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Abstract

Repression of repetitive elements is crucial to preserve genome integrity and has been traditionally ascribed to constitutive
heterochromatin pathways. FacioScapuloHumeral Muscular Dystrophy (FSHD), one of the most common myopathies, is
characterized by a complex interplay of genetic and epigenetic events. The main FSHD form is linked to a reduced copy number
of the D4Z4 macrosatellite repeat on 4q35, causing loss of silencing and aberrant expression of the D4Z4-embedded DUX4 gene
leading to disease. By an unknown mechanism, D4Z4 copy-number correlates with FSHD phenotype. Here we show that the
DUX4 proximal promoter (DUX4p) is sufficient to nucleate the enrichment of both constitutive and facultative heterochromatin
components and to mediate a copy-number dependent gene silencing. We found that both the CpG/GC dense DNA content and
the repetitive nature of DUX4p arrays are important for their repressive ability. We showed that DUX4p mediates a copy number-
dependent Polycomb Repressive Complex 1 (PRC1) recruitment, which is responsible for the copy-number dependent gene repres-
sion. Overall, we directly link genetic and epigenetic defects in FSHD by proposing a novel molecular explanation for the copy
number-dependency in FSHD pathogenesis, and offer insight into the molecular functions of repeats in chromatin regulation.

Introduction

Despite repetitive elements representing the largest portion of
the human genome (1-4), they are poorly characterized because
of their intrinsic complexity. Nevertheless, increasing evidence
suggests that DNA repeats play key roles in the regulation of
gene expression at multiple levels (5-9). For example, mamma-
lian genomic repeats have been shown to harbor the greatest
proportion of histone modifications (1,10,11) and to provide

binding sites for regulatory factors modulating the activity of
tissue-specific promoters or enhancers (6,12-18).

Tandem repeats represent more than 20% of the human
genome (1) and account for a significant source of genomic vari-
ation, since their copy-number is usually highly polymorphic
among individuals (1,2,19,20). They can span from a few base
pairs in microsatellites to several kilobases in macrosatellites
(2,21,22), and they play crucial roles in key cellular processes.
With centromeric and telomeric satellites, tandem repeats
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provide an essential contribution to genome integrity (23-27)
and chromosome segregation (28). In addition, tandem repeats
play a role in heterochromatin formation (27), X-chromosome
inactivation (XCI) (14,29,30), but also in the evolution and gener-
ation of genetic diversity (31-33). Finally, with their intrinsic in-
stability, they can contribute to chromosome rearrangements
and diseases (34-36). Accordingly, to preserve genome integrity
(11,37,38), tandem repeats can be targeted by multiple repressive
pathways leading to the formation of constitutive or facultative
heterochromatin (39). This unveiled an unexpected cross-talk be-
tween two apparently distinct mechanisms of repression, which
can coordinate to regulate fundamental processes (40).

FacioScapuloHumeral muscular Dystrophy (FSHD) (MIM
158900) is one of the most prevalent neuromuscular disorders
(41). In its major form, accounting for 95% of cases, the disease is
linked to deletions reducing the copy-number of a macrosatellite
repeat called D4Z4, located in 4q35 (42). While healthy subjects
display 11-100 D4Z4 units, FSHD patients usually present with
only 1-10 D4Z4 units (43-45). Interestingly, the residual D4Z4
copy number at the deleted 4935 allele correlates with disease
onset and progression. FSHD patients carrying 1-3 residual D4Z4
units tend to develop the disease earlier and with a more severe
outcome than patients displaying 9-10 units (46-53).

Several epigenetic alterations have been described on the af-
fected FSHD locus, including DNA hypomethylation (54) and reduc-
tion of heterochromatic histone marks H3K9me3 and H3K27me3
(tri-methylation of histone H3 Lysine 9 and Lysine 27) (55-58).
Ultimately, this leads to aberrant expression at 4935 (58-63) and in
particular to the toxic overexpression of the D4Z4-embedded DUX4
retrogene, which is considered the major gene responsible for the
disease (reviewed in (64,65)). Nevertheless, the molecular bases for
the FSHD copy-number dependency are poorly known.

Given the importance of DUX4 in disease, we developed a re-
porter system to monitor the influence of repeat copy-number
on gene expression driven by the DUX4 promoter. We found
that high GC content and repeat copy number lead to efficient
gene repression. We analyzed the main epigenetic pathways
playing a role in FSHD and found that the Polycomb Repressive
Complex 1 (PRC1) plays a major role in the repeat copy-number
dependent regulation of gene expression. Our results provide a
novel molecular explanation for the peculiar link between gen-
etic and epigenetic alterations taking place in one of the most
important neuromuscular disease.

Results

DUX4p mediates a copy-number dependent repression

The molecular characterisation of FSHD muscular dystrophy has
revealed a highly complex interaction between genetic and epigen-
etic components (65). One of the prominent aspects of this disease
is that patients carrying few copies of D4Z4 (1-3) tend to develop a
more severe form of the disease and with earlier onset than pa-
tients with 8-10 residual copies (46-53,66). Consistent with this, the
aberrant expression of DUX4, the main FSHD gene, inversely cor-
relates with repeat copy number (67). In order to explore the mo-
lecular mechanism at the basis of the copy-number dependency
in DUX4 gene regulation, we generated three different reporter
gene constructs carrying an EGFP reporter gene under the control
of the DUX4 proximal promoter (DUX4p) and displaying a copy
number typically found either in healthy subjects (12), or in mild
(5) and severe (1) FSHD forms (Supplementary Material, Fig. S1A-F).
We focused on a 180bp D4Z4 fragment containing the regulatory
elements of the DUX4 proximal promoter (61) (Supplementary

Material, Fig. S1G). To evaluate the effect of DUX4p copy-number
on gene expression, the terminal DUX4p unit was prolonged at the
3’ end until the ATG of DUX4 ORF (68), driving the expression of the
EGFP reporter (Supplementary Material, Fig. S1G).

Initially, we tested the constructs in transient transfection
(Supplementary Material, Fig. S2, ). To this aim, we transfected
equimolar quantities of the DUX4p constructs together with a
plasmid constitutively expressing ECFP, as transfection control.
The median EGFP fluorescence intensity (Supplementary Material,
Fig. S2D) and the percentages of EGFP positive cells
(Supplementary Material, Fig. S2E) were analysed in the total
population of ECFP positive cells through flow cytometry and ex-
pressed as relative to 1-DUX4p. Intriguingly, we observed a copy-
number dependent effect of DUX4p repeats on both EGFP inten-
sity and percentage of positive cells (Supplementary Material, Fig.
S2). In particular, cells transfected with the 12-DUX4p construct
showed a significantly reduced relative EGFP intensity, when com-
pared to both 1-DUX4p and 5-DUX4p constructs. Interestingly, the
EGFP signal from the 5-DUX4p repeat construct stands on an
intermediate level, significantly higher and significantly lower
than those of 12-DUX4p and 1-DUX4p copies, respectively
(Supplementary Material, Fig. S2D). Similarly, the number of
DUX4p units has an effect on the relative number of EGFP express-
ing cells, since a significantly smaller percentage of EGFP positive
cells were present in the 12-DUX4p and 5-DUX4p populations
when compared to 1-DUX4p. Again, the effect increases as a func-
tion of the number of DUX4p units (Supplementary Material, Fig.
S2E). Overall, an increase in the DUX4p copy-number correlates
with a decreased reporter gene signal.

