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SUMMARY

The C9orf72 hexanucleotide repeat expansion (HRE) is the most frequent genetic cause of the 

neurodegenerative diseases amyotrophic lateral sclerosis (ALS) and frontotemporal dementia 

(FTD). Here, we describe the pathogenic cascades that are initiated by the C9orf72 HRE DNA. 

The HRE DNA binds to its protein partner DAXX and promotes its liquid-liquid phase separation, 

which is capable of reorganizing genomic structures. An HRE-dependent nuclear accumulation of 

DAXX drives chromatin remodeling and epigenetic changes such as histone hypermethylation and 

hypoacetylation in patient cells. While regulating global gene expression, DAXX plays a key role 

in the suppression of basal and stress-inducible expression of C9orf72 via chromatin remodeling 

and epigenetic modifications of the promoter of the major C9orf72 transcript. Downregulation 

of DAXX or rebalancing the epigenetic modifications mitigates the stress-induced sensitivity of 
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C9orf72-patient-derived motor neurons. These studies reveal a C9orf72 HRE DNA-dependent 

regulatory mechanism for both local and genomic architectural changes in the relevant diseases.

INTRODUCTION

Nucleotide repeat elements, including microsatellites or short tandem repeats, are common 

in eukaryotic genomes.1 Over 50 different types of genetic disorders, primarily neurological 

and neuromuscular, have been linked to expanded short nucleotide repeats.2 However, 

understanding the native functions of these repeat elements and their roles in human diseases 

is still at an early stage. In normal human populations, GGGGCC repeats are typically 2-10 

units long in a non-coding region of the C9orf72 gene. This hexanucleotide repeat expansion 

(HRE) ranges from several hundreds to thousands of units of (GGGGCC)n and is the most 

common genetic cause for amyotrophic lateral sclerosis (ALS), which is characterized by 

motor neuron neurodegeneration, as well as for frontotemporal dementia (FTD), which 

affects the frontal and temporal lobes of the brain.3,4 The pathogenic mechanisms by which 

the HRE mutation leads to neurodegeneration remain a focus of investigation for the relevant 

neurodegenerative diseases.

The etiology of C9orf72 HRE-linked neurodegeneration has thus far involved several 

non-mutually exclusive hypotheses, including loss of C9orf72 functions, aberrant-repeat-

containing RNAs, and repeat-associated non-ATG-dependent (RAN) translation.5 In loss-of-

function disease mechanisms, both C9orf72 RNA and protein levels are reduced in patient 

cells and tissues; however, the regulation of C9orf72 expression under physiological or 

pathological conditions is not well understood. C9orf72 is a DENN-domain-containing 

protein that functions in several or- ganelles and processes, including lysosomes, 

mitochondria, and autophagy.6-11 The deficiency in C9orf72 decreases the fitness of human-

patient-derived motor neurons or perturbs immune systems in animal models.12-14 In 

gain-of-function disease mechanisms, the repeat-containing RNAs sequester RNA-binding 

proteins,15,16 and the RAN translation generates poly-dipeptide repeats,17-19 thus leading 

to RNA and protein toxicity. Loss of C9orf72 functions synergizes with gain-of-function 

mechanisms in models of C9orf72 HRE-linked diseases.20 Unlike the extensive studies on 

the C9orf72 HRE RNA and its translational products, the pathogenic mechanisms arising 

from the repeat-containing DNA remain poorly understood, and it is unclear how the 

expanded repeat DNA and its protein partners contribute to either loss- or gain-of-function 

disease mechanisms.

Chromatin conformations and epigenetic modifications are critical for the regulation of 

genomic landscapes and gene expression and thus underlie transcriptional dysregulation in 

many neurodegenerative diseases.21 The eukaryotic genome is organized hierarchically and 

spatially, and chromosomes can fold into units of tens to hundreds of kilobases known as 

topologically associating domains (TAD),22 a conserved feature of genome organization 

that enables preferential local or longrange interactions within the domains. The dynamics 

of chromatin structure are closely related to epigenetic regulations such as modifications 

of DNA and histones. Liquid-liquid phase separation (LLPS) of chromatin-interacting 

proteins such as chromatin remodeling complexes and transcription mediators can drive 
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the formation of chromatin compartmentation and long-range interactions,23-25 and aberrant 

chromatin remodeling and epigenetic modifications have been implicated in the etiology 

of ALS.26,27 In C9orf72 HRE-linked ALS/FTD, hypermethylated DNA and altered histone 

modifications have been observed in the repeat DNA and nearby sequences.28-30 However, 

the genome-wide landscapes of chromatin status in C9orf72 HRE patients are largely 

unexplored, and the mechanisms underlying the changes in the HRE site or the whole 

genome remain unknown.

