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The fragile X locus is prone to spontaneous DNA
damage that is preferentially repaired
bynonhomologousend-joiningtopreservegenomeintegrity

Daman Kumari,1,4 Rachel Adihe Lokanga,2,3,4 Cai McCann,1 Thomas Ried,2 and Karen Usdin1,5,*

SUMMARY

A long CGG-repeat tract in the FMR1 gene induces the epigenetic silencing that causes fragile X syn-
drome (FXS). Epigenetic changes include H4K20 trimethylation, a heterochromatic modification
frequently implicated in transcriptional silencing. Here, we report that treatment with A-196, an inhib-
itor of SUV420H1/H2, the enzymes responsible for H4K20 di-/trimethylation, does not affect FMR1
transcription, but does result in increased chromosomal duplications. Increased duplications were also
seen in FXS cells treated with SCR7, an inhibitor of Lig4, a ligase essential for NHEJ. Our study suggests
that the fragile X (FX) locus is prone to spontaneous DNA damage that is normally repaired by NHEJ.
We suggest that heterochromatinization of the FX allele may be triggered, at least in part, in response
to this DNA damage.

INTRODUCTION

Repeat expansion diseases (REDs) are caused by an increase in the number of repeat units in a single, disease-specific short tandem repeat

(STR) array ormicrosatellite.1 In a subset of these diseases, the expansions induce heterochromatin formation and gene silencing via a process

that is not fully understood. In the case of fragile X syndrome (FXS), the most common monogenic cause of intellectual disability and autism,

the repeat responsible is a CGG repeat tract located in the 50 UTR of the X-linked Fragile X Messenger Ribonucleoprotein 1 (FMR1) gene.

FMR1 encodes Fragile X Messenger Ribonucleoprotein 1 Protein (FMRP), a protein important for translational regulation.2 The CGG repeat

number is polymorphic in general population and typical alleles have <55 CGG repeats. Alleles with 55–200 CGGs are referred to as premu-

tation (PM) alleles while alleles with >200 CGGs are referred to as full mutations (FM) (Figure 1A). PM alleles are prone to gain repeats both in

the germline and soma with PM alleles expanding into the FM range when passed through the female germ line. However, the exact timing

and the mechanism of repeat expansion is not fully understood.3,4 PM alleles are hyper-expressed5 and associated with two different disor-

ders, fragile X-associated tremor/ataxia syndrome (FXTAS) and fragile X-associated primary ovarian insufficiency (FXPOI).6 In contrast, FM

alleles accumulate epigenetic modifications characteristic of heterochromatin. These modifications include DNA methylation, hypoacety-

lated H3 and H4 histones, histone H3 dimethylated and trimethylated at lysine 9 (H3K9me2 and H3K9me3 respectively) and trimethylated

at lysine 27 (H3K27me3), and histone H4 trimethylated at lysine 20 (H4K20me3).7–11 The net result is that the transcription of these alleles

is substantially reduced or eliminated. This results in a deficiency of FMRP which causes FXS. These alleles are also associated with an epon-

ymous fragile site that is seen when cells are grown under folate-stress.12 This fragile site is thought to result from stalled replication forks

associated with long CGG-repeat tracts.13 These stalled forks necessitate the use of an error-prone form of double-strand break repair

(DSBR) known as break-induced replication (BIR) in order to rescue the collapsed fork.14–16 While it is thought that FM alleles are silenced

sometime during early embryonic development, the exact timing is not known,17 partly due to the lack of a suitable animal model that re-

capitulates repeat-mediated FMR1 gene silencing. Furthermore, how, and why FM alleles, but not PM alleles, trigger this gene silencing

is unknown.

We and others have previously demonstrated that epigenetic changes are also associated with the GAA-expansion in the frataxin (FXN)

gene that causes Friedreich’s ataxia (FRDA), another RED.18–20 These epigenetic changes also include elevated levels of H4K20me3.20 Recent

work has shown that treatment of FRDA patient cells with A-196, a nontoxic, potent and selective inhibitor of SUV420H1 and SUV420H2, the

histone methyltransferases responsible for di- and trimethylation of H4K20,21 resulted in a 2-fold increase in FXN transcription.22 This would

be consistent with a role for one or both chromatin marks in repeat-mediated gene silencing in FRDA. To assess whether inhibition of H4K20
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Figure 1. A-196 treatment does not affect FMR1 expression

(A) Schematic showing different FMR1 alleles seen in the human population.

(B) FXS cells were treated with DMSO, 5 mM A-196 or 10 mM A-196 for 3 days and 7 days and collected for RNA isolation.

