differentiation shows that only the Cdylb-GFP full form is recruited to Xi. (G) Stable clonal cell lines were generated with constructs
containing either Cdylb or Cdylc fused to GFP. In this cell line, the recruitment of the endogenous form of Cdyl to Xi was determined with anti-Cdyl antibody.
The presence of Cdylc does not titrate endogenous Cdyl from Xi.

was totally absent from G9a~/~ ESCs and Cdyl was no longer fractions confirmed that in the absence of H3K9me2, Cdyl’s inter-
enriched in the nucleus, showing a diminished, dispersed signal  action with chromatin is reduced (Fig. 4C, top). In agreement, WB
(in contrast to WT feeder cells [Fig. 4B]). The diffuse nature of the  analysis of HS nuclear extracts, as well as IF assays, showed that
Cdyl signal in the H3K9me2-deficient cells suggested a delocaliza- ~ Cdyl is still present in the nucleus but not in the chromatin frac-
tion of Cdyl from chromatin. Indeed, WB analysis of chromatin  tion (Fig. 4B and C). The absence of Cdyl from the chromatin
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fraction could be explained by the absence of H3K9me2, or the
GYa protein itself, as Cdyl and G9a have been proposed to interact
(26, 46, 47). To explore this further, G9a '~ or WT mESCs were
differentiated. In differentiated G9a '~ mutant ESCs, H3K9me2
levels were recovered partially based on WB and IF (Fig. 4B [bot-
tom] and D), implying that an alternative HMT can lay down the
H3K9me2 mark during differentiation. In differentiated G9a™'~
cells, we also observed relocalization of Cdyl to chromatin on the
basis of IF assays and WB analysis (Fig. 4B and D). The Cdyl
relocalization did not quite reach the levels or distribution ob-
served in differentiating WT cells (Fig. 4D), however, in agree-
ment with only partial H3K9me?2 recovery. We also noted a partial
reduction of H3K9me3 levels in G9a~'~ mutant ESCs (Fig. 4D
and reference 48). Since Cdyl has also been found to interact with
H3K9me3 by peptide pulldown (Fig. 1A) (20, 21), the effect on
Cdyl’s interaction with chromatin observed in G9a mutant cells
could also be a consequence of this H3K9me3 reduction. How-
ever, we found that the recovery of Cdyl binding to chromatin
upon differentiation seemed to follow closely the reincorporation
of H3K9me2 in the time period analyzed here, whereas the
H3K9me3 levels did not change compared to the undifferentiated
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state. Furthermore, Cdyl was never observed to be enriched at
pericentric heterochromatin (chromocenters), which are highly
enriched in H3K9me3. Thus, the general recruitment of Cdyl to
chromatin appears to depend mainly on the presence of
H3K9me2, rather than H3K9me3, or on the G9a protein.

In conclusion, our data suggest that H3K9me?2 is a key chro-
matin mark for the general recruitment of Cdyl to chromatin. On
the other hand, H3K27me3 is not required for general Cdyl chro-
matin association, although we do not rule out the possibility that
it has a role in recruiting Cdyl to more specific regions of the
genome.

A role for both the H3K27me3 and H3K9me?2 histone marks
in the recruitment of Cdyl to the Xist RNA-coated chromosome.
Although H3K27me3 may not be globally required for Cdyl bind-
ing to chromatin, we explored whether it may nevertheless partic-
ipate in the more specific targeting of Cdyl to Xi during XCI. For
this, we used male ESCs containing an inducible autosomal Xist
transgene on chromosome 11 (cell line 36:11). Both WT and
Eed™’~ mutant (16) Xist-inducible cells were available. We could
thus examine whether Xist RNA can trigger Cdyl enrichment to a
Xist RNA-coated chromosome in the presence or absence of
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H3K27me3 (16, 28). Importantly, previous work demonstrated
that Xist RNA-mediated silencing steps are recapitulated in the
WT transgenic mESC lines, including Xist RNA coating, gene si-
lencing, and recruitment of heterochromatin marks such as
H3K27me3 (18, 28, 29).