We decided to investigate the influence of repeat copy-
number on the DUX4 promoter activity on a chromatinized tem-
plate. Since in human samples the selective study of D4Z4 se-
quences is challenged by the presence of multiple copies of D4Z4
and D4Z4-like repeats, scattered in several human chromosomes
(69-71), we exploited the fact that D4Z4 is a primate-specific re-
peat (72) and performed site-specific integration of DUX4p re-
porters within the same genomic locus of C2C12 murine muscle
cells. Notably, DUX4 promoter activity in transgenic C2C12 or
human muscle cells are equivalent (73). As a result, we generated
isogenic cell lines varying only for the copy-number of DUX4p
(Fig. 1A-C). As shown in Fig. 1, a DUX4p copy-number dependent
repression of the reporter gene was observed. In particular, cells
retaining 12 DUX4p units show a significant reduction in both
relative median EGFP signal (Fig. 1D) and relative percentage of
EGFP expressing cells in the total population (Fig. 1E), when com-
pared to cells with 1 or 5 DUX4p units. Similarly, cells containing
5 DUX4p copies show significantly higher and significantly lower
levels of both parameters compared to 12-DUX4p and 1-DUX4p
cells, respectively (Fig. 1D and E). Finally, we investigated EGFP
expression at the RNA level by RT-gPCR (Fig. 1F). In line with the
flow cytometry analyses, we observed that higher levels of re-
porter gene transcription correlate with fewer DUX4p-copies,
while Gapdh mRNA levels, used as control, remain unchanged
(Fig. 1F and G). Altogether, these results show a copy-number de-
pendent repressive activity on DUX4 promoter that is particularly
evident for 12 DUX4p repeats, in line with the threshold copy
number characteristic of FSHD pathogenesis (43-45).

A high CpG/GC density and the repetitive nature
contribute to the repressive function of DUX4p

Analogously to other non-centromeric macrosatellites (74-76),
D4Z4 is GC-rich (73%), as contrasted with the average genome
frequency of 42% (77). Moreover, D4Z4 displays 10% CpG
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Figure 1. DUX4p repeats mediate copy-number dependent repression in isogenic muscle cells. A-C. Top, schematic view of constructs used for Flp-FRT-mediated re-
combination and carrying 1 (A), 5 (B), or 12 (C) DUX4p repeats and an EGFP reporter gene under the control of the DUX4 promoter. Upon site-specific integration in
C2C12-frt muscle cells, the isogenic cells differing for DUX4p copy number (A-C) were tested for EGFP expression. For relative quantification of EGFP protein levels
among samples, flow cytometry analyses of EGFP Median Fluorescence Intensity (MFI) (D) and of percentage of EGFP+ events (E) are shown. Examples of histogram
analyses with EGFP (x axis) versus counts (y axis) are reported (A-C, bottom), compared to a non-fluorescent (wild type) cell line. For relative quantification of EGFP at
the RNA level, RT-qPCR analyses of EGFP (F) and Gapdh negative control (G) are presented over f-Actin. Results are expressed over 1 DUX4p (D-G). The mean of the sig-
nals obtained from six (D,E) or four (F,G) independent experiments is shown. The error bars represent SEM of independent biological replicates. Asterisks indicate stat-
istical significance (p value) as evaluated by One way ANOVA Bonferroni’s multiple comparison test. ***=P < 0.0001; **= P < 0.01.

dinucleotide frequency, compared to the human average fre-
quency of 1% (78). Similarly, each DUX4p unit displays 72% GC
and 10 CpGs. To dissect the bases of their repressive activity, we
wondered whether the high CpG/GC DNA content or the re-
peated nature of DUX4p arrays could play a role in DUX4p-
mediated repression. To address whether a DNA sequence with
CpG/GC features similar to 12-DUX4p but lacking repeats would
show the same ability to influence gene expression, we gener-
ated a new isogenic muscle cell line in which 11 DUX4p units of
the 12-DUX4p construct are replaced with a non-repetitive se-
quence from the B3gnt6 locus, with identical size, identical CpG
content and similar GC richness (CGI B3gnt6; Fig. 2A and B).
Importantly, this sequence is a known target of epigenetic re-
pressors such as PRC1 and PRC2 complexes (79). In parallel, to

investigate the role of repeats uncoupled from the CpG content,
we generated a second group of isogenic muscle cells displaying
variable copy number of repeats derived from the human
B-Globin (HbG) locus and having 0 CpG and low GC content but
identical size compared to each DUX4p unit (1-, 5- or 11-HbG;
Fig. 2C). Like for the DUX4p cells, in all these new cell lines the
EGFP reporter gene is driven by the DUX4 promoter
(Supplementary Material, Fig. S1G).

Significantly, flow cytometry analyses expressed as fold over
1-DUX4p showed that 12-DUX4p retains the strongest ability to
silence EGFP expression (Fig. 2), since the 12-DUX4p cells display
the least intense median EGFP signal (Fig. 2D). Moreover,
12-DUX4p showed a significantly lower percentage of EGFP posi-
tive cells compared to CGI B3gnt6 and 1-5-11 HbG (Fig. 2E).
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Figure 2. Contribution of CpG/GC-rich and repetitive nature to copy-number dependent repression. A-C. Schematic view of constructs named: 12 DUX4p (A), CGI
B3gnt6 (B), 11-, 5-, 1-HbG (C). The constructs carry: 11 copies of DUX4p repeats (overall, 110 CpG and 72% GC, A); a non-repetitive sequence containing a CpG island
(CGI) from B3gnt6 locus (110 CpG and 60% GC, B); 11, 5 or 1 copies of HbG repeats (each with 0 CpG and 38% GC, C). Additionally, all constructs retain a DUX4p unit pro-
longed to include DUX4 ATG sequence, and an EGFP reporter gene (A-C). Upon site-specific integration of the constructs in C2C12-frt muscle cells, the isogenic cells
(A-C) were tested for EGFP expression. For relative quantification of EGFP protein levels among samples, flow cytometry analyses of EGFP Median Fluorescence
Intensity (MFI) (D) and of percentage of EGFP+ events (E) are shown. For relative quantification of EGFP at the RNA level, RT-qPCR analyses of EGFP (F) and Gapdh nega-
tive control (G) are presented over f-Actin. Results are expressed over 1 DUX4p (D-G). The mean of the signals obtained from five (D,E) or four (F,G) independent experi-
ments is shown. The error bars represent SEM of independent biological replicates. Asterisks indicate statistical significance (p value) as evaluated by One way ANOVA

Bonferroni’s multiple comparison test. ***= P < 0.0001; **= P < 0.01.