(C) FXS cells were treated with 10 mM AZA for 3 days and then the medium was changed to either with DMSO or 5 mM A-196. Samples were collected for RNA

isolation at indicated time. The levels of FMR1 andGUSBmRNAweremeasured by RT-qPCR. FMR1mRNA levels are shown as a percentage ofGUSBmRNA. The

data shown are an average from two independent treatments and the error bars represent standard deviation.
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di-/trimethylation would have a similar effect on FMR1 gene expression in FXS patient cells, we treated them with A-196. Our data suggest

that H4K20 trimethylation does not contribute to transcription silencing of the FMR1 gene in FXS. However, reducing the levels of H4K20 di-/

trimethylation with A-196 revealed a high level of spontaneous DNA damage at the FMR1 locus that is preferentially repaired by nonhomol-

ogous end-joining (NHEJ) to preserve genome integrity.

RESULTS

H4K20 di/trimethylation is not required for the maintenance of FMR1 gene silencing

To assess the role of H4K20me3 in FMR1 gene silencing, we treated two different FXS patient lymphoblastoid cell lines with vehicle (DMSO)

alone or with different concentrations of the SUV420H1/H2 inhibitor, A-196. We then analyzed the levels of FMR1mRNA with RT-qPCR using

GUSB as a normalizing control. At concentrations below 12.5 mM, A-196 no effect is seen on the viability or the growth rate of multiple cell

types.21 No appreciable FMR1 mRNA was detected after treatment with 5 mM or 10mM A-196 for 3 or 7 days (Figure 1B). In contrast, typical

alleles produce FMR1 mRNA levels similar to GUSB.23 This suggests that inhibition of H4K20me3 alone does not result in FMR1 gene reac-

tivation. This is similar to what we had previously observed when H3K27 trimethylation and H3K9 dimethylation were inhibited.23,24 However,

when cells are pretreated with theDNAmethyltransferase inhibitor, 5-azadeoxycytidine (AZA), to removeDNAmethylation and reactivate the

gene, inhibition of H3K27 trimethylation or H3K9 dimethylation delays re-silencing.23,24 This is consistent with the idea that these histone

modifications are important for FMR1 gene silencing. To test whether the same was true of H4K20me3, we reactivated the FMR1 gene by

treatment with AZA for 3 days as we had done previously, and then treated cells with either DMSO or 5 mM A-196 for 21 days, adding fresh

drug every 7 days. However, in contrast to what was previously seen with the inhibitors of H3K27 or H3K9 methylation, the FMR1 gene was

completely re-silenced by day 21 in cells treated with A-196 (Figure 1C).

To verify the efficacy of the A-196 treatments, we analyzed the changes in global levels of H4K20me3 after treatment with AZA andA-196 at

day 7 by western blotting and on the FMR1 gene specifically by chromatin immunoprecipitation (ChIP). We observed a significant decrease in

the global levels of H4K20me3 after A-196 treatment (Figures 2A and 2B). Moreover, the levels of H4K20me3were also significantly reduced at

the FMR1 gene (Figure 2C). Thus, our data demonstrate that a decrease in H4K20me3 levels does not affect the transcriptional activity of FM

alleles even when the gene is demethylated.

Figure 2. A-196 treatment decreases H4K20me3

(A‒C) FXS cells were treated with 10 mMAZA for 3 days and then the medium was changed to either with DMSO or 5 mMA-196. The cells were grown for another

4 days and then processed for lysate preparation for western blotting and chromatin preparation for ChIP assay. (A) A representative Western blot is shown. (B)

Quantitation for H4K20me3 levels from three independent western blots. The levels of H4K20me3 were normalized to the levels of total H4 and are shown relative

to AZA/DMSO. The error bars represent standard deviation. The two-tailed p value was calculated using paired t-test, *p = 0.012, **p = 0.0031. (C) ChIP assay was

done with an antibody to H4K20me3. The% input data for FMR1 exon1 region were calculated and normalized to AZA/DMSO. Data shown are an average from 3

independent treatments. Error bars represent standard deviation. Two-tailed p value was calculated using the paired t-test, *p = 0.048, **p = 0.01.
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A-196 causes an increase in chromosomal duplications at the FX locus

Normal FMR1 alleles replicate late in the cell cycle,25 with silenced FM alleles replicating even later.26,27 Since H4K20me3 has been implicated

in the activation of a subset of late replication origins,28 we wondered whether A-196 treatmentmight result in a further delay in completion of

replication of this region by preventing the use of such origins. If so, FXS cells might enter mitosis with the FMR1 locus still not fully replicated.

This could result in the initiation of mitotic DNA synthesis (MiDAS) analogous to what is seen when replication is slowed by fluoro-20-deox-
yuridine (FdU). FdU treatment is associated with chromosome fragility, a break/gap on the chromosome that is visible in metaphase (FRAXA

fragile site) that is thought to reflect FMR1 alleles that have not yet completed replication.29,30 We thus tested the effect of A-196 on expres-

sion of the FRAXA fragile site using a bacterial artificial chromosome (BAC) 1.5 MB telomeric to FMR1 as a fluorescence in situ hybridization

(FISH) probe. Representative examples of chromosomal abnormalities seen in response to FdU and A-196 are shown in Figure 3A. As can be

seen in Figure 3B, A-196 treatment caused no increase in chromosome fragility relative to DMSO in FXS patient cell lines. Since fragility is a

hallmark of FX chromosomes that have not yet completed replication when the cell enters metaphase, our data suggests that A-196 does not

significantly delay replication. No significant change in the frequency of fragile sites was seen when cells were treated with both A-196 and

FdU relative to FdU alone (two-tailed p value = 0.1275 for GM07294 and 0.39 for GM04025 using the Fisher’s exact test, Figure 3B).

