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Abstract
Expansion of a CGG-repeat tract in the 5’-untranslated region of the FMR1 gene to>200 repeats results in epigenetic silencing
of the gene by a mechanism that is still unknown. FMR1 gene silencing results in fragile X syndrome (FXS), the most common
heritable cause of intellectual disability. We have previously shown that reactivation of the FMR1 gene in FXS cells with
5-azadeoxycytidine (AZA) leads to the transient recruitment of EZH2, the polycomb repressive complex 2 (PRC2) component
responsible for H3K27 trimethylation, and that this recruitment depends on the presence of the FMR1 transcript. However,
whether H3K27 trimethylation was essential for FMR1 re-silencing was not known. We show here that EZH2 inhibitors in-
creased FMR1 expression and significantly delayed re-silencing of the FMR1 gene in AZA-treated FXS cells. This delay oc-
curred despite the fact that EZH2 inhibition did not prevent the return of DNA methylation. Treatment with compound 1a, a
small molecule that targets CGG-repeats in the FMR1 mRNA, also resulted in sustained expression of the FMR1 gene in AZA-
treated cells. This effect of 1a was also associated with a decrease in the levels of H3K27 trimethylation but not DNA methyla-
tion. Thus, our data show that EZH2 plays a critical role in the FMR1 gene silencing process and that its inhibition can prolong
expression of the FMR1 gene even in the presence of its transcript.

Introduction
Fragile X syndrome (FXS) is the most frequent form of inherited
cognitive impairment and the most common monogenic cause
of autism (reviewed in (1)). It results from the loss of functional
fragile X mental retardation protein (FMRP), an RNA binding
protein that is ubiquitously expressed with particularly high
levels in brain and gonads. Loss of FMRP results in translational
dysregulation that ultimately results in the loss of synaptic
plasticity and thus problems with learning and memory (re-
viewed in (2)). FMRP is also involved in the DNA damage re-
sponse (3) and cancer progression (4).

Most patients with FXS have>200 CGG-repeats in the 5’-
untranslated region of fragile X mental retardation-1 (FMR1), the
gene that encodes FMRP. Such FMR1 alleles, known as full muta-
tion (FM) alleles, undergo transcriptional gene silencing by a
mechanism that is still not well understood (5–7). The chroma-
tin signature of the silenced FMR1 alleles is unusual in that it
has the features of both the facultative and constitutive hetero-
chromatin (8). The facultative marks, H3K9me2 and H3K27me3,
are generally associated with developmentally silenced genes
whereas the constitutive heterochromatin is enriched for
H3K9me3 and H4K20me3 similar to many repeated DNA
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elements in the human genome. We have previously shown
that the constitutive heterochromatin marks are maximal in
the vicinity of the expanded CGG-repeats at the FMR1 locus sug-
gesting that the signal for their recruitment is inherent to the
CGG-repeats (8). The facultative heterochromatin marks are
more broadly distributed at the FMR1 locus consistent with their
ability to spread in cis. The FMR1 transcript has been implicated
in the silencing process in two recent studies (9,10). We showed
that the FMR1 mRNA is responsible for recruitment of EZH2, the
H3K27 trimethylase, to FM alleles that have been reactivated by
treatment with 5-azadeoxycytidine (AZA) (10). It has also been
suggested that the formation of an RNA:DNA hybrid is responsi-
ble for the silencing seen during neuronal differentiation of hu-
man embryonic stem cells (hESCs) (9). However, since the FMR1
gene in the cell lines used in that study were already substan-
tially methylated before differentiation (Supplementary
Material, Fig. S1 in (9)), as indeed are the majority of FXS ESCs
(11), how this silencing recapitulates silencing in vivo remains
unclear.

In an effort to better understand the contribution of
H3K27me3 to FMR1 gene silencing and potentially to find ways
to prevent the re-silencing that typically occurs when AZA is
withdrawn, we tested a number of known EZH2 inhibitors along
with compound 1a (9-hydroxy-5,11-dimethyl-2-(2-(piperidin-1-
yl)ethyl)-6H-pyrido[4,3-b]carbazol-2-ium). This compound has
been suggested to prevent silencing in neurons derived from
FXS embryonic stem cells by preventing the formation of an
RNA:DNA hybrid between the FM transcript and the 5’ end of
the FMR1 gene (9). We show that both 1a and known inhibitors
of EZH2 decreased H3K27 trimethylation and increased the lev-
els of FMR1 transcript in AZA treated cells. Furthermore, both
known EZH2 inhibitors and compound 1a significantly extended
the time that the gene stays transcriptionally active after AZA
withdrawal. However, our data suggest that 1a is not acting to
prevent the formation of an RNA:DNA hybrid. Nor is it acting by
disrupting some other association of the transcript with the
FMR1 gene, such as a triplex. Nevertheless, our data support the
idea that the use of epigenetic modifiers may have therapeutic
potential in FXS and has implications for our understanding of
the sequence of events involved in gene silencing in FXS.