Similar results were observed at RNA level, since EGFP transcript
levels were lower in 12-DUX4p than in all other cells lines
(Fig. 2F), while mRNA levels of the Gapdh control remained con-
stant in all the samples (Fig. 2G). Overall, these results indicate
that a high CpG/GC DNA content combined with the presence of
repeats results in the strongest silencing effect, suggesting that
both features are important in the repression of DUX4.

DNA methylation and H3K9me3 constitutive
heterochromatin marks are not copy-number dependent

The constitutive heterochromatin marks DNA methylation
(80-82) and H3K9me3 (55) have been associated with repression
of the FSHD locus. To determine whether these features could
explain the copy-number dependent gene silencing effect of
DUZX4p arrays, we performed Methyl DNA Immunoprecipitation
(MeDIP) analysis of 5-methyl-Cytosine (5mC) and Chromatin
Immunoprecipitation (ChIP) of H3K9me3. As shown in Fig. 3,
DNA methylation and H3K9me3 were higher on DUX4p than a

negative control region with identical CpG density (Zeocine, or
Zeo, present in C2C12-frt cells close to the FRT integration site)
and equivalent to those observed on the endogenous FSHD
locus in human cells (83,84). Nevertheless, DNA methylation or
H3K9me3 enrichments were comparable between 1-, 5- and 12-
DUX4p cells. Although DNA methylation levels are different be-
tween FSHD and healthy subjects (67) and a correlation with
total D4Z4 repeat number has been reported in muscle cells
from FSHD patients (85) (see discussion), we failed to observe a
correlation between DNA methylation and repression of our re-
porter. Overall, with the limitations of our system, it appears
that constitutive heterochromatin marks, although enriched at
DUZX4p arrays, do not play a major role in copy-number depend-
ent DUX4 reporter gene silencing.

DUX4p drives copy-number dependent PRC1 recruitment

The FSHD locus displays also features of PcG targets (57,58).
To address whether PcG proteins could be responsible of
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Figure 3. DNA methylation and histone H3K9me3 enrichment does not correlate with DUX4p copy number. A-C. Schematic view of isogenic muscle cells carrying 1 (A),
5 (B), or 12 (C) DUX4p repeats and an EGFP reporter gene, used for MeDIP and ChIP analyses. D-I. Isogenic muscle cells differing for DUX4p copy-number were analyzed
by MeDIP for DNA methylation (D-F) and by ChIP for H3K9me3 (G-I), on DUX4p (D, G), on negative (E, H) or positive (F, I) control regions, respectively, Zeocine gene (E, H)
and Major Satellite repeats (F, I). ChIP-qPCR data are shown relative to total H3. The mean of the signals obtained from three independent experiments is shown (D-F,

G-I). The error bars represent SEM of independent biological replicates.

DUX4p-mediated repressive function, we compared Polycomb
recruitment in isogenic muscle cells carrying 1-5-12 DUX4p cop-
ies (Fig. 4A-C) by focusing on Bmil and Suz12, respectively core
components of PRC1 and PRC2 (86). ChIP-qPCR analyses re-
vealed that a single DUX4p unit is sufficient for Bmil recruit-
ment, as its enrichment on DUX4p is comparable to that of the
bona fide PcG target gene Hoxc13 (Fig. 4D-F). More importantly,
Bmil recruitment significantly increases with higher DUX4p
copy-number (Fig. 4D). This copy number effect is specific, since
no signal is present on a non-Polycomb target genomic se-
quence (Fig. 4E) (87) and no significant copy number-dependent
difference is observed in Hoxc13 (Fig. 4F). On the contrary, while
the PRC2 core component Suz12 is enriched on DUX4p similarly
to the bona fide Polycomb target Hoxc13 (Figs 4G-I), its enrich-
ment displays no correlation with DUX4p copy number (Fig. 4G).
Overall, these results show that a single unit of DUX4p is suffi-
cient to recruit both PRC1 and PRC2, but only PRC1 enrichment
positively correlates with DUX4p copy-number.

PRC1 is required for DUX4p-induced gene silencing

In order to test whether Polycomb is directly involved in
DUX4p-mediated silencing, we performed RNAi-depletion of

PRC1 and PRC2 core components Bmil (siBmil) and Suzl2
(siSuz12) in muscle cells carrying 1-5-12 DUX4p copies
(Supplementary Material, Fig. S3A-C). RT-qPCR and immuno-
blotting analyses showed that we obtained efficient and com-
parable knockdowns for both Bmil and Suzl2 in all cells
(Supplementary Material, Fig. S3D-K). Moreover, ChIP-qPCR ex-
periments indicated that siRNA-treatments were effective in
depleting Bmil and Suzl2 from DUX4p (Supplementary
Material, Fig. S4).

To determine whether PcG plays a role in the gene silencing
effect mediated by DUX4p, we analyzed EGFP expression in
siBmil and siSuz12 treated cells. With flow cytometry analyses,
we measured EGFP reporter expression by quantifying median
fluorescence intensity (Fig. 5A) and percentage of fluorescent
cells (Fig. 5B) in knockdown cells compared to non-silencing con-
trols. Remarkably, loss of the PRC1 core component Bmil was
sufficient to cause a DUX4p copy-number dependent reporter
gene de-repression, which was particularly evident in cells carry-
ing 12-DUX4p units (Fig. 5A-B). Flow cytometry results were con-
firmed by RT-qPCR analyses of EGFP mRNA levels. Indeed, EGFP
gene de-repression was significantly stronger in 12-DUX4p
siBmil cells if compared with its non-silencing and with 1-
DUX4p siBmil cells (Fig. 5C). Importantly, while Gapdh mRNA


Deleted Text: Figure 
Deleted Text: Figure 
Deleted Text: Figure 
Deleted Text: Figure 
Deleted Text: Figure 
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw426/-/DC1
Deleted Text: -
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw426/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw426/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw426/-/DC1

758 | Human Molecular Genetics, 2017, Vol. 26, No. 4

A 4 buxap B 5puxep C 12 DUX4p
D DUX4p E Sfrp1 -5 Kb F Hoxc13
5 44 O 1gG S 3 OgG 5 34 O 19G
¢ o (=%
£ L BmHI* £ MW Bm1 £ M Bmi1
2c3 s es
€3 13- ¥ £ X2
B Ex E's
£ O 24 £ 9 £ 0
23 § 3 § 3
53 ST 11 ST 14
:: £ 14 oL ]
- FE i
k< 5 .i s
& o g 0 e & o
W R R L o W R R W