While there was no increase in the frequency of chromosome fragility after A-196 treatment, we did see a significant increase in duplica-

tions of the FISH signal on the long arm of the X chromosome (Figure 3B). MiDAS in response to FdU is thought to occur via BIR, a homology

driven DNA repair process that is also associated with an increase in chromosome duplications.31,32 Thus, while A-196 treated cells do not

seem to require MiDAS, it is possible that they are using a similar repair process that is complete before mitosis begins. Cells treated with

both FdU and A-196 also showed a trend toward a decrease in the number of duplications but this did not reach statistical significance

(two-tailed p value = 0.09 for GM07294 and 0.24 for GM04025 using the Fisher’s exact test, Figure 3B). The decrease in the frequency of du-

plications may reflect FdU’s effect on slowing replication. This would result in a delay in the completion of downstream events in BIR that

would lead to duplications.

To test whether duplications were also seen in cells with typical or PM alleles, we tested two cell lines with typical FMR1 allele sizes and two

cell lines with PM alleles. A-196 treatment did not result in an increase in duplications in any of these lines (Figures 3C and 3D). Thus, the effect

of A-196 on increasing the number of duplications was specific to FM alleles.

H4K20 di- and trimethylation is associatedwith 53BP1 recruitment.33–35 53BP1 in turn blocks the 30 end resection that would be required for

homology driven repair pathways like BIR, thus favoring the use of NHEJ.35 A-196 treatment also decreased the levels of both H4K20me2

(Figure 4A) and 53BP1 levels (Figure 4B) on FM alleles which would likely shift repair toward a homology driven pathway. While we had pre-

viously shown that typical and PM alleles showed no enrichment of H4K20me3, the levels of H4K20me2 were similar on typical, PM and FM

alleles (Figure S1A). The levels of 53BP1 on typical and PM alleles were slightly lower than they were on FM alleles, although this difference did

not reach statistical significance (Figure S1B). However, it should be noted that because of the effect of repeat length on the efficiency of PCR,

the levels of these proteins were measured in the region adjacent to the repeat, leaving open the possibility that more significant differences

in 53BP1 levels would be seen on the repeat itself.

Inhibition of Lig4 also increases duplications in FXS patient cells

We also treated FXS cells with SCR7,36 a small molecule inhibitor of Lig4, a ligase required for NHEJ and examined the FMR1 FISH signal on

metaphase spreads. There was no significant increase in the number of fragile sites seen with SCR7 treatment (Figure 4C; Table S1). However,

the number of duplications was significantly higher than those seen in DMSO treated cells (two-tailed p value by Fisher’s exact test = 0.0039

for GM07294 and 0.0043 for GM04025 cells) and comparable to the number of duplications observed with A-196 (Figure 4C). No increase in

duplications was seenwith SCR7 treatment in typical or PM cells (Table S1). These observations are consistent with the idea that FM alleles are

prone to spontaneous DNA damage that can be repaired via NHEJ.

To test for a role of homologous recombination pathways in repair of this damage, we then analyzed the frequency of chromosomal ab-

normalities in cells treatedwith B02, a smallmolecule inhibitor of RAD51, an important HR protein.37We used a B02 concentration of 10 mM for

our experiments, a concentration shown to significantly reduce HR in multiple cell types.38,39 B02 treatment of FXS cells showed a duplication

frequency that was intermediate between that seen in the DMSO and SCR7 treated cells. However, the differences were not statistically sig-

nificant (two-tailed p value by Fisher’s exact test = 0.103 for GM04025 and 0.159 for GM07294, Table S1). No increase in duplications was seen

in typical and PM cells (Table S1).

Figure 3. A-196 treatment causes an increase in chromosomal duplications at the FX locus

(A) Representative metaphases seen in FXS lymphoblastoid cells after treatment with 0.1 mMFdU and/or 5 mMA-196. (i) FISH image showing X chromosome with

breakage of one sister chromatid and loss of the FRAXA region on the other. (ii) X chromosome showing breakage of both sister chromatids. (iii) FISH showing X

chromosome in which one chromatid shows what appears to be a partial duplication of part of the FRAXA region. (iv, v) X chromosome in which both sister

chromatids show duplication of the FRAXA region. (vi) Example of duplication of the FRAXA region seen in interphase nucleus.

