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Acetylated histones are associated with FMR1 in normal
but not fragile X-syndrome cells

Bradford Coffeel, Fuping Zhang?, Stephen T. Warren? & Daniel Reines!

Mutation of FMRL1 results in fragile X mental retardation®. The
most common FMR1 mutation is expansion of a CGG repeat
tract at the 5" end of FMR1 (refs 2-4), which leads to cytosine
methylation and transcriptional silencing®®. Both DNA methyla-
tion and histone deacetylation have been associated with tran-
scriptional inactivity’™. The finding that the methyl cytosine-
binding protein MeCP2 binds to histone deacetylases and
represses transcription in vivol%1l supports a model in which
MeCP2 recruits histone deacetylases to methylated DNA, result-
ing in histone deacetylation, chromatin condensation and tran-
scriptional silencing!2. Here we demonstrate that the 5" end of

FMR1 is associated with acetylated histones H3 and H4 in cells
from normal individuals, but acetylation is reduced in cells from
fragile X patients. Treatment of fragile X cells with 5-aza-2'-
deoxycytidine (5-aza-dC) resulted in reassociation of acetylated
histones H3 and H4 with FMR1 and transcriptional reactivation,
whereas treatment with trichostatin A (TSA) led to almost com-
plete acetylated histone H4 and little acetylated histone H3 reas-
sociation with FMR1, as well as no detectable transcription. Our
results represent the first description of loss of histone acetyla-
tion at a specific locus in human disease, and advance under-
standing of the mechanism of FMR1 transcriptional silencing.

a chromatin immunoprecipitation b
normal cells fragile X cells
FJ-1
P i 5 B E g 2 & E g genomic DNA RT-PCR
- - - = e ) - T
313 % 2 ZE|IZE 20 % Elnsooos o normal calls fragila X calls
. :ee | 2 §
E;% e — D — G6PD ; E %E E E g 25 1]
32 "
3= =
'g < —— o —— - FMR1 =2
gy -4 -4 1 FMR1
-
FMRUGEPD 441 4135 137 108 118 012 QL8 011 023 DA 017
= — —— - - - &=  HPRT1
@ -
iz =
§§ - —— A — S ——— —— O — — G6PD
g
© - —— — — — FMR1
FMRI/G6PD 147 125 1.4 1.0% 143 018 D17 Q6 036 010 020
C chromatin immunoprecipitation
anti-phospho-H3 anti-acetyl-H3
antibody antibody
normal | fragile X normal | fragile X
cells calls cells calls
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shown to illustrate that the intensities of the bands are proportional to the -
amount of input DNA. A control experiment lacking antibody (no Ab, J-1) for -
the J-1 cell line is also shown (top). Ratios of FMR1 to G6PD band intensities -
are indicated under their respective lanes. b, Multiplex RT-PCR analysis of il - — G6PD
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scripts. Total RNA was collected from the respective cell lines and subjected to
RT-PCR. ¢, Comparison of anti-phospho H3 with anti-acetyl H3 in chromatin
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on the indicated cell lines using either anti-phospho-H3 or anti-acetyl-H3

antibodies. The immunoprecipitated DNAs were subjected to multiplex PCR

analysis using primer pairs for G6PD and FMR1 as described.

IDepartment of Biochemistry, Emory University School of Medicine, Atlanta, Georgia 30322, USA. ZHoward Hughes Medical Institute and Departments of
Biochemistry, Genetics and Pediatrics, Emory University School of Medicine, Atlanta, Georgia 30322, USA. Correspondence should be addressed to D.R.

(dreines@emory.edu).