We first analyzed the degree of recruitment of Cdyl following
doxycycline induction of Xist and retinoic acid (RA) differentia-
tion of WT 36:11 cells. Using IF/RNA FISH, the H3K9me2 and
H3K27me3 marks, as well as Cdyl, were observed on the Xist-
coated chromosome with patterns comparable to those of WT
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female ESCs (Figs. 3B and 5A and B). In Eed™'~ 36:11 cells, the
overall H3K9me2 levels appeared unaffected (Fig. 5E) and general
binding of Cdyl to chromatin was only mildly affected (Fig. 5E), as
expected from our previous analysis (Fig. 4). Surprisingly, in the
Eed mutant cells, no H3K27me3, H3K9me2, or Cdyl enrichment
was detectable on the Xist RNA-coated chromosome following
Xist induction (Fig. 5C and D). This implies that PRC2/
H3K27me3 may be specifically required for the association of both
H3K9me2 and Cdyl with the Xist RNA-coated chromosome. The
absence of H3K9me2 enrichment on the Xist-coated chromo-
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(36:11) (28) were used. (A and B) Double anti-Cdyl/anti-H3K27me3 and anti-Cdyl/anti-H3K9me?2 assays combined with Xist RNA FISH show that after RA
differentiation and Xist-doxycycline induction, the Xist RNA-coated chromosome recruits H3K27me3, H3K9me2, and Cdyl. (C and D) The same analysis was
performedin a Fed '~ mutant background, where cells lack H3K27me3 (16). H3K9me2 incorporation and Cdyl recruitment were reduced in the absence of Eed.
The arrows show the Xist-coated chromosome. (E) WB analysis of HS and chromatin fractions of the cell lines used in these experiments. Anti-H3 or
anti-polymerase II (a-polll) antibodies were used as a loading control. Each arrow shows the position of a Cdylb band, and each asterisk represents a nonspecific
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some in Eed mutant cells suggests that H3K27me3, or associated
factors, may be required in order to lay down H3K9me?2 efficiently
on Xi. This, in turn, may affect Cdyl’s enrichment with Xi.

Taken together, our results suggest that both H3K27me3 and
H3K9me2 are required to recruit and/or maintain Cdyl levels at
Xist RNA-coated chromatin and that a complex interplay exists
between these two marks and the Cdyl protein on Xi.

The association of Cdyl with Xi is more stable than that of the
PcG protein Cbx7. We next investigated the stability of Cdyl’s
association with Xi, compared to other factors, such as the PcG
(PRC1) protein Cbx7, which also contains a chromodomain and
was previously shown to interact with H3K27me3 (but not
H3K9me2) and to associate with Xi (49). To this end, we per-
formed FRAP of Cdyl-GFP- or Cbx7-GFP-expressing female
ESCs differentiated for 3 to 5 days. We observed a strikingly slower
recovery of fluorescence for Cdyl on Xi (Fig. 6A), compared to
other regions of the nucleus, suggesting a rather low turnover and
stable association with Xi. Cbx7-GFP, on the other hand, recov-
ered faster than Cdyl-GFP and with the same kinetics on Xi com-
pared to other regions (Fig. 6B). This suggests either that Cbx7 has
a higher turnover and/or a lower affinity for Xist RNA-coated
chromatin than Cdyl-GFP. Thus, although Cdyl seems to be pres-
ent only transiently during the cell cycle, it appears to be rather
stably associated with Xi, perhaps because of its interaction with
both H3K27me3 and H3K9me2, which may result in slower re-
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covery after FRAP than that of the PRC1 subunit Cbx7, which only
binds to H3K27me3. Alternatively, Cdyl’s slow recovery after
FRAP may indicate a rate-limiting step in the formation of new
Xist complexes and/or methylated histones that are competent to
recruit new Cdyl.