(B‒D) Percentage of metaphases showing fragile sites and duplications after treatment of FXS (B), typical (C) and premutation (D) cell lines with 0.1 mM FdU for

18 h andwith DMSOor 5 mMA-196 for 3 days. For A-196 + FdU treatment, cells were treated with 5 mMA-196 for 3 days and 0.1 mMFdUwas added for the last 18h

of the treatment. Two-tailed p value was calculated using Fisher’s exact test using the actual number of metaphases showing duplications and/or fragile sites. No

significant difference was seen in the percentage ofmetaphases showing fragile sites and duplications after treatment with A-196 in typical and premutation cells.

See also Table S1.
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DISCUSSION

The H4K20me3 mark is enriched at pericentric heterochromatin in mammals where it contributes to transcription silencing.40 However, we

show here that while this histone modification is also enriched on the heterochromatin associated with silenced FMR1 (FM) alleles, it is not

required for transcriptional silencing at this locus. Rather, depletion of di- and trimethylation marks on FM alleles with A-196 resulted in an

increase in chromosome duplications. A similar result was seen for cells grown in the presence of a Lig4 inhibitor. This would be consistent

with the idea that FM alleles are prone to DNA damage even under normal growth conditions and that H4K20me2/me3 plays a role in

ensuring that this damage is repaired byNHEJ, rather than a homology-driven repair process that produces a high frequency of chromosomal

abnormalities. The damagemay be a consequence of the propensity of longCGG-repeat tracts to causeDNApolymerase stalling.13,41–50 The

error-prone process that gives rise to duplicationsmay resemble the events associatedwith theMiDAS that is thought to occur at the FX locus

in response to replication stalling associated with FdU treatment.29,31 ThisMiDAS involves a form of BIR.29,31We speculate that the occasional

failure of NHEJ to repair the damage results in error-prone repair that contributes to the high frequency of mosaicism for repeat number seen

in FM carriers.51 It may also account for the high frequency loss of the affected X chromosome that is seen in female FX fetuses52 and the

frequent deletions or duplications associated with FM alleles.53–56 Interestingly, in some cases these events are associated with a sequence

signature characteristic of microhomology mediated BIR.54

Figure 4. Inhibition of nonhomologous end-joining is responsible for chromosomal duplications seen at the FX locus

(A) FXS cells were treated with DMSO and 5 mMA-196 for 3 days and ChIP was done using an antibody to H4K20me2. The abundance of H4K20me2 at the FMR1

exon 1 was calculated as % input and is shown relative to DMSO. Data shown are an average from 3 independent experiments for GM07294 and 2 independent

experiments for GM04025. Error bars represent standard deviation, two-tailed p value was calculated by paired t-test, *p = 0.009. **p = 0.005.

(B) FXS cells were treated with DMSO and 5 mMA-196 for 3 days and ChIP was done using an antibody to 53BP1. The abundance of 53BP1 at the FMR1 exon 1 was

calculated as % input and is shown relative to DMSO. Data shown are an average from 3 independent ChIP experiments. Error bars represent standard deviation,

two-tailed p value was calculated by paired t-test, *p = 0.039. **p = 0.001.

(C) Percentage of metaphases showing fragile sites and duplications in FXS cells after treatment with 5 mMA-196 or 10 mMSCR7 for 3 days. Two-tailed p value was

calculated using Fisher’s exact test using the actual number of metaphases showing duplications and/or fragile sites. See also Figure S1 and Table S1.
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It may be that chronic DNAdamage at FM alleles, perhaps resulting from a persistent replication fork block formed by the repeat, results in

recruitment of H4K20me3, a view consistent with our previous observations that unlike H3K9me2 and H3K27me3 which are widely distributed

across the 50 end of the FMR1 gene, H4K20me3 is concentrated in the region containing the repeat.9 We hypothesize that rather than playing

a role in transcriptional silencing, this modification represents one way that cells respond to the threat to genomic integrity presented by the

expanded repeat.

Our findings suggest that whileH4K20me3 levels are higher on the region flanking the repeat of FMalleles than typical or PMalleles, 53BP1

is onlymodestly increased, although a higher level of enrichment on the repeat itself cannot be excluded. It may be that the 53BP1 enrichment

on all allele size classes reflects the problems associated with replication of CGG-repeat tracts even the relatively short ones found on normal

alleles.50 This replication stress might be exacerbated in the case of active alleles, by the formation of stable R-loops and the increased risk of

transcription-replication collisions (TRCs).23,57,58 We speculate that the relatively modest reduction of 53BP1 associated with A-196 treatment

still leaves enough residual protein to facilitate any repair needed at typical and PM alleles but is not sufficient to neutralize the effect of the

larger andmore damaging FM alleles. H4K20me3may represent an additional layer of protection present on FM alleles that reduces the inci-

dence of genome instability, perhaps via its interaction with H3K9me3, a histonemodification we have shown to colocalize with H4K20me3 on

the repeat tract,9 that has been proposed to act in concert with H4K20me3 in the response to DNA damage.35 Nonetheless, our SCR7 data

suggest that FM alleles are prone to a high levels of DNA damage under normal growth conditions and that NHEJ repairs the damage, thus

reducing the threat to genome integrity posed by FM alleles.