ST &S S &S ICAC A

N ) D N ) K N L) N
G DUX4p H Sfrp1 -5 Kb ! Hoxc13
‘g_ 8 0Ol1gG ‘g 2.5+ 019G ‘E’L 2.5+ 019G
£ Wsuz12 £ [] £ M Suz12
e uz 2 = 20- Suz12 ° =201 uz
- - et
5o 5311 B 1]
G 24 S$ 53
=0 ‘= O 1.0 ‘= ©1.04
52 gz &2

2 2- 2
.g £2? ,g ~— 0.5 _g g 0.5
s k= 5
S o e 00- @ 0.0-
R R W R W W W W L
°°+ 0\5\- °°+ 0°+ o\g\— °°+ 0\51- 0°+ 0\5\‘-
N ) N LM ) N L)
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target genomic region located 5Kb upstream of the TSS of the Sfrp1 gene (87) (E,H) and the bona fide PcG target gene Hoxc13 (F, I). All ChIP-qPCR data are shown relative
to the bona fide PcG target gene Eux1 (79). The mean of the signals obtained from three independent experiments is shown (D-F, G-I). The error bars represent SEM of in-
dependent biological replicates. Asterisk indicates statistical significance (p value) as evaluated by One way ANOVA analysis. "= P < 0.05.

levels were constant in all populations (Fig. 5D), the bona fide PcG
target Hoxcl3 was equally de-repressed in 1-, 5-, or 12-DUX4p
siBmil cells (Fig. 5E). Overall, these results indicate that PRC1 is
playing a direct role in the copy-number dependent silencing
mediated by DUX4p with a threshold effect analogous to that
seen in FSHD (43-45).

Although Suz12 enrichment on DUX4p is not copy number-
dependent (Fig. 4G), we investigated whether it plays a role in
DUX4p-mediated gene silencing. To this aim, we analyzed EGFP
expression upon treatment with siRNAs targeting Suzl2.
Differently to RNAI of the PRC1 subunit Bmil, the EGFP reporter
expression remained unchanged upon treatment with siRNAs
against Suz12 compared with non-silencing controls (Fig. 5F-J).
This was verified at the protein level through flow cytometry
analyses of EGFP median intensity (Fig. 5F) and percentage of
positive cells (Fig. 5G), but also at the transcriptional level by
RT-gqPCR quantification of EGFP mRNA (Fig. 5H). Importantly,
while Gapdh transcript levels remain unchanged (Fig. 5I), Suz12
knockdown caused a good de-repression of the bona fide PcG tar-
get Hoxc13 (Fig. 5J), indicating that the Suz12 knockdown was

effective in causing specific transcriptional de-repression of
PRC2 target genes. Collectively, these results indicate that
DUX4p-mediated copy-number dependent repression of gene
expression requires PRC1 but it is independent from PRC2.

PRC1 is required to maintain repression of the
endogenous DUX4 gene

The above results indicate that PRC1 plays an important role in
controlling the activity of the DUX4 promoter according to the
D4Z4 copy number. To investigate the relevance of PRC1 in the
physiological regulation of DUX4 expression, we performed
BMI1 knockdown in human primary muscle cells obtained from
healthy donors in which DUX4 is normally silent. As shown in
Fig. 6, BMI1 depletion caused a significant de-repression of
DUX4 compared with non-silencing controls. In conclusion, our
data indicate that PRC1 plays a key role in the repression of
DUX4 imposed by high D4Z4 copy number, which is lost in
FSHD patients leading to disease.
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Figure 5. Bmil (PRC1) but not Suz12 (PRC2) is required for copy-number dependent gene repression. A-J. Muscle cells carrying 1, 5, or 12 DUX4p repeats and an EGFP re-
porter, knockdown for the PRC1 core subunit Bmil (siBmi, A-E), for the PRC2 core subunit Suz12 (siSuz12, F-J) or expressing a non-silencing control (Ctrl, A-J) were tested
for EGFP expression. For relative quantification of EGFP protein levels among samples, flow cytometry results (A-B, F-G) of EGFP Median Fluorescence Intensity (MFI)
(A,F) and of percentage of EGFP+events (B,G) are shown. For relative quantification of EGFP at the RNA level, RT-qPCR analyses of EGFP (C, H), Gapdh negative control
(D, I) and Hoxc13 positive control (E,J) are presented over f-Actin. Results are expressed over Ctrls (A-J). The mean of the signals obtained from five (A,B, F-J) or four (C-E)
independent experiments is shown. The error bars represent SEM of independent biological replicates. Asterisks indicate statistical significance (p value) as evaluated

by One way ANOVA Bonferroni’s multiple comparison test. ***=

Discussion

Among genetic disorders, FSHD is one of the most peculiar for
the major role played in its pathogenesis by epigenetic compo-
nents. While a number of epigenetic alterations of the disease

P <0.0001; **=P < 0.001; **= P < 0.01; ns = non significant.

locus have been described (64), the molecular bases of D4Z4
copy-number dependency and incomplete penetrance of FSHD
phenotype are not fully understood (65). Our results show how
the size of DUX4 promoter tandem repeat arrays directly
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Figure 6. PRC1 is required to maintain the endogenous DUX4 gene repressed in
human primary muscle cells. A. RT-qPCR of BMI1 expression in human primary
myotubes from healthy donor, transfected with siRNA targeting BMI1 (siBMI1) or
a non-targeting control (siNT). B. RT-qPCR showing selective DUX4 de-repres-
sion upon BMI1 depletion (siBMI1), in the same cells in (A). C. RT-qPCR of
DYSTROPHIN (DYS) expression, showing no significant alteration of muscle dif-
ferentiation, in the same cells in (A). BMI1, DUX4 and DYS levels are relative to
GAPDH, used as normalizator. Error bars represent SEM of four independent ex-
periments. Asterisks indicate statistical significance (P value) as evaluated by
Student’s t-test. **= P < 0.001; * P < 0.05; ns = non significant.

correlates with recruitment of and repression by the Polycomb
Repression Complex 1, thus contributing to the comprehension
of the molecular mechanisms responsible of the copy-number
dependency in FSHD (65).

For practical reasons, we focused on a 180bp region inside
D4Z4 containing the DUX4 proximal promoter and displaying a
CpG/GC density comparable to that of the entire D4Z4 repeat.
We generated isogenic reporter muscle cell lines with DUX4p
arrays of 12, 5 and 1 units, which would respectively approxi-
mate the status of the FSHD locus in healthy, mildly and se-
verely affected patients. Remarkably, while with the 5 copies
array we obtained only a partial repression, with the 12 copies
array we obtained an almost complete shutdown of DUX4 pro-
moter reporter expression, which is reminiscent of the thresh-
old effect observed in DUX4 expression and FSHD pathogenesis
(65,67).