Results
EZH2 inhibitors delay re-silencing of reactivated FM
alleles

Treatment of FXS cells with 10 mM AZA for 3 days results in reac-
tivation of the FMR1 gene (10,12). However, this reactivation is
transient, reaching a maximum 3–7 days after drug withdrawal
(at day 6–10 of treatment), with the FMR1 gene being completely
re-silenced at �20 days after AZA removal (10). We previously
showed that FMR1 re-silencing is preceded by an increase in the
levels of H3K27me3 on the reactivated allele that is dependent
on the presence of the FMR1 transcript (10). The increase in tri-
methylation of H3K27 is also transient, dropping to pre-
reactivation levels as re-silencing occurs. We hypothesized that
if the increase in H3K27me3 on the FMR1 gene was required for
subsequent DNA methylation and gene silencing, then treat-
ment with small molecules that reduce H3K27me3 accumula-
tion on the reactivated allele would prevent or slow the re-
silencing process. We therefore tested three specific EZH2 inhib-
itors, GSK126 (13), GSK343 (14) and UNC1999 (15). Treatment of
FXS cells (GM04025) with 10 mM AZA for 3 days, followed by
treatment with 5 mM of these inhibitors resulted in slightly

higher levels of FMR1 mRNA at day 6 than were seen with AZA
alone (Figure 1A). Treatment with EZH2 inhibitors was also as-
sociated with a �40% reduction in H3K27me3 levels at FMR1
exon1 at day 6 (Figure 1B). Furthermore, while the levels of
FMR1 transcript were still rising in all of the EZH2 inhibitor
treated cells at day 12, the levels of FMR1 mRNA were already
declining in cells treated with vehicle (DMSO) (Figure 1A).
Remarkably, FMR1 mRNA levels in inhibitor-treated cells were
as high at day 20 as at day 6 (Figure 1A). In contrast, in vehicle-
treated cells, the FMR1 mRNA was barely detectable. Thus, all
three EZH2 inhibitors delayed the gene silencing that typically
occurs after AZA is withdrawn. Since all three drugs had a simi-
lar effect on FMR1 expression, subsequent experiments were
limited to trials of GSK126.

As is the case with AZA, treatment with 5 mM of the EZH2 in-
hibitors reduced cell growth. This could potentially confound
data interpretation in a variety of ways. To attempt to reduce
this as far as possible, we tested the effect of reducing the con-
centration of the drug as well as reducing the frequency of its
addition. Treatment with multiple doses of 2.5 mM GSK126 had a
similar effect on the levels of FMR1 mRNA in GM04025 cells as
was seen with 5 mM GSK126 (Figure 1C). Adding a single dose of
2.5 mM/week was also effective (Supplementary Material, Fig.
S1), perhaps reflecting the long residence time of GSK126 on
EZH2 (16). While there was variability in the levels of FMR1
mRNA in different FXS cell lines treated with AZA and 2.5 mM
GSK126, all of the treated cells showed higher FMR1 mRNA lev-
els than cells treated with AZA/DMSO at day 6 and day 10
(Supplementary Material, Fig. S2). Moreover, in all cell lines
re-silencing was delayed, with GSK126 delaying silencing most
effectively on those cell lines that were the slowest to re-
turn to the silenced state in the absence of the inhibitor
(Supplementary Material, Fig. S2). Why some cells are more rap-
idly silenced than others is unclear since all of these lines
showed similar levels of methylation at the start of treatment
(�100%) (Supplementary Material, Fig. S3). As with 5 mM GSK126
treatment, a decrease in the levels of H3K27me3 was seen with
2.5 mM GSK126 in GM04025 cells (Figure 1D). This decrease was
not associated with any additional decline in DNA methylation
levels on the FMR1 gene above and beyond what was seen with
AZA/DMSO as measured by a quantitative methylation-
sensitive PCR (qMS-PCR) assay that measures the methylation
of a single HpaII site (Supplementary Material, Fig. S3). This as-
say also showed that methylation was fully restored at day 20
in AZA/GSK126 treated cells, when substantial amounts of
FMR1 transcript could still be seen (Supplementary Material, Fig.
S3). To confirm that this assay reflected the methylation status
of the region as a whole, we also used a previously described
high resolution melting curve analysis (MS-MCA) that measures
the methylation status of a 105 bp region of FMR1 promoter 5’ of
the CGG-repeats (17). The results of this assay were also consis-
tent with the return of DNA methylation by day 20 in AZA/
GSK126 treated cells (Supplementary Material, Fig. S4). Thus
GSK126 delays re-silencing without preventing the return of
DNA methylation.