A number of studies suggest a link between replication stress and heterochromatin formation (reviewed in59) and support a model where

prolonged replication pausing would increase the probability of heterochromatin formation.60 It may be that transcriptional silencing of FM

alleles is oneway for the cell to limit DNAdamage and protect genome integrity when other protectivemechanisms are no longer sufficient as

illustrated in Figure 5. In the absence of transcriptional silencing, repeat contractionmay be an alternatemechanism to limit replication stress.

This hypothesis is supported by the observation that unmethylated FM alleles show an elevated level of contractions,61–64 a process that has

been shown to be related to R-loop formation.61

We have previously reported a high frequency of duplications in Friedreich’s ataxia (FRDA) patient cells.65 FRDA is caused by an expanded

GAA/TTC tract in intron 1 of the frataxin (FXN) gene. LongGAA/TTC tracts also cause replication fork stalling.50,66 The fact that enrichment for

H4K20me3 is also seen on such alleles,20 raises the possibility that in addition to contributing to gene silencing in FRDA,22 this modification

Figure 5. Model for CGG repeat expansion induced FMR1 gene silencing

Expansion of CGG repeats leads to increased replication stalling/fork collapse due to the formation of secondary structures that block fork progression.13,41 This

problem is further exacerbated by replication-transcription conflicts in cells carrying active FM alleles. Stalled replication forks could lead to increased genomic

instability including chromosome fragility and repeat contraction. Contraction of the repeats would reduce the likelihood of replication fork stalling to some

degree. The stable R-loop associated with transcription of the FM alleles would facilitate recruitment of G9a and PRC2 leading to gene silencing, which in turn

would reduce the risk further by reducing replication-transcription conflicts. While silencing would reduce replication-transcription conflicts, residual fork stalling

could still threaten genome integrity. Recruitment of H3K9me3 and H4K20me3 may mitigate this danger by facilitating NHEJ in part by maximizing 53BP1 binding.
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may also act to protect genome integrity at this locus, as well as, perhaps, the loci associated with other repeat expansion diseases that are

caused by repeats that stall DNA synthesis.

Limitations of the study

This study used A-196, a small molecule inhibitor of both SUV420H1 and SUV420H2, to examine the effect of H4K20me2 and H4K20me3 at the

fragile X locus. This revealed high levels of spontaneous DNA damage at the FMR1 locus in FX patient cells, although the use of A-196 doesn’t

allow us to specifically attribute a role of H4K20me3 in this process. However, specific knockdown of SUV420H2 is difficult to accomplish in lym-

phoblastoid cells due to the low efficiency of nucleic acid delivery in this cell type, coupled with the difficulties associated with isolation of clonal

cell lines that complicate CRISPR knockout approaches. Whatever the role of H4K20me3 in this process, our data clearly show that this histone

modification is not directly involved in the silencing of FMalleles and that FMalleles are prone to high levels of spontaneousDNAdamage.While

the FISH studies did allow us to identify chromosomal duplications associatedwith FMalleles, this approach does not allow us to examine the full

spectrum of changes that might arise at this locus. In principle, long read sequencing could allow such changes to be identified. However, given

the heterogeneity of the likely products and the limited read depth, this approach is currently challenging and any PCR enrichment to increase

the number of relevant reads would be prone to bias because of the difficulties amplifying long CGG-repeat tracts.41 Nonetheless, while a full

description of the mutational spectrum generated by long CGG-repeats awaits technological improvements, our data provide clear evidence

that the long CGG-repeats present in FM alleles provide a continuous threat to genome integrity that may help shape its chromatin landscape.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-histone H4 trimethyl K20 Active motif RRID: AB_2650526

HRP-labeled secondary anti-mouse IgG antibody GE Healthcare Bio-Sciences RRID: AB_772210

anti-histone H4 Abcam RRID: AB_296888

HRP-labeled secondary anti-rabbit IgG antibody GE Healthcare Bio-Sciences RRID_772206

anti-histone H4 dimethyl K20 Diagenode RRID: AB_2877177

anti-histone H4 trimethyl K20 Abcam RRID: AB_306969

Anti-53BP1 Novus Biologicals RRID: AB_10001695

Normal Rabbit IgG EMD-Millipore Cat# 12-270

Chemicals, peptides, and recombinant proteins

Colcemid Roche/Sigma-Aldrich Cat# 10295892001

SEEBRIGHT� Orange 552 dUTP Enzo Life Sciences Cat# ENZ-42842

Pepsin Roche/Sigma-Aldrich Cat# 10108057001

Decitabine (5-azadeoxycytidine) Cayman Chemical Company Cat# 11166

A-196 (6,7-dichloro-N-cyclopentyl-4-(4-pyridinyl)-1-phthalazinamine) Tocris Cat# 6167