D4Z4 is highly GC and CpG rich and it can be repeated in as
many as 100 copies at each 4q35 allele. Since in mammals both
features can harbor repressive machineries (88-91), it was im-
portant to address if the GC/CpG-dense or the repetitive nature
of D4Z4 play a role in its ability to regulate gene expression. To
dissect this, we generated reporter cell lines carrying either a
high GC/CpG density, but in a single copy sequence, or a high
number of repeats, but in a low GC/CpG context. By comparing
gene expression in these reporters to 12 DUX4p array, we deter-
mined that the repetitive and GC/CpG-dense natures of DUX4p
arrays are both important for establishing efficient repression of
gene expression.

To determine the molecular mechanism responsible for the
copy number-dependent repression by DUX4p, we analyzed the
most relevant epigenetic repressive traits described on the
FSHD locus (54,55,57,58). Despite the fact that DNA methylation,
H3K9me3, PRC1 and PRC2 complexes are all enriched on DUX4p
reporters at levels comparable to those of the endogenous FSHD
locus in human cells, only PRC1 emerged as a good candidate to
explain copy-number dependency in gene repression. In fact
DNA methylation, H3K9me3 and the PRC2 core component
Suzl2 showed similar enrichments irrespectively of DUX4p
copy number. On the contrary, the enrichment of the PRC1 core
component Bmil is a function of DUX4p copy-number. Notably,
we demonstrated that PRC1 is required for the silencing of the
endogenous DUX4 in muscle cells of healthy subjects. Moreover,
PRC1 is also required to maintain copy-number dependent gene
silencing, since Bmil depletion caused a de-repression of the re-
porter that was significantly stronger with high DUX4p copy
number. On the contrary, we found that repression by DUX4p
arrays is PRC2-independent.

That PRC2 is enriched on but does not play a significant role
in repression mediated by DUX4p arrays was somewhat unex-
pected. Nevertheless, at the FSHD locus, we previously showed
that PRC2 and the associated H3K27me3 histone mark peak at
the TSS of the IncRNA DBE-T to repress its transcription (58).
Hence, it is tempting to speculate that PRC1 and PRC2 could
play multiple and diverse roles at the FSHD locus.

In Drosophila, PcG proteins are recruited to genetic elements
called Polycomb Response Elements (PREs). Much less is known
about PcG recruitment to target genes in vertebrates (92).
Cardinal features of Drosophila PREs are their ability to recruit
PcG complexes and mediate PcG-dependent repression when
inserted to ectopic sites. Accordingly, we found that DUX4p is
capable to mediate robust ectopic recruitment of PRC1, PRC2
and mediate PcG-dependent gene silencing. Based on this, it is
tempting to speculate that D4Z4 could be the first PRE involved
in a human genetic disease. Besides our previous work on D4Z4
(58), there are several reports of Polycomb binding to repetitive
elements (3,10,29,30,93-97) suggesting an important role of
Polycomb proteins in genome stability through the stabilization
of the repetitive genome (95). Moreover, recent data suggest
that Polycomb might use repeats to achieve efficient chromatin
compaction. Indeed, super-resolution images indicate that the
chromatin packing density of Polycomb-repressed domains in-
creases with domain length (98). Therefore, it has been sug-
gested that a concatenation of PcG domains would lead to a
more compact chromatin packaging and a more efficient re-
pression of gene expression (98). Importantly, this function de-
pends on PRC1 (98). This recent work (98) and the observation
that chromatin compaction inversely correlates with FSHD dis-
ease (67,99) suggest that a copy number-dependent DUX4 pro-
moter chromatin packing mediated by PRC1 contributes to
DUX4 silencing in healthy subjects.

Recently, a correlation between DNA methylation levels and
cumulative D4Z4 repeat copy number (including D4Z4 se-
quences from different human chromosomes) has been
described (85). However, while an inverse correlation between
D4Z4 copy number and DUX4 expression has been reported in
FSHD1 (67), DNA methylation does not correlate with DUX4 ex-
pression (67), suggesting that additional epigenetic differences
could account for DUX4 expression levels relative to D4Z4 copy
number. Nevertheless, it is well established that DNA methyla-
tion of D4Z4 plays a protective role, since low levels of DNA
methylation are required for the manifestation of FSHD symp-
toms independently from D4Z4 copy number (67,83,85).



To conclude, FSHD muscular dystrophy represents an extra-
ordinary example of how copy-number variations in genomic
elements can affect chromatin structure and gene expression
(64). Our work, by exploring the role of repetitive elements in re-
cruiting different heterochromatin regulators to repress gene
expression, is relevant for understanding the contribution of re-
peats to organism complexity. Indeed, besides FSHD, there are a
number of copy-number variations associated with diseases. In
particular, similarly to FSHD, repeat expansion in neurological
disorders leads to epigenetic changes and a correlation between
repeat copy-number and disease phenotype has been docu-
mented (100-102). Since the molecular mechanism underlying
these phenomena has remained elusive (101), the present work
could shed new light on these disorders, especially when
involving GC-rich regions like in Fragile X syndrome (102). In
this context, the possibility to modulate PcG binding to repeats
could be explored in the search of new epigenetic therapies.

Materials and Methods

Plasmid design and construction

For the generation of the 12-DUX4p-pMA construct, a sequence
was designed in order to contain: an array of 11-DUX4p units
with a size of 180 bp per unit, flanked by Avrll restriction sites; a
terminal DUX4p unit prolonged to include DUX4 promoter until
the ATG of DUX4 ORF; the EGFP gene sequence; the SV40 polyA
site. This construct was synthesized by GeneArt (Life
Technologies) according to the above plasmid design, in pMA
backbone.

By digestion of the 12-DUX4p-pMA construct with Avrll
(NEB), 11-DUX4p copies were excised, thus producing the 1-
DUX4p-pMA construct.

By PCR amplification from 12-DUX4p-pMA construct, with
primers DUX4p-F and DUX4p-R (in Supplementary Material,
Table S1), a fragment containing 4-DUX4p units was isolated
and subcloned into 1-DUX4p-pMA construct exploiting AvrII re-
striction site, thus generating the 5-DUX4p-pMA construct.

For the generation of FRT-constructs, the pcDNAS/FRT (Flp-
In System, Life Technologies) backbone was modified as follows:
the CMV promoter was excised by digestion with Mfel- Nhel en-
zymes (NEB); a SV40 polyA site was inserted into the HindlIII re-
striction site of the MCS of pcDNAS5/FRT.

For the generation of 12-DUX4p-FRT, 5-DUX4p-FRT and
1-DUX4p-FRT constructs, Sacl - Notl restriction fragments con-
taining DUX4p arrays and EGFP reporter were excised respect-
ively from 12-DUX4p-pMA, 5-DUX4p-pMA and 1-DUX4p-pMA
constructs and subcloned into the modified backbone of
pcDNAS/FRT.