Xist RNA coating and H3K27me3 are insufficient to recruit
Cdyl; H3K9me?2 and differentiation are also required. To evalu-
ate further the requirements of Cdyl’s association with Xi, we in-
vestigated whether Xist RNA coating triggered the recruitment of
Cdyl prior to differentiation. We therefore induced Xist in undif-
ferentiated 36:11 ESCs for 3 days. No Cdyl enrichment was ob-
served to colocalize with the Xist-coated chromosome, unlike in
differentiating 36:11 cells examined in parallel (Fig. 7A and B). We
also noted a lack of H3K9me2 enrichment on the Xist-coated
chromosome in undifferentiated ESCs (Fig. 7B), whereas
H3K27me3 enrichment was detected at almost the same level in
ESCs and in differentiating cells, as previously reported (18).
Taken together, these observations demonstrate that Xist RNA
coating and H3K27me3 are not sufficient for Cdyl recruitment and
that differentiation is required for both H3K9me2 enrichment and
Cdyl’s association with the Xist-coated chromosome. It was previ-
ously proposed that differentiation may be required for condensation
of Xist-coated chromatin (50). These results, together with our FRAP
analyses (Fig. 6A and B), suggest that Cdyl and H3K9me2 occur in the
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FIG 6 Cdyl dynamics are different inside or outside the Xist domain as measured by FRAP in differentiated ESCs. FRAP of Cdyl-GFP (A) or Cbx7-GFP (B) cell
lines at day 4 of RA differentiation was performed in a region located either outside or inside the Xist RNA domain. Recovery kinetics were measured over a period
of 1.26 min. Cdyl recovery outside the Xist domain was significantly faster than that within the Xist domain. No differences were found for Cbx7. The bar graphs
represent the estimated mobile fractions. Values represent averages of at least 27 cells = the standard deviations. The mean time for 50% Cdyl recovery in the Xist
domain was 28.04 * 9.97 s, and that outside the Xist domain was 7.28 = 2.36 s. The mean time for 50% Cbx7 recovery in the Xist domain was 4.47 * 0.96 s, and
that outside the Xist domain was 4.47 * 1.59 s. Cells were also recorded for 230 s (not shown) with consistent results.

context of Xi chromosome condensation and may even participate in
facultative heterochromatin formation.

We next investigated the mechanisms underlying the mainte-
nance of Cdyl on the Xist-coated chromosome during differenti-
ation by removing doxycycline and Xist activation at different
stages and examining the impact on Cdyl localization. We ob-
served that removal of Xist RNA leads to rapid loss of Cdyl enrich-
ment and H3K9me2 in differentiating ESCs, even though
H3K27me3 can still be detected on the previously Xist-coated
chromosome for at least 2 days (Fig. 7C). Thus, Xist RNA, or the
factors it recruits (including PRC2), appear to have a role in main-
taining Cdyl and H3K9me2 enrichment during differentiation.

In conclusion, our data show that Cdyl recruitment to the Xist-
coated chromosome is a differentiation-dependent process and
that the recruitment and maintenance of this protein require a
combination of the H3K9me2 and H3K27me3 marks, as well as
Xist RNA and/or its downstream changes.

Cdyl recruitment requires Xist RNA but not the Xist A-re-
peat region. Given the previously reported role of Cdyl in medi-
ating transcriptional repression (25, 27), we asked whether it
might play a role in Xist RNA-mediated silencing (29). We exam-
ined a mESC line with a doxycycline-inducible Xist gene with a
mutated A-repeat region, which is essential for Xist’s gene-silenc-
ing role (ASX cell line) (29) (Fig. 7D). This Xist mutant is still
capable of coating the chromosome in c¢is but cannot induce tran-
scriptional inactivation (29). Using IF/Xist RNA FISH following
doxycycline XistAA induction and RA-induced differentiation,
we found that H3K9me2 and Cdyl were efficiently enriched on the
XistAA-coated chromosome, indicating that they do not play a
role in the initiation of gene silencing (Fig. 7D). H3K27me3 en-
richment was also normal, in agreement with previous results
(18).
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Cdyl is an essential protein during early ESC differentiation
and interacts with MGA and G9a, which also associate with Xi.
To investigate the role of Cdyl in the maintenance of XCI, we
generated clonal mESC lines expressing short hairpin RNAs
(shRNAs) directed against Cdyl (both Cdyla and Cdylb). Two
different shRNAs targeting Cdyl were tested in parallel with con-
trol shRNAs on male and female ESCs (data not shown). These
Cdyl-deficient ESCs showed a severely compromised capacity to
differentiate, expressing higher levels of pluripotency markers and
massive cell death (data not shown). In conclusion, Cdyl appears
to be a vital protein during the early differentiation of both male
and female cells. Its role in XCI could thus not be explored within
the time window in which this process occurs and Cdyl presum-
ably plays its role.