98

nature genetics « volume 22 « may 1999



#A © 1999 Nature America Inc. » http://genetics.nature.com

#4 © 1999 Nature America Inc. * http://genetics.nature.com

letter

Fig. 2 Chromatin immunoprecipi- a
tation and transcription of FMR1
after 5-aza-dC treatment. a, Quan-
titative multiplex PCR analysis of
DNA in chromatin immunoprecipi-
tated from a normal cell line (TN7)
and a fragile X-patient cell line
(GM3200A) treated with 5-aza-2'-
deoxycytidine for 10 d using anti-
acetyl-H4 and  anti-acetyl-H3
antibodies. Multiplex PCR analysis
was carried out as described in
Fig. 1. b, Multiplex RT-PCR analysis
of total RNA prepared from the
same cell lines used above. Primer
pairs are as described.
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To determine if the silencing of hypermethylated FMR1
observed in fragile X syndrome is consistent with a model in
which methylation is coupled with histone-acetylation state,
we immunoprecipitated chromatin®3 from normal and fragile
X-syndrome lymphoblastoid cells. Proteins were cross-linked
to DNA in situ followed by sonication, which randomly frag-
mented the DNA. DNA associated with acetylated histone H4
or acetylated histone H3 was immunoprecipitated by anti-
bodies against acetylated H4 or acetylated H3 peptides. The
immunoprecipitated DNA was analysed by PCR with primers
specific for the 5" end of FMR1 (240 bp downstream from the
CGG repeats), or a nearby gene on the X chromosome that
encodes glucose-6 phosphate dehydrogenasel* (G6PD).

We recovered G6PD DNA equally well from normal or
patient cell lines using anti-acetyl-H4 or anti-acetyl-H3 pep-
tide antibodies. Conversely, FMR1 DNA levels were reduced in
immunoprecipitations from six unrelated fragile X-patient
(male) cell lines compared with five normal (male) cell lines
(Fig. 1a). With anti-acetyl-H4 antibody, the ratio of FMR1 to
G6PD DNA averaged 1.17+0.08 in 5 normal cell lines, whereas
the ratio in 6 fragile X-patient cell lines was only 11% of con-
trol (0.13+0.06). We obtained a similar result with anti-acetyl-
H3 antibody (FMR1:G6PD, 1.26+0.13 and 0.20+0.09 in
normal and fragile X cells, respectively). Obtaining PCR prod-
ucts was dependent on the addition of antiserum (Fig. 1a).
Chromatin immunoprecipitation with anti-phospho-H3 pep-
tide antibodies, in contrast to the anti-acetyl-H3 antibodies
used above, yielded similar amounts of FMR1 DNA from
patient and normal cells (Fig. 1c). Hence, FMR1 in fragile X
patients appears to be associated with unacetylated histones.
RT-PCR analysis of total RNA from five normal and five fragile
X cell lines showed that FMR1 was transcriptionally active in
the former and transcriptionally silent in the latter (Fig. 1b).
These results show a direct correlation between loss of FMR1
expression and the reduced acetylation of histones at the 5" end
of FMR1.

Cells treated with the DNA methyltransferase inhibitor 5-
aza-dC show reduced DNA methylation and increased tran-
scription of target genes, including FMR1 (refs 15-17). If
MeCP2 is responsible for FMR1 silencing by recruiting his-
tone deacetylases specifically to the methylated gene, then
demethylation with 5-aza-dC should result in increased acety-
lation of histones H3 and H4. We treated the fragile X cell line,
GM3200A, and a normal cell line, TN7, with 5-aza-dC, and
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immunoprecipitated chromatin with anti-acetyl-H4 or anti-
acetyl-H3 antibodies. The association of acetylated H3 and H4
with FMRL1 in patient cells increased to nearly control levels
(Fig. 2a). Treatment with 5-aza-dC also increased the amount
of both histones associated with wild-type FMR1. Whether
this reflects a basal level of methylation present at unexpanded
FMR1 alleles or is independent of methylation is unclear. RT-
PCR analysis confirmed that transcription was reactivated in
5-aza-dC—treated fragile X cells (Fig. 2b) and Southern-blot
analysis of 5-aza-dC—treated, fragile X-cell DNA showed par-
tial demethylation of FMR1 promoter DNA (data not shown).
Presumably, renewed transcription results from an increase of
acetylated histones at FMR1, which in turn follows the reduc-
tion in DNA methylation. As the length of the CGG repeat
tract is unchanged in 5-aza-dC—treated cells, these data also
demonstrate that association with acetylated histones depends
on the methylation state of DNA and not the length of the
CGG repeat tract.