For the generation of the CGI-B3gnt6-FRT construct, a 2Kb
fragment containing 110 CpGs flanked by Sacl restriction sites
was PCR amplified from C2C12 genomic (g) DNA with primers
CGI-B3gnt6-F and CGI-B3gnt6-R (Supplementary Material, Table
S1). The isolated fragment was subcloned into the 1-DUX4p-FRT
plasmid in a 3’-5’ orientation, thus generating the CGI-B3gnt6-
FRT construct carrying 110 non-repetitive CpGs, the DUX4 pro-
moter unit and the EGFP reporter gene cassette.

For the generation of the 11-HbG-FRT construct, an array of
11 HbG copies of 180 pb per unit, flanked by 5’-Sacl- 3’-AvrII re-
striction sites, was synthesized by GeneArt (Life Technologies)
and subcloned into the 1-DUX4p-FRT construct, thus generating
the 11-HbG-FRT construct carrying 11 HbG copies with 0 CpGs,
the DUX4 promoter unit and the EGFP reporter gene cassette.
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By digestion with BamHI (NEB) of the 11-HbG-FRT construct,
6-HbG copies were excised, thus producing the 5-HbG-FRT
construct.

By digestion with HindIII (NEB) of the 11-HbG-FRT construct,
10-HbG copies were excised, thus producing the 1-HbG-FRT
construct.

For screening and propagation purposes, Top10F’ (Life tech-
nologies) competent E.coli cells were employed. Bacteria were
transformed by heat shock (42°C - 1min) with 1ng of purified
plasmids or 1-3pl of ligation products. Cells were grown in LB
medium plus ampicillin (100 ug/ml; Sigma) or kanamycin
(50 ng/ml; Sigma) at 37°C in a shaking incubator and plated in
LB Agar+ampicillin (100 ug/ml) or+kanamycin (50 pg/ml)
plates. When transformed with pGEM-T (Promega), cells were
plated in LB + Amp plates supplemented with 20 ul of 50 mg/ml
X-Gal (Sigma) to allow blue/white colony screening.

Mammalian cell lines culture

HEK293T cells were obtained by ATCC. The C2C12-frt cell line
was derived using the Flp-In System (Life Technologies), where
clones were screened for random integration of a single FRT site
into the genome as previously described (103). Cells were main-
tained in DMEM-HIGH (Dulbecco’s Modified Eagle’s Medium,
High Glucose with Sodium Pyruvate and L-Glutamine;
EuroClone) supplemented with 10% FBS (Fetal Bovine Serum;
EuroClone) and 1% Penicillin/Streptomycin (100 U/ml final con-
centration; EuroClone). Zeocine (100 pg/ml final concentration,
Life Tecnologies) was added to the C2C12-frt medium.

For cell transfection, Lipofectamine LTX (Life Technologies)
was used. For transient assays, HEK293T cells were transfected
with equimolar quantities of either 1-DUX4p-pMA, or 5-DUX4p-
PMA or 12-DUX4p-pMA, and co-transfected with pECFP-C1
(Clontech) in a ratio 5:1, where pMA constructs where 5 times
more concentrated than pECFP-C1. Cells were collected after
48h for gene expression and flow cytometry analyses.

For the generation of 1-DUX4p-C2C12-frt, 5-DUX4p-C2C12-
frt, 12-DUX4p-C2C12-frt, CGI-B3gnt6-C2C12-frt, 1-HbG-C2C12-
frt, 5-HbG-C2C12-frt and 11-HbG-C2C12-frt stable cell lines,
site-specific integration with corresponding constructs was per-
formed via a Flp-FRT-mediated recombination (Flip In System,
Life Technologies). C2C12-frt myoblasts were co-transfected
with FRT constructs and the Flp recombinase expression vector,
pOG44, in a ratio 9:1, where pOG44 vector was 9 times more con-
centrated than FRT construct. Positively transfected cells were
selected with Hygromycin (100 pg/ml final concentration;
InVivoGen). The Flp recombinase-mediated integration confers
hygromycin resistance and zeocine sensitivity to correctly inte-
grated cells. A minimal of two independent stable cell lines
were generated for each construct.

For the generation of 1-DUX4p-C2C12-frt, 5-DUX4p-C2C12-frt
and 12-DUX4p-C2C12-frt knock-down for Bmil or Suzl2, cells
were transfected with 25nM siRNAs against Bmil (siRNA
Mm_Bmil_2, SI00167090 and Mm_Bmil 7, SI02707642 in 1:1
ratio, Qiagen) or non- silencing control (All Stars Negative
Control, 1027280, Qiagen) or Suzl2 (L-040180-00-0005, ON-
TARGETplus SMARTpool, Mouse, Thermo Scientific) or non-
silencing control (D-001810-10, ONTARGETplus Non targeting
pool, Thermo Scientific) following manufacturer’s instructions.
Transfections were performed 72h prior to collection for gene
expression and flow cytometry analyses.

For freezing, cell pellets were resuspended in FBS and trans-
ferred to cryovials. DMSO (dimethyl sulfoxide; Sigma) was
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added as cryoprotector at a final concentration of 10%. Cryovials
were frozen into isopropanol-filled cryoboxes, stored at —80°C
overnight and, then, long-term stored in liquid nitrogen.

Culture and transfection of human primary muscle cells

All procedures involving human samples were approved by
Fondazione San Raffaele del Monte Tabor Ethical Committee.

Human primary myoblasts were obtained from the
University of Massachusetts Medical School Senator Paul
D. Wellstone Muscular Dystrophy Cooperative Research Center
for FSHD (http://www.umassmed.edu/wellstone; date last
accessed December 30, 2016) in Worcester, MA, USA.

Human primary myoblasts (07Ubic) were derived from the
biceps of a healthy donor. They were cultured in a humidified
atmosphere at 37 °C with 5% O, and 5% CO,.

Myoblasts were seeded in 0.1% gelatin-coated dishes and
cultured in Ham’s F-10 medium (Nutrient Mixture F10 Ham,
with L-glutamine and sodium bicarbonate, Sigma) supple-
mented with 20% FBS (Fetal Bovine Serum,; EuroClone), 0.5%
chicken embryo extract, 1.2 mM CaCl, (Sigma) and 1% penicillin/
streptomycin (100 U/ml final concentration, EuroClone). When
cells reached confluence of 90%, differentiation was induced by
replacing growth medium with 4:1 D-MEM:199 Medium
(Dulbecco’s Modified Eagle’s Medium, High Glucose with
Sodium Pyruvate and L-Glutamine, EuroClone; Medium 199,
Gibco), supplemented with 2% horse serum (Euroclone), 1% ITS
(Insulin, transferrin and sodium selenite solution, Sigma) and
1% penicillin/streptomycin (Euroclone) for 4 days.