SCR7 Selleckchem Cat# S7742

B02 Selleckchem Cat# S8434

5-Fluoro-20-deoxyuridine Sigma-Aldrich Cat# F0503

Dimethyl sulfoxide Sigma-Aldrich Cat# D2650

Critical commercial assays

SuperScript� IV VILO� master mix Thermo Fisher Scientific Cat# 11756500

TaqMan� Fast Advanced master mix Thermo Fisher Scientific Cat# 4444964

Human FMR1 (FAM-MGB) TaqMan� assay Thermo Fisher Scientific Assay ID Hs00924547_m1

Human GUSB (Beta Glucuronidase) Endogenous Control (VIC�/MGB

probe, primer limited)

Thermo Fisher Scientific Cat# 4326320E

TRIzol� Reagent Thermo Fisher Scientific Cat# 15596018

Power SYBR� Green PCR master mix Thermo Fisher Scientific Cat# 4368702

Nick translation kit Roche Cat# 10976776001

Trans-Blot Turbo RTA mini 0.2 mm nitrocellulose transfer kit Bio-Rad Laboratories Cat# 1704270

4-20% EXpressPlus� PAGE gel GenScript Cat# M42012

Experimental models: Cell lines

GM06865 Coriell Cell Repositories RRID: CVCL_N056

GM06895 Coriell Cell Repositories RRID: CVCL_F299

GM06892 Coriell Cell Repositories RRID: CVCL_AX90

GM06906 Coriell Cell Repositories RRID: CVCL_AX97

GM04025 Coriell Cell Repositories RRID: CVCL_1N28

GM07294 Coriell Cell Repositories RRID: CVCL_AY12

Oligonucleotides

FMR1 Exon1-F Invitrogen 50-CGCTAGCAGGGCTGAAGAGAA-30

FMR1 Exon1-R Invitrogen 50-GTACCTTGTAGAAAGCGCCATTGGAG-30

hsGAPDH exon 1F1 Invitrogen 50-TCGACAGTCAGCCGCATCT-30

hsGAPDH intron1 R1 Invitrogen 50-CTAGCCTCCCGGGTTTCTCT-30

(Continued on next page)
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Lead contact

Further information and requests for resources and reagents should be directed to, and will be fulfilled by, the lead contact, Dr. Karen Usdin

(karenu@nih.gov).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data generated in this study is available in the main text and as supplemental information.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human cell lines

Lymphoblastoid cell lines derived from healthy controls/typical (GM06865 [30 CGG, RRID:CVCL_N056], GM06895 [23 CGG, RRID:

CVCL_F299]), individuals carrying premutation alleles (GM06906 [96 CGG, RRID:CVCL_AX97], GM06892 [93 CGG, RRID:CVCL_AX90]) and

fragile X syndrome (FXS) patients (GM04025 [645 CGG, RRID:CVCL_1N28], GM07294 [745 CGG, RRID:CVCL_AY12]) were obtained fromCor-

iell Cell Repositories (Coriell Institute for Medical Research, Camden, NJ). All cell lines used in this study were derived frommale individuals.

The CGG repeat size and methylation status was confirmed by PCR as previously described.63

METHOD DETAILS

Cell culture and drug treatments

The lymphoblastoid cells were grown in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum

(FBS) and 1X antibiotic-antimycotic (all from Thermo Fisher Scientific, Waltham, MA). The compound A-196 (6,7-dichloro-N-cyclopentyl-4-

(4-pyridinyl)-1-phthalazinamine) was obtained from the Structural Genomics Consortium (Toronto, ON, Canada) for initial studies and later

from Tocris (Minneapolis, MN, # 6167). It was dissolved in Dimethyl sulfoxide (DMSO) to make a 5 mM stock solution and used at a final con-

centration of 5 mM and 10 mM. Decitabine (5-azadeoxycytidine, AZA) was purchased from Cayman Chemical Company (Ann Arbor, MI, #

11166) and dissolved in DMSO to make a 10 mM stock solution and used at 10 mM final concentration. For FMR1 reactivation studies, FXS

cells were treated with 5 mM A-196 for 3 days and collected for RNA isolation. For drug combination studies, FXS cells were treated with

10 mMAZA for 3 days and then split into two for treatment with either DMSOor 5 mMA-196 and grown for 24 days. Themediumwas changed,

and fresh drugs added every 7 days and cells were collected for RNA at indicated time points. 5-Fluoro-20-deoxyuridine (FdU) was obtained

from Sigma-Aldrich (St. Louis, MO, #F0503) and a 100 mM stock solution was prepared in DMSO. The NHEJ inhibitor, SCR7 (catalog #S7742),

and the RAD51 inhibitor, B02 (#S8434) were obtained from Selleckchem (Houston, TX) and a 10mM stock solution was prepared in DMSO for

each. For fluorescent in situ hybridization (FISH) experiments, the cells were treated with 0.1 mM FdU for 18h and with 5 mM A-196 or 10 mM