Although treatment with 2.5 mM GSK126 alone had min-
imal effect on FMR1 gene reactivation in FXS patient cells
(Supplementary Material, Fig. S2), it did increase FMR1 expres-
sion in GM06897 cells that carry an unmethylated full mutation
(UFM) and that makes normal levels of FMR1 mRNA (Figure 1E).
However, it had no effect on FMR1 expression in control cells
(Figure 1E). This suggests that in addition to delaying the re-
silencing of reactivated alleles, GSK126 has a repeat-dependent
effect on the transcription of alleles that have never been
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silenced. Whether this effect contributes to the elevated levels
of transcript produced from reactivated alleles remains to be
seen.

Treatment with compound 1a also decreases the levels
of H3K27me3 on the reactivated alleles and extends the
time that the gene remains active

Compound 1a is a small molecule that was identified from a
screen for compounds that target the expanded CGG-repeats in
the mRNA (18). It has been reported to prevent silencing of the
FMR1 gene in FXS ESC-derived neurons with its proposed mode
of action being to prevent the formation of an RNA:DNA hybrid
between the FMR1 gene and its transcript (9). In the previous
study, no effect of 1a was seen on alleles that were already si-
lenced (9). We observed a very low level reactivation of the
FMR1 gene in two FXS cell lines after treatment with 10 mM com-
pound 1a for 6 days (0.02% and 0.07% of GUS mRNA in GM04025
and GM07294 cells respectively), suggesting that 1a was also not
effective at reactivating silenced alleles in FXS lymphoblastoid
cells. A very small increase in FMR1 mRNA levels was also seen
in control cells (GM06865) after treatment with 10 mM 1a,

however, a much larger effect was observed in GM06897 cells
that carry an UFM allele (Figure 2A). This differential effect of 1a
on FMR1 mRNA levels in control cells and cells with UFM allele
suggests that, as with GSK126, 1a may also have a repeat-
specific effect on transcription of active alleles.

To test if treatment with compound 1a would prevent re-
silencing of the FMR1 gene after reactivation with AZA treat-
ment, we treated cells from two different FXS patients,
GM04025 and GM07294, with 10 mM AZA for 3 days followed by
treatment with compound 1a once a week and followed the ex-
pression of the FMR1 gene for 24 days. As seen before, FMR1
mRNA dropped to background levels by day 24 in cells treated
with AZA alone, whereas in cells treated with compound 1a fol-
lowing AZA treatment, the FMR1 mRNA levels remained high
(Figure 2B). Similar results were obtained for an additional FXS
cell line tested, GM09145 (Supplementary Material, Fig. S5).
Compound 1f, a structurally related compound that does not in-
teract with the FX repeats (18) and does not delay silencing in
ESC derived neurons (9), had a much more modest effect
(Supplementary Material, Fig. S5).

We then analyzed the abundance of repressive histone
marks associated with the FMR1 gene at day 10 after treatment

Figure 1. EZH2 inhibitors delay re-silencing of the FMR1 gene in AZA treated FXS patient cells. GM04025 cells were treated with 10 mM AZA for 3 days. The medium was

then replaced with fresh medium containing either 5 mM of GSK126, GSK343 or UNC1999 or an equivalent volume of the vehicle alone (DMSO) (A and B) or 2.5 mM of

GSK126 or the equivalent volume of DMSO (C and D). In both sets of experiments medium was replaced with fresh drug containing medium every 3 days. The FMR1

mRNA levels were determined at the indicated time points and were normalized to GUS mRNA levels. The data shown are an average of three independent treatments

and error bars represent the standard deviation. The levels of H3K27me3 present on the FMR1 exon 1 in GM04025 cells were analyzed at day 6. The data shown are an

average of two independent treatments. The ChIP values were first normalized to the input DNA and are expressed relative to the levels observed in cells treated with