For siRNA transfection, Lipofectamine 3000 in Opti-MEM
(Thermo Fisher Scientific) was used, following manufacturer’s
instructions. siRNA for BMI1 and the non-silencing control were
purchased from Thermo Fisher Scientific (SMARTpool: ON-
TARGETplus Human BMI1 siRNA L-005230-01; non-targeting
control D-001810-10) and used at a final concentration of 25nM.
48h after transfection, differentiation was induced, and after 4
days myotubes were collected.

Flow cytometry

For flow cytometry analysis of fluorescence intensity in
HEK293T, cells transiently co-transfected with ECGP and either
1-DUX4p-pMA, 5-DUX4p-pMA, or 12-DUX4p-pMA constructs
were collected with trypsinization followed by centrifugation
48h after transfection.

For flow cytometry analysis of fluorescence intensity in
C2C12-frt  cells, 1-DUX4p-C2C12-frt, 5-DUX4p-C2C12-frt,
12-DUX4p-C2C12-frt, CGI-B3gnt6-C2C12-frt, 1-HbG-C2C12-frt, 5-
HbG-C2C12-frt or 11-HbG-C2C12-frt muscle cells expressing
EGFP were collected with trypsinization followed by centrifuga-
tion at different passages from cell line generations.

For flow cytometry analysis of fluorescence intensity upon
Bmil or Suz12 knockdown, 1-DUX4p-C2C12-frt, 5-DUX4p-C2C12-
frt or 12-DUX4p-C2C12-frt myoblasts were collected with trypsi-
nization followed by centrifugation 72h after siRNA
transfection.

Aliquot of 0.5-1x10° cells were transferred into assay tubes,
rinsed by centrifugation with growth medium and resuspended
in 100 pl normal growth medium per assay tube. Analysis on
flow cytometers was performed within 1h from trypsinization.
LSR Fortessa (Becton Dickinson) was used for acquisition of
EGFP, ECFP and morphological parameters, while Accuri C6 (BD

Biosciences) for acquisition of EGFP signal and morphological
parameters.

Fluorochrome spectral overlap of EGFP and ECFP signals was
corrected with set up of automatic compensation with
FACSDIVA software (BD Biosciences). Analyses were performed
with FCSExpress 4.0 (De Novo), and EGFP intensity and percent-
age of EGFP positive cells were quantified in the subpopulation
of ECFP positive events in the case of HEK293T co-transfected
cells, or in the total population of living cells (singlet events) in
the case of stable cell lines expressing EGFP.

RNA extraction, RT-PCR, and RT-qPCR analysis

Reporter gene expression and gene down-regulation upon
siRNA treatment were evaluated by RT-qPCR analysis.

Total RNA from cultured cells was extracted with Trizol,
treated with DNasel and purified using PureLink RNA Mini Kit
(Ambion).

Total RNA from human primary muscle cells was extracted
with Lysis buffer supplemented with 0.01% B-mercaptoethanol
and purified with RNA spin columns (PureLink RNA Mini kit,
Ambion), including a DNAsel treatment step, following the
manufacturer’s instructions.

cDNA (using up to 1 pg of RNA) was synthesized using
SuperScript Il  First-Strand Synthesis Super-Mix (Life
Technologies). For DUX4 expression analyses in human primary
cells, 2 pg of RNA were retrotranscribed using SuperScript III
First-Strand Synthesis System for RT-PCR (Life Technologies).
RNA was mixed with oligo(dT) and the RT-PCR reaction was per-
formed following the manufacturer’s protocol.

gPCRs were performed with SYBR GreenER qPCR SuperMix
Universal (Life Technologies) using CFX96 or CFX384 Real-time
System (Biorad). Validated primers are listed in Supplementary
Material, Table S1. Expression analyses were performed using
the AACT method (ACT method for human primary muscle
cells). p-actin or GAPDH (for human primary muscle cells) were
used as housekeeping genes for sample normalization.

Real-time PCR analysis

Biorad’s CFX96 or CFX384 Real-time System with CFX Manager
Software V.1.6 were used. Real-time PCRs were conducted as
follows: initial denaturation: 95°C, 10 min; 40 cycles of denatur-
ation (95°C, 30sec), annealing (temperature according to pri-
mers, 30sec), amplification (72°C, 30sec). For Major Satellite
analysis only, amplification time was 15 sec.

The specificity of the amplified products was monitored by
performing melting curves at the end of each amplification re-
action. The efficiency of each primer was assessed by perform-
ing primer validation qPCRs with serial dilutions of reference
material (cDNA for qRT-PCR, gDNA for MeDIP, Input DNA for
ChIP).

MeDIP

MeDIP analysis of 1-DUX4p-C2C12-frt, 5-DUX4p-C2C12-frt and
12-DUX4p-C2C12-frt muscle cells was carried out mainly as
described in (104).

Briefly, cell pellets were resuspended in 300ul of TE per
1x10° of cells and lysed with one volume of Lysis buffer (20 mM
Tris pH 8.0, 4mM EDTA, 20mM NaCl and 1% SDS) containing
20l of proteinase K (10mg/ml, Promega). Samples were incu-
bated at 55°C for at least 5h.
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gDNA was extracted with phenol (Fluka) and chloroform
(Fluka) extractions, followed by 10min centrifugation at max-
imum speed at RT. Supernatant was precipitated using 2 vol-
umes of 100% ethanol and 75 mM of Sodium Acetate, and DNA
was resuspended in TE containing 20 ug/ml of RNAse A (Sigma)
for 30 min. Then DNA was fragmented (200-400 bp) per 5 cycles
30sec ON 30second OFF at low intensity with Bioruptor sonic-
ation device (Diagenode). DNA was denatured for 10 min in boil-
ing water and immediately cool down on ice for 10 min.

500-1000 ng of sonicated gDNA was precipitated using 5 pg of
a-5mC Clone 33D3 (Diagenode) or normal mouse IgG (015-000-
003, Jackson ImmunoResearch) in IP buffer (10 mM Na-Phospate
pH 7.0, 140 mM Nacl, 0.005% Triton x-100) overnight at 4°C with
overhead incubation. Next day, 50ul of Protein G Dynabeads
(Life Technologies), previously washed with PBS-BSA 0.1%, were
added to the mix and incubated for 2h at 4°C with overhead
mixing. Sonicanted gDNA/antibody/beads complex were
washed three times with IP buffer.

Immunoprecipitated DNA was extracted in proteinase K buf-
fer (50 mM Tris pH 8.0, 10mM EDTA and 0.5% SDS) with 7 ul of
proteinase K (10mg/ml, Promega) followed by phenol chloro-
form extraction. DNA was precipitated using 400mM Nacl,
glycogen (1pl) and 2 volumes of 100% ethanol. Then DNA was
resuspended in 60 pul of TE. 100% of the initial amount of DNA
was used as Input.