SCR7 for 3 days. For A-196 + FdU treatment, cells were treated with 5 mM A-196 for 3 days and 0.1 mM FdU was added for the last 18h of the

treatment. For A-196 + B02 treatment, cells were treated with 5 mM A-196 and 10 mM B02 for 3 days.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

BAC clone for FMR1 FISH (GenBank: AC233288.1) BACPAC Resources Center,

Children’s Hospital Oakland

Research Institute.

https://bacpacresources.org

RP11-383P16

Software and algorithms

AlphaView Proteinsimple N/A

Student’s t test GraphPad Software https://www.graphpad.com/quickcalcs/

Fisher’s exact test GraphPad Software https://www.graphpad.com/quickcalcs/

ll
OPEN ACCESS

12 iScience 27, 108814, February 16, 2024

iScience
Article

mailto:karenu@nih.gov
https://bacpacresources.org
https://www.graphpad.com/quickcalcs/
https://www.graphpad.com/quickcalcs/


RNA methods

Total RNA was isolated from cells using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA) and quantified on DS-11 Spectrophotometer

(DeNovix, Wilmington, DE). Three hundred nanograms of total RNA was reverse transcribed in 20 mL final volume using SuperScript IV VILO

master mix (Thermo Fisher Scientific) as per manufacturer’s instructions. Real-time PCR was performed in triplicate using 2 mL of the cDNA,

FAM-labeled FMR1 (Hs00924547_m1) and VIC-labeled b-glucoronidase (GUSB) endogenous control (# 4326320E) Taqman probe-primers

(Thermo Fisher Scientific) and TaqMan Fast Advanced master mix (Thermo Fisher Scientific) on StepOnePlus Real-Time PCR system (Thermo

Fisher Scientific). For quantitation, the comparative threshold (Ct) method was used.

Western blotting

To prepare total cell lysates, cells were pelleted at 250 3 g for 6 min and washed once with ice-cold PBS supplemented with 1X protease

inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, #P8340) and 1X phosphatase inhibitor (Sigma-Aldrich, #P5726). The cell pellet was then re-

suspended in the lysis buffer (10 mM Tris Cl pH 7.5, 1 mM EDTA pH 8.0, 1% Triton X-100, 1X protease inhibitor cocktail and 1X phosphatase

inhibitor) and incubated on ice for 10 min followed by sonication for 30 s at medium setting using Bioruptor (Diagenode, Denville, NJ) to sol-

ubilize proteins and shear the DNA. The protein amount was quantified using Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad Lab-

oratories, Inc., Hercules, CA, #5000006) as per manufacturer’s protocol. Before using the lysate for Western blot analyses, 1X volumes of No-

vex LDS Sample Buffer (Thermo Fisher Scientific, catalog #NP0007) andNuPAGESample ReducingAgent (Thermo Fisher Scientific, #NP0009)

were added, and the samples were heated at 75�C for 10min. Tenmicrograms of total cell lysates were run on a 4–20%EXpressPlus PAGE gel

(GenScript, Piscataway, NJ, #M42012) in Tris-MOPS-SDS running buffer (GenScript, #M00138) for 40 min at 120 V and transferred to nitrocel-

lulosemembrane using the Trans-Blot Turbo RTAmini 0.2 mmnitrocellulose transfer kit (#1704270) and Trans-Blot Turbo Transfer system from

Bio-Rad Laboratories. The membrane was blocked for 2 h with 5% blocking agent (GE Healthcare Bio-Sciences, Pittsburg, PA, #RPN2125) in

TBST (1X Tris-buffered saline with 0.1% Tween 20). The blot was incubated with 1:2000 dilution of antibody against histone H4 trimethyl K20

(Active motif, Carlsbad, CA, #39671, RRID:AB_2650526) overnight at 4�C, washed three times with TBST for 5 min each and then probed with

1:5000 dilutedHRP-labeled secondary anti-mouse IgG antibody (GEHealthcare Bio-Sciences, #NA931, RRID:AB_772210) for 1 h. The blot was

then washed three times with TBST for 5 min each and once with TBS. The signal was detected using ECL Prime detection reagents (GE

Healthcare Bio-Sciences) and imaged with Fluorchem M imaging system (Proteinsimple, Santa Clara, CA). The blot was then stripped with

Restore Western Blot stripping buffer (Thermo Fisher Scientific, catalog #21059) and re-probed with 1:5000 dilution of anti-histone H4 (Ab-

cam, Cambridge, MA, #ab10158, RRID:AB_296888) overnight at 4�C, washed three times with TBST for 5 min each and then probed with

1:5000 diluted HRP-labeled secondary anti-rabbit IgG antibody (GE Healthcare Bio-Sciences, #NA934, RRID_772206) for 1 h. The blot was

then washed three times with TBST for 5 min each and once with TBS. The signal was detected using ECL Prime detection reagents (GE