AZA alone (B) and relative to GAPDH (D). The error bars represent the standard deviation. E) GM06895 (control) and GM06897 (UFM) cells were treated with either DMSO

or 2.5 mM of GSK126 for 3 days. Data shown are an average of 2 independent experiments and error bars represent the standard deviation. * p< 0.05 by unpaired t test.
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with AZA alone or in cells given a single dose of 1a at day 3. At
this time point, the level of FMR1 mRNA in the 1a treated
GM04025 cells was �1.5-fold higher than it was in the cells
treated with AZA alone (Figure 2C). Even at this time point it is
apparent that treatment with compound 1a significantly de-
creased the levels of not only H3K27me3, but H3K9me2 and
H4K20me3 as well (Figure 2D). This was particularly notable
since we have previously shown that the levels of the H3K9me2
and H4K20me3 on the FMR1 gene do not change appreciably
with AZA treatment alone (10). Treatment of AZA treated cells
with 1a did not further reduce DNA methylation on the FMR1
gene (Supplementary Material, Fig. S6). Thus the increase in
FMR1 transcript with 1a treatment was not the result of an ef-
fect on DNA methylation per se.

Treatment with compound 1a does not reduce the
amount of RNA:DNA hybrid formed on the reactivated
allele

A previous study suggested that an RNA:DNA hybrid forms only
on FM alleles in a specific window of time during neuronal

differentiation with the duplex acting to initiate FMR1 gene si-
lencing (9). However, work by others has suggested that such
hybrids form even on normal alleles in differentiated cells (19).
To address the question of which FMR1 alleles form RNA:DNA
hybrids we tested cells containing normal and FM alleles using
a DNA:RNA immunoprecipitation (DRIP) assay with the S9.6
antibody that is widely used for this purpose (20–24). Evidence
of an RNA:DNA hybrid at the FMR1 exon 1 region was seen
in control cells (GM06865 and GM06895) (Figure 3A and
Supplementary Material, Fig. S7). Thus, our data are consistent
with the report of Loomis et al. (19) and confirms the idea that
hybrid formation is not confined to FM alleles. We also observed
a hybrid in cells with a UFM allele that makes normal levels of
FMR1 mRNA (GM06897) and FXS patient cells where the FMR1
gene was reactivated by AZA treatment (GM04025 and
GM07294) (Figure 3A and Supplementary Material, Fig. S7). In
normal cells the levels of DRIP signal at the FMR1 exon 1 region
were comparable to the DRIP signal at the c-actin locus, a region
known to form an RNA:DNA hybrid (25). In the UFM line, the
amount of hybrid at FMR1 was more than twice that at c-actin.
In the AZA reactivated FM cells, the levels of hybrid at FMR1

Figure 2. Treatment with compound 1a increases FMR1 transcript levels and also delays re-silencing. (A) GM06865 (control) and GM06897 (UFM) cells were treated with

either DMSO or 10 mM of compound 1a for 3 days. The data shown is an average of 3 independent experiments for GM06865 cells and 2 independent experiments for

GM06897 cells. The error bars represent the standard deviation. * p<0.05 by unpaired t test. (B) FXS cells (GM04025 and GM07294) were treated with 10 mM AZA for

3 days followed by addition of either DMSO or 10 mM compound 1a in DMSO once a week. The FMR1 mRNA levels were determined at indicated times and normalized

to GUS mRNA. Data shown are an average from three independent experiments and the error bars represent the standard deviation. (C–D) GM04025 cells were treated

with 10 mM for 3 days followed by addition of either DMSO or 10 mM compound 1a in DMSO. (C) The FMR1 mRNA levels are shown relative to the levels seen at day 3.

The data shown are an average of 5 independent experiments and error bars represent the standard deviation. ** p¼ 0.0053 by paired t test. (D) The abundance of

H3K9me2, H3K9me3, H4K20me3 and H3K27me3 at FMR1 exon1 was analyzed at day 10 and is shown relative to Sat2 repeats. The data shown are an average of 5 inde-

pendent experiments and the error bars represent the standard deviation. *p<0.05 by paired t test.
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were again more similar to that at c-actin. The higher levels of
RNA:DNA hybrid formed by UFM alleles would be consistent
with the idea that the extent of hybrid formation is directly re-
lated to repeat length. The drop in the RNA:DNA hybrid relative
to c-actin in cells carrying reactivated FM alleles would be con-
sistent with the fact that while the CGG-repeat number in these
alleles is high, the total amount of FMR1 mRNA is relatively low
since the alleles were only partially reactivated. While our data
support the idea that an RNA:DNA hybrid forms at reactivated
FXS alleles, treatment with 1a did not reduce the amount of this
hybrid (Figure 3B and Supplementary Material, Fig. S7), suggest-
ing that 1a is not affecting re-silencing by preventing the forma-
tion of the RNA:DNA hybrid.