DNA was analyzed by gPCR with SYBR GreenER gPCR
SuperMix Universal (Life technologies) using Biorad’s CFX96 or
CFX384 Real-time System with an amount of template equiva-
lent to 1 pl of the original elution. For Major Satellite analysis
only, the template was further diluted 1:1000. Validated primers
are listed in Supplementary Material, Table S1. Analyses were
performed using the ACT method, normalizing MeDIP-qPCR
data for input DNA (reported as Relative enrichment to Input in
the figures).

Chromatin immunoprecipitation

ChIP-gPCR was carried out mainly as described in (58) on 1-
DUX4p-C2C12-frt, 5-DUX4p-C2C12-frt and 12-DUX4p-C2C12-frt
muscle cells for ChIP evaluation of histone mark and protein en-
richment, and on 1-DUX4p-C2C12-frt, 5-DUX4p-C2C12-frt and
12-DUX4p-C2C12-frt muscle cells treated with siBmil or siSuz12
for evaluation of protein downregulation on target sites.

Briefly, cells were washed once in PBS and fixed for 10 min in
1% formaldehyde in PBS (from a 37.5% formaldehyde/10%
methanol stock, Sigma). After formaldehyde quenching with
Glycine (final concentration 125mM) for 5min, cells were
washed with PBS, harvested by scraping and pelleted at 1350¢g
for 5min at4°C.

The pellet was lysed in a solution containing 50 mM Hepes-
KOH pH 7.5, 140 mM NacCl, 1mM EDTA, 10% glycerol, 0.5% NP40
and 0.25% Triton X100 for 10 min in ice. Nuclei were pelleted at
1350¢g for 5min at 4°C and washed from detergents in a solu-
tion containing 10mM Tris-HCl pH 8.0, 200mM NacCl, 1mM
EDTA and 0.5 mM EGTA with gentle swirl for 10 min. Next, sam-
ples were centrifuged and the nuclei pellet was lysed in a solu-
tion with 10mM Tris-HCI pH 8.0, 100mM NaCl, 1mM EDTA,
0.5mM EGTA, 0.1% Na-Deoxycholate and 0.5% N-laurylsarco-
sine. Chromatin was sheared by sonication using Bioruptor
(Diagenode), typically 15min (high intensity 30sec ON 30sec
OFF) or as much as needed to reach an optimal size of the frag-
ments between 200bp and 700bp. Triton X-100 was added to
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lysates at a final concentration of 1%, and a clarification step of
10min at 16,360 g at 4 °C followed.

100 pg of chromatin were used for each immunoprecipitation
(10pg for ChIP to histones and histone modifications).
Incubations were carried out at 4°C overnight with 10pg (5ug
for ChIP to histones and histone modifications) of the following
antibodies: a-Bmil (ab85688, Abcam), a-Suz12 (ab12073, Abcam),
a-H3K9me3 (Ab8898, Abcam), o-H3 (ab1791, Abcam) and whole
molecule rabbit IgG (011-000-003, Jackson ImmunoResearch).
Immunoprecipitation with 50 pl of Protein G Dynabeads (Life
Technologies), previously washed with BSA 0.1% in PBS, was
carried out for 3h at 4°C. Before starting the washes, 5% of the
total ChIP volume was taken from the control IgG supernatant
as Input fraction.

Immunoprecipitated chromatin was washed extensively
with a solution containing 50 mM Hepes-KOH pH 7.6, 500 mM
LiCl, 1mM EDTA, 1% NP125 40 and 0.7% Na-Deoxycholate, and
protein-DNA cross-links were reverted by heating at 65°C over-
night in TE buffer 2% SDS.

DNA was purified with QIAquick PCR Purification Kit
(Qiagen) and eluted in 50 pl TE. gPCRs were performed with
SYBR GreenER gqPCR SuperMix Universal (Life Technologies), in
CFX96 or CFX384 Real-time System (Biorad) with an amount of
template equivalent to 1 ul of the original elution. For Major
Satellite analysis only, the template was further diluted 1:1000.
Validated primers are listed in Supplementary Material, Table
S1. Analyses were performed using the ACT method, normaliz-
ing ChIP-gPCR data for input chromatin. For histone modifica-
tion antibodies, the enrichment is expressed as percentage of
total histone (reported in the figures as: Relative enrichment to
H3). For non-histone antibodies, ChIP-gPCR data are shown
relative to the bona fide PcG target gene Evx1 (reported in the fig-
ures as: Relative enrichment to Input - fold over Evx1l), as
described (79). AACT method was used for analyses versus non-
silencing control in ChIP of RNAi samples.

SDS-PAGE and immunoblotting

Protein down-regulation was evaluated by immunoblotting
with mouse o-Bmil (ab85688, Abcam) or «-Suzl2 (ab12073,
Abcam), using o-Vinculin (V9131, Sigma) as loading control. To
this aim, SDS-polyacrylamide gels were prepared following the
recipes described by Sambrook and Russel in Molecular cloning:
a laboratory manual (105) for 10% or 12% gels.

Electrophoresis was performed at 100-120V at RT in 1X Tris-
Glycine SDS (TGS) running buffer pH 8.3 [25mM Trizma (Sigma),
192mM Glycine (Sigma), 0.1% SDS (National Diagnostics)] pre-
pared in milliQ water.

For immunoblotting, transfers were performed using the
iBlot dry blotting system (Life technologies), following manufac-
turer recommended conditions (Life technologies) with P3
program.

For immunohybridization, filters were saturated in 5% non-
fat milk (Sigma) TBS-Tween 0.1% solution (Tris Buffered Saline:
10mM TrisHCl pH 7.4, 140mM NaCl, Tween-20; National
Diagnostics) for 1h at RT or overnight at 4°C. Incubation with
the primary antibody was performed in 5% non-fat milk TBS-
Tween 0.1% solution for 2h at RT or overnight at 4°C. Filters
were then washed 3 times (10 min each) with TBS-Tween 0.1%
at RT. HRP-conjugated secondary antibodies a-mouse (715-035-
150 Jackson ImmunoResearch) or a-rabbit (711-035-152, Jackson
ImmunoResearch) were incubated 5% non-fat milk TBS-Tween
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0.1% solution for 1-2h at RT. Filters were washed again as
described.

For detection, filters were incubated for 5 min with horserad-
ish peroxidase (HRP) chemiluminescent substrate (SuperSignal
West Pico or Dura Chemiluminescent Substrate; Thermo
scientific).

Statistical analyses

All statistical analyses were performed using GraphPad Prism
version 5.0a (GraphPad Software, San Diego, USA). The type of
statistical test, P value, the number of independent experi-
ments, mean and standard error of the mean are provided for
each data set in the corresponding figure legends.

Supplementary Material

Supplementary Material are available at HMG online.
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