To gain further insight into the possible role that Cdyl might
play in XCI and to explore the mechanism by which it is recruited
to Xi, we decided to investigate the protein partners of Cdyl by
using a label-free quantitative mass spectrometry approach (38).
Female mESC cells stably expressing Cdyl-GFP at subendogenous
levels were used (see Materials and Methods and Fig. 8A and B).
Analysis of these transgenic mESC lines during differentiation re-
vealed correct localization of the GFP-tagged Cdyl protein to the
Xist RNA domain (Fig. 8A). Furthermore, the kinetics of Cdyl-
GFP relative to H3K9me2 and H3K27me3 enrichment on Xi were
similar to those in the parental cell line (data not shown). These
Cdyl-GFP transgenic female ESCs were used, both undifferenti-
ated and after 4 days of differentiation, to perform GFP affinity
purifications of Cdyl. The summed intensity of all of the peptides
of a protein (LFQ intensity) correlates with its abundance in a
sample but does not indicate whether it is a specific binder or not.
To distinguish between true Cdyl interactors and background
proteins, two control experiments were performed. The first con-
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sisted of affinity purification with the same beads in nuclear ex-
tract from WT cells; the second consisted of affinity purification
with control beads lacking GFP affinity in the same GFP-Cdyl-rich
nuclear extract. The two controls gave similar results (data not
shown). Each purification was performed in triplicate, and pro-
teins with significantly higher LFQ values in the GFP-Cdyl purifi-
cation than in the control purifications are specific binders, as
indicated to the right of the volcano plots in Fig. 8C.

We identified over 20 proteins that were significantly associ-
ated with Cdyl (Fig. 8C) before and after differentiation. Many of
the copurified proteins have previously been reported to interact
with Cdyl, validating our approach. These include histone
deacetylase 1 (HDAC1) and HDAC2 (25), the neuron-restrictive
silencer factor (NRSF also known as REST), and the G9a HMT
(26). The purifications also revealed an interaction between Cdyl
and the mesoderm induction early response 1 (MI-ER1) protein, a
transcriptional corepressor that binds HDACI (51), and its ho-
molog MI-ER2, as well as two large multi-zinc finger proteins,
ZNF462 and ZNF644. A group of proteins, including the MAX
gene-associated (MGA) protein, was of particular interest with
respect to XCI because this group only interacted with Cdyl in
differentiating ESCs and might therefore be linked to the differ-
entiation-dependent association of Cdyl with Xi. From this group,
MGA and G9a had previously been shown to belong to the E2F6
complex that has been proposed to provide an alternative mech-
anism for Ring1B recruitment and H2A monoubiquitylation of Xi
(52).