To address the possibility that 1a affects the association of
the transcript with the FMR1 gene in some other way, for exam-
ple, by disrupting triplex formation, we analyzed the distribu-
tion of FMR1 mRNA in the subcellular fractions prepared from
normal and AZA treated FXS patient cells where the FMR1 gene
was reactivated. NEAT1 RNA, a non-coding RNA enriched in the
chromatin fraction, was used to monitor the efficiency of sub-
cellular fractionation (data not shown). A greater proportion of
the FMR1 mRNA was retained in the chromatin fraction in UFM
(GM06897) and AZA treated FM cells (GM04025 and GM07294)
than in control cells (GM06865 and GM06895) (Figure 4A).
However, while treatment of FXS cells with AZA followed by
treatment with 1a resulted in an increase in the levels of FMR1
mRNA in all fractions, it did not alter its enrichment in the chro-
matin fraction (Figure 4B). This suggests that 1a may not be af-
fecting FMR1 silencing via affecting the association of FMR1
mRNA with the FMR1 promoter as previously suggested (9).

Discussion
We have previously shown that FMR1 mRNA is responsible for
the transient enrichment of the repressive histone modifica-
tion, H3K27me3, on FM alleles that have been reactivated with
AZA (10). We show here that preventing trimethylation of

H3K27 with different EZH2 inhibitors results in the sustained
expression of FMR1 long after AZA withdrawal (Figure 1). This
firmly establishes H3K27 trimethylation as a key event in the
FXS gene silencing process, despite the transient nature of its
increase. Furthermore, it suggests that despite the fact that the
FMR1 transcript is the trigger for re-silencing as we previously
demonstrated (10), it is possible to circumvent this Catch-22 sit-
uation to maintain the gene in the active state in the presence
of ongoing FMR1 transcription. Our data also show that while
EZH2 inhibitors prevent or delay re-silencing of FXS alleles, they
do so despite the fact that they do not delay DNA re-
methylation (Supplementary Materials, Fig. S3 and S4). This
would be consistent with DNA methylation either preceding or
being independent of H3K27 trimethylation.

We also show that a greater proportion of FMR1 mRNA from
reactivated FM alleles is present in the chromatin fraction than
in cells with normal alleles (Figure 4A). The abnormal nuclear
localization of FM transcripts is reminiscent of what has been
reported for the DMPK transcripts responsible for a related re-
peat expansion disorder, myotonic dystrophy type 1 (26). This
abnormal nuclear retention of the FMR1 transcript may contrib-
ute to the reduced FMRP expression seen in reactivated cells
with larger FM alleles. Some of the retained transcript is in-
volved in the formation of an RNA:DNA hybrid in these cells as
illustrated by pull-down of the 5’ end of the FMR1 gene with an
antibody specific for RNA:DNA hybrids (Figure 3A). Our data also
confirm previous observations that even normal alleles form
RNA:DNA hybrids (19), as do cells carrying UFM alleles. It is pos-
sible that silencing does not occur on normal alleles because
the RNA:DNA hybrid is only long and/or stable enough to trigger
silencing when the repeat length exceeds the FM threshold.
UFM alleles may not become silenced because they are missing
a key factor downstream of hybrid formation that is required to
complete the silencing process (27).

Compound 1a, like the EZH2 inhibitors, also prevented re-
silencing of AZA reactivated alleles (Figure 2B). However, treat-
ment with 1a did not change the amount of RNA:DNA hybrid

Figure 3. Compound 1a does not reduce RNA:DNA hybrid formation. The RNA:DNA hybrid was immunoprecipitated with S9.6 antibody from untreated control

(GM06865 and GM06895), UFM (GM06897) and AZA treated FXS patient cells at day 6 (GM04025 and GM07294) (A) and AZA treated FXS patient cells (GM04025 and