Inhibition of histone deacetylases with TSA increases the
acetylation level of histones and in some cases activates gene
transcription8-20, Treatment of fragile X cells with TSA (100
ng/ml) resulted in a gradual increase in the amount of FMR1
DNA co-immunoprecipitated by anti-acetyl H4, reaching a
level comparable with normal cells by 24 hours (Fig. 3a,b). In
contrast, the level of acetylated H3 associated with FMR1
increased slightly, if at all (Fig. 3a,b). Restoring acetylated H4
to FMR1 under these conditions was insufficient to reactivate
transcription (Fig. 3c). Transcription remained undetectable
even after 96 hours of treatment (data not shown). The inabil-
ity to fully restore acetylated histones to FMRL1 or reactivate
transcription after TSA treatment may be due to TSA-resistant
histone deacetylases operating at FMR1. Indeed, differential
sensitivities to TSA have been documented for purified yeast
histone deacetylases A and B (ref. 21). Alternatively, methyla-
tion-dependent silencing of transcription may have a compo-
nent independent of deacetylase activity.

We have shown that there is a loss of acetylation of histones
H3 and H4 associated with the 5" end of FMR1 that is specific
to fragile X-patient cell lines containing a CGG repeat expan-
sion. It has been previously shown by nuclease sensitivity that
the chromatin structure at the 5" end of FMR1 is altered in
fragile X cells?2. In addition, in vivo footprinting studies
showed that protein-DNA interactions in the FMR1 promoter
in normal cells are absent in cells derived from fragile X
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patients whose FMR1 gene is transcriptionally silent?324,
These results are consistent with a model in which CGG-repeat
expansion and methylation of FMR1 result in the recruitment
of transcriptional silencing machinery to the gene, followed by
loss of transcription. The inability to reactivate transcription
with TSA is in accordance with other reports showing that
drug-induced increases in histone acetylation are ineffective in
activating transcription from some promoters such as the P1
promoter of c-myc (ref. 25), the herpes simplex virus thymi-
dine kinase promoter?® and certain methylated genes in
tumour cells?’. A survey of human genes by differential display
indicated that TSA treatment alters expression of only a small
(2%) fraction of those examined!8. We conclude that methyla-
tion-dependent silencing of FMR1 is refractory to the inhibi-
tion of deacetylase activity by TSA and the resulting increase in
association with acetylated H4. It is possible that a critical
threshold of acetylated histone reassociation has not been
achieved by TSA treatment, particularly with acetylated H3.
Dual treatment of cells with TSA and a subthreshold dose of 5-
aza-dC might reactivate patient FMR1, as described recently
for a number of hypermethylated genes silenced in cancer?’.
Although other factors involved in regulating FMR1 activity
will need to be considered, including the poor translational
competency of FMR1 mRNA with lengthy repeats?8, our data
reveal details of the mechanism of FMR1 transcriptional
silencing. Further work will be required to learn if MeCP2 (or
another methyl-cytosine binding protein) is involved in FMR1
silencing and which histone acetylases and deacetylases act on
FMR1-associated nucleosomes.
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Fig. 3 Chromatin immunoprecipitation and transcription of FMR1 after TSA
treatment. a, Quantitative multiplex PCR analysis of DNA precipitated from
chromatin prepared from a normal cell line (TN7) and a fragile X-patient cell
line (GM3200A). Cells were treated for the indicated times with TSA (100
ng/ml) and subjected to immunoprecipitation using anti-acetyl-H3 and anti-
acetyl-H4 antisera. Multiplex PCR analysis was performaed as described in
Fig. 1. b, Quantitation of FMR1 and G6PD DNA from chromatin immunoprecip-
itated with anti-acetyl-H3 (circles) and anti-acetyl-H4 (squares). Signals from
PCR reactions in (a) were normalized to levels obtained from untreated TN7
cells (100%). ¢, Multiplex RT-PCR analysis of total RNA from the TN7 and
GM3200A cell lines treated with TSA.