We also quantified the stoichiometry of the interactors by us-
ing a label-free relative quantification approach (53). Stoichiom-
etry analysis (Fig. 8D) revealed several core Cdyl interactors, in-
cluding Wiz and Nrsf (also known as REST) which, interestingly,
show an increase in their stoichiometry relative to Cdyl during
differentiation. Some of the observed interactions were confirmed
by chromatin immunoprecipitation (IP) with Cdyl-GFP ESCs
(Fig. 8G). We also noted that the endogenous Cdyl protein was
pulled down in IPs with Cdyl-GFP, confirming previous reports
that the mouse Cdyl protein can multimerize (21). This observa-
tion is also in agreement with our stoichiometry determination.
The Cdyl2 protein, also identified as an interactor of Cdyl, was
found to be present at very low stoichiometric levels (about 10%
relative to Cdyl itself). Cdyl also immunoprecipitated with the
REST and GYa proteins and more weakly with HDAC1 and
HDAC?2. Although the MGA and Mier proteins were not found to
interact with Cdyl by IP, this may be due to the poor quality of the
antibodies available in both cases or reflect the low stoichiometry
that these proteins exhibit in relation to Cdyl (Fig. 8D). We also
investigated the association of the above-mentioned proteins on
Xi by using IF assays combined with Xist RNA FISH. Only some of
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these antibodies showed satisfactory staining in IF assays. We
found that the HDACI1, HDAC2, and REST proteins were present
on Xi but not particularly enriched (unpublished observations).
On the other hand, the MGA and G9a proteins clearly colocalized
with Xi, though only in a proportion of the cells (Fig. 8E and F).
Further analysis of MGA localization at days 3 and 5 of differen-
tiation in Cdyl-GFP mESCs, as well as in XEN cells, revealed that
MGA associates with Xi within the same time window as Cdyl
(Fig. 8F and data not shown). In the case of G9a, a small propor-
tion of the cells showed an association with Xi both in differenti-
ating mESCs and in XEN cells (Fig. 8E and data not shown). To
assess the enrichment of G9a relative to Cdyl on Xi, the Cdyl-GFP
cell line was analyzed by using Xist RNA FISH combined with
anti-GFP/anti-G9a IF assays (Fig. 8E). G9a was found enriched on
Xi only in cells with Cdyl-GFP Xi enrichment, i.e., in 62% of the
Cdyl-positive Xist RNA domains (13% of the total cells, n = 80).

In conclusion, we show that Cdyl interacts with a variety of
proteins, including itself, as well as the MGA and G9a proteins.
This suggests that G9a may be one of the HMTs involved in the
deposition of H3K9me2 on Xi and that Cdyl may participate in the
recruitment of these and other proteins to Xi.

DISCUSSION

The chromatin changes that take place during XCI and the forma-
tion of facultative heterochromatin may provide important in-
sights into our understanding of the mechanisms by which silenc-
ing occurs and is maintained. In this study, we uncovered Cdyl as
a novel protein partner of Xi and a “reader” of H3 histone marks
on this chromosome. Cdyl is transiently recruited to the X chro-
mosome undergoing inactivation during early mESC differentia-
tion. Previous reports have shown that Cdyl can act as a transcrip-
tional corepressor (25) and participate in gene silencing (27). In
the present study, we found that initiation of X inactivation occurs
in the absence of Cdyl association. Thus, the likely role of Cdyl in
XClI is not in the establishment of gene silencing but rather in the
maintenance of the inactive state, possibly through the particular
chromatin structure that it recognizes and participates in stabiliz-
ing.

Cdy!’s interaction with the chromatin of Xi in vivo depends
on H3K9me2, H3K27me3, and Xist RNA. Previous studies have
shown that Cdyl can interact with various histone marks, includ-
ing H3K9me2, H3K9me3, and H3K27me3 (20, 21, 54). Cdyl has
also been reported to interact with the G9a protein, as confirmed
here. Our study reveals that in vivo, H3K9me2 is required for
Cdyl’s interaction with chromatin, as in the absence of the
H3K9me2 HMT, G9a, the Cdyl protein is released from chroma-
tin, as shown by IF assays and WB analysis. Importantly, we also
show that it is the H3K9me2 mark, rather than G9a per se, that