GM07294) with and without 1a treatment at day 6 (B). DNA:RNA immunoprecipitation (DRIP) signal shown is an average of two independent experiments. The error

bars represent the standard deviation. The c-actin locus is a positive control region and ZNF554 is a negative control region for RNA:DNA hybrid.
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produced on the FMR1 5’ end (Figure 3B). Nor did it prevent the
association of the FMR1 transcript with the chromatin fraction
(Figure 4B). Thus, 1a is not acting to prevent the formation of
the RNA:DNA hybrid or some other association of the transcript
with the FMR1 gene like a triplex. Since 1a has also been shown
to block binding of a number of CGG-repeat binding proteins
(18), it is possible that this compound delays the silencing of
reactivated alleles by preventing the recruitment of repressive
histone modifiers that bind the CGG-repeats. It is also possible
that 1a inhibits the expression of these or other related proteins
that are involved in the re-silencing process. These possibilities
would be consistent with the fact that in addition to reducing
H3K27me3, treatment with 1a reduced the levels of repressive
histone marks H3K9me2 and H4K20me3 (Figure 2D). This may
also explain why 1a treatment resulted in higher levels of FMR1
expression than the EZH2 inhibitors in AZA-treated cells.

GSK126 did not affect FMR1 expression in control cells in the
absence of AZA treatment and 1a showed only a modest effect.
However, they both significantly increased the yield of full-
length transcript in cells with a UFM (Figures 1E and 2A) sug-
gesting that these compounds also have a repeat-mediated
effect on promoting FMR1 expression from active alleles. It is
possible that these compounds affect the expression of a
repeat-binding protein that promotes FMR1 transcription or
that improves transcription elongation through the repeat in
some way.

We have previously shown that the FMR1 transcript is re-
sponsible, either directly or indirectly, for the recruitment of the
PRC2 complex to the FMR1 locus (10). The fact that the FMR1
mRNA from FM alleles is required for recruiting PRC2 suggests
analogies to what has been proposed for some long non-coding
RNAs (lncRNAs) involved in gene silencing (28–32). However, the
idea that PRC2 is recruited to its target genes by direct binding
to lncRNAs has recently been challenged (33,34). In particular,
it has been shown that in general it is a promoter silencing
that leads to the recruitment of PRC2 rather than the other
way around (35). This has led to the suggestion that a high den-
sity of unmethylated CpG residues, nucleosome depletion or

transcription factor eviction is responsible for genome-wide
PRC2 recruitment rather than any specific transcript (36–38).
However, since knockdown of the FMR1 transcript reduced the
levels of EZH2 on the FM allele (10), it is unlikely that PRC2 re-
cruitment is simply due to any of these events. Thus, it may be
that PRC2-recruitment to FM alleles differs from how it is re-
cruited to normal PRC2 target genes. In any event, the fact that
H3K27me3 only increases transiently after AZA withdrawal
would be consistent with a model in which proteins in the PRC2
pathway recruit other downstream epigenetic marks that result
in a decrease in FMR1 transcription initiation as illustrated in
Supplementary Material, Fig. S8. This in turn would lead to a
drop in PRC2 recruitment to the FM allele and thus a decrease in
H3K27me3 levels.

Whether re-silencing of FX alleles after AZA treatment resem-
bles de novo silencing in the embryo is uncertain. For one thing,
AZA treatment does not remove all of the repressive histone
marks from reactivated FMR1 alleles. Nonetheless, the fact that
inhibition of H3K27me3 deposition, either by using EZH2 inhibi-
tors or compounds like 1a, causes FMR1 gene re-silencing to be
significantly delayed, might be useful therapeutically. Restoring
FMRP expression for therapeutic purposes poses a number of
challenges that still need to be overcome, including the fact that
long CGG-repeats reduce the efficacy of translation of any tran-
script generated (39,40) and that too much RNA with long CGG-
repeat tracts can be deleterious (41–44) perhaps via its ability to
sequester important cellular proteins (45,46) or to generate a toxic
protein via Repeat-Associated Non-ATG (RAN) translation (47,48).
However, since FMRP levels are thought to vary widely in human
population, and women with the FM who make no FMRP in half
their cells often do not meet the criteria for a FXS diagnosis, it
may be that only partially restoring FMR1 expression may still
have some therapeutic value. The use of AZA followed by EZH2
inhibitors, perhaps in combination with factors that improve the
export of FMR1 mRNA to the cytoplasm and thus FMRP transla-
tion, may allow prolonged gene reactivation while reducing any
potential negative effect of continuous AZA use and minimizing
any impact of the CGG-containing transcript.