Healthcare Bio-Sciences) and imaged with FluorchemM imaging system (Proteinsimple, Santa Clara, CA). The quantification was done using

the AlphaView software for FluorChem Systems (Proteinsimple) and the amounts of methylated histones were normalized to the amount of

total H4.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays for histone modifications were performed as described before67 using a ChIP assay kit from

EMD-Millipore (Billerica, MA). To prepare chromatin for immunoprecipitation, cells were fixed with 1% formaldehyde for 10 min at room tem-

perature and lysed as per the kit manufacturer’s instructions. The chromatin was sonicated into <500 bp fragments using a Bioruptor (Dia-

genode) for 6 min with 30 s ON and 30 s OFF at medium setting. Twenty micrograms of chromatin were used in each immunoprecipitation

reaction with 5 mg each of normal Rabbit IgG (EMD-Millipore, # 12–270), anti-histone H4 trimethyl K20 (Abcam, # ab9053, RRID:AB_306969),

anti-histone H4 dimethyl K20 (Diagenode Inc., Denville, NJ; #C15200205, RRID:AB_2877177) and 53BP1 (Novus Biologicals, Centennial, CO; #

NB100-305, RRID:AB_10001695). Slight modifications to the protocol were made for 53BP1 ChIP. Briefly, 30 mg of chromatin was used in each

ChIP reaction and modified wash steps were used: 13 with low salt wash buffer from the ChIP assay Kit (Millipore) for 5 min, 13 with wash

buffer II (50 mm HEPES-KOH, pH 7.5, 500 mm NaCl, 1 mm EDTA pH 8.0, 1% Triton X-100, 0.1% sodium deoxycholate) for 5 min, 13 with

wash buffer III (10 mm Tris, pH 8.0, 250 mm LiCl, 1 mm EDTA, pH 8.0, 0.5% IGEPAL-CA630, 0.5% sodium deoxycholate) for 5 min followed

by two washes with Tris-EDTA, pH 8.0, for 5 min each. Real-time PCRs on the immunoprecipitated DNAs were carried out in triplicate in

20 mL final volume using the Power SYBR Green PCR master mix (Thermo Fisher Scientific, # 4368702) and 200 nM of each primer and 2 mL

of DNA. For amplification of FMR1 exon 1, the primer pair Exon 1-F (50-CGCTAGCAGGGCTGAAGAGAA-30) and Exon1-R (50-GTACCTTG

TAGAAAGCGCCATTGGAG-30) was used. This primer pair amplifies the region +236 to +312 relative to the transcription start site. For

the amplification of a control active genomic locus, GAPDH (accession number BC025925), primers hsGAPDH exon 1 F1 (50-TCGACAGT

CAGCCGCATCT-30) and hsGAPDH intron1 R1 (50-CTAGCCTCCCGGGTTTCTCT-30) were used. For quantitation, the comparative threshold

(Ct) method was used. Enrichment in ChIP samples was calculated over 100% of input and normalized to vehicle (DMSO) treated samples.

Fluorescent in situ hybridization (FISH)

To preparemetaphase chromosomes for FISH analysis, cells were incubated with colcemid (0.1 g/mL) for 3 h before being harvested. The cell

pellet was carefully resuspended in 5 mL of pre-warmed (37�C) 75 mM KCl (Sigma, St Louis, MO). The cell suspension was then incubated for

25 min at 37�C. Cells were subsequently centrifuged for 5 min (3003 g) and resuspended with 5mL of fixation solution (methanol: acetic acid,
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3:1). This step was subsequently performed two more times before the cells were dropped onto glass slides inside an environmental control

chamber (Thermotron, Holland, MI). The FISH probe for FRAXA was prepared using the BAC clone: RP11-383P16 (GenBank: AC233288.1),

which was directly labeled in Orange-dUTP (Enzo, New York, NY) using nick-translation (Roche, Indianapolis, IN). For FISH, the slides were

equilibrated in 2X SSC for 5 min at RT, treated with 3mL of pepsin (100 mg/mL) dissolved in 100 mL of pre-warmed (37�C) 0.01 M HCl for

5 min followed by dehydration in an ethanol series (70%, 90%, 100%) at room temperature for 3 min each. The slides were then treated

with 70% formamide at 72�C for 15 s and dehydrated again in an ice-cold ethanol series (70%, 90%, 100%) for 3 min each. FISH-probe hybrid-

ization was carried out overnight at 37�C for at least 16h. Slides were imaged using an automated metaphase finder program on the DUET

scanning imaging workstation (BioView Ltd., Rehovot, Israel, software version 3.6.0.15). All signals were manually counted and reviewed for

accuracy using the SOLO workstation (BioView Ltd.). On average, 100 metaphases were evaluated per treatment condition.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance of observed differences was calculated using paired two-tailed Student’s t test and/or Fisher’s exact test (GraphPad

Software, Inc., La Jolla, CA), and a p value of %0.05 was considered statistically significant. Specific details can be found in the results and

the figure legends.
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