FIG 8 MGA and GYa interact with Cdyl and are recruited to Xi. (A) IF assay-FISH of a Cdyl-GFP female ESC line shows GFP-Cdyl recruitment to Xi with an
anti-GFP antibody combined with Xist RNA FISH. (B) WB of chromatin fractions with anti-GFP antibody on day 5 of RA differentiation. The values to the left
are molecular sizes in kilodaltons. (C) Volcano plots from mass spectrometry data generated by anti-GFP antibody immunoprecipitation from nuclear extracts
of the GFP-Cdyl cell line at undifferentiated and differentiated stages. The LFQ ratio of the Cdyl to the control purification is plotted on the x axis, and the P value
of the t test is plotted on the y axis. The proteins indicated on the right side outside the red line are significantly enriched (permutation-based FDR with P = 0.0001
and SO = 4) in the Cdyl purification and are thus specific interactors. Proteins highlighted in purple correspond to those found in only one of the mESC
differentiation states. (D) Stoichiometry of chromatin-associated protein complexes, determined as previously reported (53), shows Cdyl interactors. (E and F)
Two interactors, MGA and G9a, are recruited to Xi. (E) Double IF assay-Xist RNA FISH of the GFP-Cdyl cell line at day 3 of RA differentiation showing
recruitment of G9a to Xi. The percentage of cells with G9a enrichment is shown in relation to number of Cdyl-GFP-positive signals on Xi. (F) IF assay-FISH of
mESCs with an anti-MGA antibody shows MGA staining on Xi (arrows). Quantification of cells showing MGA incorporation in Xist domains. (G) WB analysis
of anti-GFP antibody immunoprecipitation from nuclear extracts of the GFP-Cdyl cell line differentiated with RA to day 4. Ctrl, control; UB, unbound.
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FIG 9 Model of Cdyl in the process of XCI. (A) The active X chromosome. (B) In mESCs after differentiation has begun, Xist RNA accumulation (green lines)
on Xi is followed by PRC2 recruitment and H3K27 methylation (red circles), as well as an accumulation of H3K9me2 (brown circles). We propose a hierarchical
order of the incorporation of these two marks. These combinations of marks, cell differentiation, and chromatin condensation may facilitate Cdyl (green protein)
stabilization to specific genomic regions, including Xi. Cdyl’s interaction with chromatin is likely to facilitate the recruitment of other proteins to Xi, including
the H3K9me2 HMT G9a, supporting a feedforward mechanism of H3K9me2 propagation. Cdyl could participate as part of the machinery that ensures the
propagation of the inactive state through part, but not all, of the cell cycle (Fig. 1D). On the basis of IP experiments and a previous report (21), the mouse Cdyl

protein may interact as a trimer.

influences Cdyl recruitment to chromatin in differentiating ESCs.
In the context of XCI, we show that the H3K27me3 modification
appears to be important for Cdyl’s association with the Xist RNA-
coated chromosome in differentiating ESCs. Lack of this mark (in
Eed mutant cells) results in a reduction of both Cdyl and
H3K9me2 enrichment on the Xist-coated chromosome. Cdyl was
never seen without H3K9me2 enrichment in this context, sup-
porting the idea that its recruitment is linked to the H3K9me2
mark. The requirement of PRC2/H3K27me3 for Cdyl recruitment
to the Xist-coated chromosome may be an indirect effect of the
dependence of H3K9me?2 enrichment on H3K27me3 that we have
uncovered here. Indeed, H3K9 methylation via G9a/GLP was re-
cently proposed to depend on the presence of H3K27 methylation
(55), with the mutation of lysine 27 to alanine impairing H3K9
dimethylation via G9a. Our results suggest a similar interplay be-
tween the H3K9me2 and H3K27me3 marks, as well as the Cdyl
protein, on Xi. The presence of both H3K9me2 and H3K27me3
may provide a signature that increases the overall binding of Cdyl
to Xi, as supported by our peptide pulldowns on a Cdyl-GFP cell
line and FRAP analysis, and this enables the subsequent anchoring
of the G9a/Cdyl complex to H3K9me2/H3K27me3-marked Xi.
The fact that Cdyl closely follows H3K9me2 and H3K27me3 ki-
netics on Xi, even though Cdyl mRNA and protein levels do not
change significantly during early differentiation, provides addi-
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tional evidence that it is the presence of these two marks that
somehow dictates its appearance on Xi. Furthermore, we have
shown that in undifferentiated ESCs, where Xist RNA coating in-
duces only low levels of H3K9me2 incorporation (10-fold lower
than those in differentiated cells) and high levels of H3K27me3,
this is not sufficient for Cdyl recruitment. Thus, additional fac-
tors/chromatin features present only during differentiation must
be required for the recruitment of both H3K9me2 and Cdyl to the
Xist-coated chromosome.