Figure 4. Compound 1a does not affect the enrichment of the FMR1 mRNA in the chromatin fraction. Total RNA and RNA from the indicated fractions was isolated

from untreated control (GM06865 and GM06895), UFM (GM06897) and AZA treated FXS cells at day 7 (GM04025 and GM07294) (A) and AZA treated GM04025 cells with

and without 1a treatment at day 7 (B). FMR1 mRNA levels are expressed relative to GUS mRNA. Data shown are an average of at least two independent experiments

and error bars represent the standard deviation.
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Materials and Methods
Cell lines and reagents

All the lymphoblastoid cell lines used in this study were male
cell lines obtained from Coriell Cell Repositories (Camden, NJ).
These include the control cell lines (GM06865 and GM06895),
FXS patient cell lines carrying the methylated full mutation al-
lele (GM04025, GM03200B, GM09145 and GM07294), and a FXS
patient cell line carrying the unmethylated full mutation (UFM)
allele (GM06897). The cells were grown in RPMI 1640 supple-
mented with 10% FBS and 1X antibiotic-antimycotic liquid con-
sisting of penicillin, streptomycin and fungisone (ThermoFisher
Scientific, Waltham, MA). The DNA methyl transferase inhibi-
tor, 5-azadeoxycytidine (AZA), and EZH2 inhibitors, GSK126,
GSK343 and UNC1999 were obtained from Cayman Chemical
(Ann Arbor, MI) and used at the indicated concentrations.
Compound 1a was a kind gift of Dr. Matthew Disney (The
Scripps Research Institute, Jupiter, FL). Chromatin immunopre-
cipitation assay kits, anti-histone H3K27me3 antibody (07–449),
normal mouse IgG (12–371) and normal rabbit IgG (12–370) were
purchased from EMD Millipore (Billerica, MA). Antibodies
against histone H3K9me2 (ab1220), and histone H3K9me3
(ab8898) were from Abcam (Cambridge, MA). Antibodies against
histone H4K20me3 (39180) were from Active Motif (Carlsbad,
CA).

Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed as described before (10) using a
ChIP assay kit from EMD-Millipore. To prepare chromatin for
immunoprecipitation, cells were fixed with 1% formaldehyde
for 10 minutes at room temperature and lysed as per the kit
manufacturer’s instructions. The chromatin was sonicated
into<500 bp fragments using BioruptorVR (Diagenode, Denville,
NJ). Real-time PCRs on the immunoprecipitated DNAs were car-
ried out in triplicate in 20 ml final volume using the Power
SYBRTM Green PCR master mix (ThermoFisher Scientific) and
200 nM of each primer and 2 ml of DNA. For amplification of
FMR1 exon1, the primer pair Exon1-F and Exon1-R was used.
This primer pair amplifies the regionþ236 toþ312 relative to
the transcription start site. GAPDH was amplified with primers
hsGAPDH exon1F1 and hsGAPDH intron1R1. Sat2 repeat region
was amplified with primers hsSat2 repeat-F1 and hsSat2 repeat-
R1. The primer sequences are listed in Supplementary Material,
Table S1. For quantitation the comparative threshold (Ct)
method was used. Enrichment over 5% of input was calculated
and where indicated was normalized to GAPDH or Sat2 repeat
region. Students’s t test was used to calculate p values
(GraphPad Software, Inc., La Jolla, CA).

RNA methods

Isolation of RNA from cytoplasmic, nucleoplasmic and chroma-
tin fractions was done exactly as described previously (49).
Total RNA was isolated from untreated or cells treated with var-
ious drugs using TrizolVR reagent (ThermoFisher Scientific) as
per manufacturer’s recommendation. Quantitative reverse
transcription-PCR (qRT-PCR) was done as previously described
(50). For the subcellular fractionation experiments, the RNAs
were treated with TURBOTM DNase (ThermoFisher Scientific) for
30 minutes at 37 �C and cleaned by phenol-chloroform and etha-
nol precipitation before using it for qRT-PCR. Real-time PCRs
were done in triplicate in a final volume of 20 ml using TaqManVR

Fast Universal PCR Mastermix (ThermoFisher Scientific), 2 ml
cDNA and 1X TaqmanVR probe-primer pair. The TaqmanVR

probe-primer pair (FAMTM for FMR1 and NEAT1, and VICVR for
b-glucuronidase (GUS)) were obtained from ThermoFisher
Scientific.