Methods

Cell culture and drug treatments. EBV-transformed lymphoblastoid cell
lines were derived from normal males or males with the typical clinical
phenotype of fragile X syndrome. In normal cells, the FMR1 repeat is of
normal length and methylation status, whereas those cells derived from
patients exhibited repeat lengths in excess of 300 triplets and were
hypermethylated. Cells were cultured in RPMI1640 media supple-
mented with 10% fetal calf serum, L-glutamine (2 mM) and 1xpeni-
cillin/streptomycin at 37 °C in a 5% CO, atmosphere. We added TSA
(100 ng/ml; Sigma) to cells for the indicated times before collecting
them. For 5-aza-dC (Sigma) treatments, we synchronized lymphoblas-
toid cells with thymidinel” (1 mM) for two 8-h blocks. Cells were seeded
in two separate flasks and cultured for 10 d, with one flask containing 5-
aza-dC (1 pM) and the other containing no drug. We changed the media
(+5-aza-dC) every 48 h.

Chromatin immunoprecipitation and quantitative multiplex PCR. We
carried out chromatin immunoprecipitation as recommended by the
supplier of the anti-acetyl-H3 and anti-acetyl-H4 antibodies (Upstate
Biotech). These antibodies were generated against chemically synthesized
peptides corresponding to aa 2-19 of Tetrahymena thermophila H4 and
1-21 of T. thermophila H3 with acetyl groups on lysines 4,7,11 and 15,
and 9 and 14, respectively?®. Anti-phospho-H3 (serine-10) peptide antis-
era was a gift from D. Allis®0. After chromatin immunoprecipitation,
DNA was purified by gel exclusion (P6, BioRad) equilibrated with Tris-
HCI (pH 8.0). Immunoprecipitated DNA (but not J-1 genomic samples)
was digested with Xhol before PCR to separate the CGG repeat from the
PCR-amplification target site. This digestion improved the efficiency of
amplification of FMR1 DNA to nearly the same level as G6PD, presum-
ably due to the separation of the CGG repeat from the PCR target. We
used primers 5-GCTCGGCGGGATGTTGTTGGGAGGGAAGGA-3
(forward) and 5’ -GGGAATAA-GCCATCGCCGTCACTTAGCGCCGAT
TTC-3" (reverse) to amplify FMR1 (+436 to +671 relative to the tran-
scription start site) and primers 5 ~TAGGGCCGCATCCCGCTCCGGA-
GAGAAGTCT-3" (forward) and 5-CTGCCATA-CCCGCTGCCGCT-
GCTCTGCATC-3" (reverse) to amplify G6PD (-278 to +202) from
immunoprecipitated DNA. We performed amplification (32 cycles) at
94, 65 and 72 °C for 30, 30 and 60 s, respectively. PCR products were elec-
trophoresed on 2% agarose gels, ethidium-bromide stained, imaged with
a Stratagene EagleEye imaging system and quantitated with Molecular
Dynamics ImageQuant software.
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RT-PCR. Total RNA was collected from the cells with Trizol (Gibco) following
the manufacturer’s instructions. RT-PCR was carried out using the GeneAmp
RNA PCR kit (Perkin Elmer) following the manufacturer’s protocol. PCR
products were electrophoresed and imaged as described above. Primers for
HPRT1 amplification were 5'-CGTGGGGTCCTTTTCACCAGCAAG-3
(forward, spanning exons 2 and 3) and 5-AATTATGGACAGGACT-
GAACGTC-3" (reverse, located in exon 7). Primers for FMR1 were 5—
CACTTTCGGAGTCTGCGCAC-3" (forward, located in exon 7) and 5-
TAGCTCCAATCTGTCGCAACTGC-3’ (forward, located in exon 14).
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