Putative role of Cdyl as a chromatin reader and memory
propagator in X inactivation. The function of Cdyl in XCI re-
mains elusive, as it appears to be an essential protein for cell via-
bility and differentiation on the basis of the massive cell death we
observed during the differentiation of ESCs with Cdyl knocked
down. A recent study with Cdyl knockout mice suggested that
Cdyl has a role in neuronal differentiation (56), although the pre-
cise nature of the mutated allele used was not described. Never-
theless, Cdyl, H3K9me2, and H3K27me3 become enriched on the
Xist RNA-coated chromosome in the absence of gene silencing,
implying that neither Cdyl nor the two histone modifications are
sufficient to trigger transcriptional repression. This is also consis-
tent with previous findings showing that in Eed mutant cells, Xist
RNA coating and initiation of gene silencing occur normally (16).
Taken together, these findings imply that neither Cdyl nor
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H3K9me2 or H3K27me3 is required for initiation of X inactiva-
tion (i.e., for Xist RNA coating or gene silencing), although it may
be required for maintenance of the inactive state.

Investigation of the protein partners of Cdyl that we describe
here should shed light on the possible mechanisms that participate
in Cdyl’s recruitment to Xi and its role there. In addition to G9a,
we have identified the MAX gene-associated protein MGA, which
was recently described as a member of an alternative PRC1 com-
plex (named PRC1.6), with a possible role in Ring1 B/Rnf2 target-
ing and H2A monoubiquitylation, that binds independently of
H3K27me3 (52). Although stoichiometric analysis of mass spec-
trometry data suggests that MGA is not a major interactor of Cdyl,
we find that it is recruited to Xi within the same time window as
Cdyl. This suggests a potential new link between PRCI1 and Xi. In
a recent study, Tavares et al. showed that different PRC1 com-
plexes are targeted to Xi in both H3K27me3-dependent and -in-
dependent ways (via Cbx7 and RBYP, respectively) (17). Cdyl may
provide another facet of PRC1’s association with Xi. Finally, we
also find that the Wiz and REST proteins show increased Cdyl
interaction during differentiation and confirm that REST is a ma-
jor interactor of Cdyl, although we did not find it to be particularly
enriched on Xi by IF assay.

Putative role of Cdyl in self-templating maintenance on Xi.
Our study has revealed that recruitment of Cdyl to chromatin
seems to be largely dependent on the presence of H3K9me2, while
recruitment to Xi may be dependent on the cooccurrence of
H3K9me2 and H3K27me3. These two marks may stabilize Cdyl’s
interaction on Xi. Cdyl recruitment to Xi may, in turn, facilitate
the recruitment of other proteins, including G9a. The fact that
Cdyl seems to be cell cycle regulated, being enriched on Xi in G,/S
phase, whereas the PRC2 complex and the H3K27me3 mark are
thought to be associated with Xi throughout the cell cycle during
early differentiation, suggests that Cdyl cannot represent a mitotic
memory mark on Xi. However, it may facilitate the perpetuation
of H3K9me?2, for example, during S phase, when histone modifi-
cations can be lost and must be restored. Cdyl may therefore par-
ticipate in a memory loop, whereby it binds H3K9me2 (and
H3K27me3) on Xi and at the same time helps to bring in the G9a
HMT that may facilitate the maintenance of the H3K9me2 mark
during the cell cycle. Thus, Cdyl may be part of a self-templating
process that participates in the maintenance of facultative hetero-
chromatin during the cell cycle.

Our current view of the processes underlying Cdyl’s recruit-
ment to Xi is summarized in the model shown in Fig. 9. We pro-
vide new insight into the hierarchy of chromatin modifications
triggered by Xist RNA during XCI. Cdyl requires both H3K27me3
and H3K9me2 for chromatin association with the Xist-coated
chromosome, while interacting with an H3K9me2 HMT. Cdyl
may thus represent a potential reader of a “histone code,” as pos-
tulated by Strahl and Allis (57) and Turner (58), in this case of Xi.
The fact that Cdyl also interacts with G9a raises the exciting pos-
sibility that the “reader” can help bring in a “writer” of H3K9me?2.
This provides one of the first glimpses into the possible role of the
unique combination of histone modifications of Xi and their par-
ticipation in the recruitment of specific factors that may be in-
volved in the perpetuation of the silent state.
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