DNA methylation analysis

DNA was isolated from cells using the salting out method (51).
DNA methylation at the FMR1 locus was analyzed using a quan-
titative methylation sensitive PCR (qMS-PCR) strategy as previ-
ously described (52). Briefly, exon 1 region 5’ of the CGG-repeats
in the FMR1 gene was amplified by qPCR using primers FMR1 ex1
(F) and FMR1 ex1 (R) on samples that had been either mock di-
gested or digested with HpaII. The region amplified by these pri-
mers contains a recognition site for HpaII and thus digestion
prevents the amplification of unmethylated alleles. The extent
of methylation can then be determined by comparison of the
yields of PCR product with and without HpaII predigestion. The
GAPDH region was used as a control for HpaII digestion and
was amplified with primers hsGAPDH exon1F1 and hsGAPDH
intron1R1. A high resolution methylation-specific melting curve
analysis (MS-MCA) assay was also used to analyze DNA methyl-
ation at the FMR1 promoter region, where indicated, as previ-
ously described (17). Briefly, 500 ng of genomic DNA was bisulfite
modified using the EZ DNA Methylation-LightningTM kit (Zymo
Research Corp, Irvine, CA) as per the manufacturer’s instruc-
tions by incubating the samples at 98 �C for 10 minutes and 64 �C
for 90 minutes. The bisulfite converted DNA was purified using
the kit reagents and eluted in 10 ml of elution buffer. Realtime
PCR was done using 3 ml of purified DNA, 200 nM each of primers
2541 and 2645R and Power SYBRTM Green PCR master mix
on ViiATM7 Real-Time PCR system (ThermoFisher Scientific).
Melting curve analysis was performed immediately after ampli-
fication using ViiATM7 RUO software v1.2. The primer sequences
are listed in Supplementary Material, Table S1.

DNA-RNA immunoprecipitation (DRIP) assay

DRIP assay was performed as described earlier (25) with slight
modifications. DNA was isolated from cells using the salting out
method (51). The anti RNA:DNA hybrid antibody (S9.6) was a gift
of Dr. Stephen Leppla (National Institute of Allergy and
Infectious Diseases). For each DNA sample, three DRIPs were
performed: No antibody control, S9.6 antibody and RNAse H
treatment followed by S9.6 antibody. A total of 25 mg DNA was
either mock digested or digested with 30 units of RNAse H (New
England Biolabs, Ipswich, MA) in 100 ml final volume at 37 �C for
6 hours. The volume was made up to 400 ml with 300 ml of ChIP
dilution buffer (from the ChIP assay Kit from EMD Millipore) and
sonicated to fragments<500 bp using BioruptorVR (6 minutes at
medium setting, 30 seconds ON/30 seconds OFF). To 350 ml of the
sonicated DNA, 650 ml of the ChIP dilution buffer and 10 ml of
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) was
added and mixed. An aliquot (1%) was saved as input sample.
The sonicated DNA was then precleared with 50 ml of Protein A
agarose beads/Salmon sperm DNA slurry (EMD Millipore,
Catalog # 16–157) for one hour on a rotator in cold. The pre-
cleared supernatant was incubated with or without �4 mg S9.6
antibody overnight on a rotator in cold. The sample was then
incubated with 60 ml of the Protein A agarose beads/Salmon
sperm DNA slurry to collect the immune complexes. The mate-
rial was washed as in the ChIP assay (1 X low salt wash buffer,
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1 X high salt wash buffer, 1 X LiCl wash buffer, 2 X TE pH 8.0).
The immunoprecipitated material was then eluted from the
beads using elution buffer as in the ChIP assay. The input and
DRIP samples were treated with phenol chloroform and precipi-
tated overnight at �20 �C with 0.3 M sodium acetate and etha-
nol. After washing with 70% ethanol, the samples were
resuspended in 50 ml 0.1X TE pH 8.0. Real-time PCR was carried
out in triplicate in 20 ml final volume using the Power SYBRTM

Green PCR master mix, 2 ml of DNA and 200 nM of each primer.
The following primer pairs were used for amplification of the
FMR1 gene, Exon1-F and Exon1-R and Intron1-F and Intron1-R.
The c-actin-F and c-actin-R primers (25) were used to amplify a
positive control region and ZNF554-F and ZNF554-R primers (19)
were used to amplify a negative control region for the presence
of an RNA:DNA hybrid. The primer sequences are listed in
Supplementary Material, Table S1.

Supplementary Material
Supplementary Material is available at HMG online.
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