Here, we report the identification of a key DNA-binding protein (DBP), DAXX, that 

recognizes the C9orf72 HRE DNA and regulates global chromatin structure and epigenetic 

modification as well as the transcription of the C9orf72 gene. The HRE mutations induce 

a nuclear accumulation of DAXX, which undergoes G4C2 repeat DNA-dependent LLPS 

and drives local and global changes in chromatin structure and epigenetic modification. 

We have uncovered a stress-inducible feature of C9orf72 gene expression, a biologically 

significant stress-responsive mechanism that is lost in the C9orf72 HRE patient cells 

in a DAXX-dependent manner. Our findings reveal mechanisms by which DAXX and 

its condensates shape genomic landscapes through chromatin remodeling and epigenetic 

modifications and illustrate pathogenic cascades initiated from the HRE DNA that affect 

both loss- and gain-of-function disease processes.

RESULTS

DBP DAXX marks C9orf72 HRE-dependent pathology in patient cells

To identify DBPs specifically associated with the C9orf72 HRE (C9HRE) DNA, we 

employed a quantitative proteomic analysis using stable isotope labeling with amino acids 

(SILAC). HEK293 cells were metabolically labeled with SILAC isotopes to saturation 

and then lysed and subjected to a pull-down assay using biotinylated double-stranded 

DNAs (dsDNA) of (G4C2)6 or a length-matched random sequence control (Figure S1A). 

Subsequent mass spectrometry analysis identified 309 proteins in the precipitates isolated 

by the (G4C2)6 probes (Table S1). Among them, 22 proteins were found to be highly 

enriched by the C9HRE DNA, of which 9 are transcriptional factors (Figure S1B), indicating 

a successful pull-down of DBPs. Notably, the most enriched protein that selectively 

recognized C9HRE DNA, as ranked by SILAC ratio (Table S1), was found to be DAXX, an 

epigenetic factor involved in transcriptional regulation.31,32

Several assays were used to validate the interaction between DAXX and the G4C2 

repeat dsDNA. First, we confirmed that DAXX was significantly enriched in the nuclear 

precipitates pulled down by the (G4C2)6 dsDNA probe in an immunoblotting assay (Figure 

1A). Next, to test whether DAXX protein and G4C2 repeat dsDNA interact directly, we 

purified human DAXX protein (Figure S1D) and performed an electrophoresis mobility shift 

assay (EMSA) using 50 Alex Fluor 488-labeled (G4C2)10 dsDNA or a length-matched 

random sequence control. The EMSA results demonstrated a significantly preferential 

binding of DAXX to (G4C2)10 dsDNA when compared with the random control probe 

(Figure S1C), confirming the specific recognition of the C9orf72 DNA repeat by DAXX. 

In addition, to establish the association of endogenous DAXX with the expanded C9orf72 

G4C2 DNA repeats in situ, we carried out DNA fluorescent in situ hybridization (FISH) 
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with DAXX immunostaining on multiple lines of ALS/FTD patient lymphocytes carrying 

C9orf72 HRE mutations. Consistent with the heterozygosity of the C9orf72 HRE, the DNA 

FISH probe revealed one single HRE locus in each labeled patient cell but not in the 

control cells. Moreover, each HRE-positive FISH dot was co-localized with one of the 

DAXX-positive granules, suggesting that the HRE DNA was associated with condensed 

DAXX in the nuclei (Figures 1B and S1F).

In addition to the DAXX accumulation at the expanded G4C2 repeat locus, we observed an 

aberrant distribution pattern of DAXX throughout the nuclei in the C9HRE patient cells and 

tissues. Immunostaining of endogenous DAXX in multiple lines of B lymphocytes, induced 

pluripotent stem cell (iPSC)-differentiated motor neurons (iMNs), and spinal cord tissues 

showed significantly increased DAXX signals and enlarged DAXX-positive granules in the 

C9HRE cells and tissues when compared with those in controls (Figures 1C, 1D, and S1E). 

In the control B lymphocytes, iMNs, and spinal cord tissues, the signals for DAXX showed 

a largely diffuse pattern or occasional appearance of small dots in both the nucleus and 

cytoplasm (Figures 1C, 1D, and S1E). Consistent with the presence of nuclear localization 

signals in DAXX, it had a predominantly nuclear localization, but the motor neurons showed 

relatively more cytoplasmic distribution than the B lymphocytes. However, in the C9HRE 

cells and tissues, the immunostaining signal levels of DAXX were significantly increased 

in the nuclei of the B lymphocytes and in both the nuclei and the cytoplasm of the motor 

neurons, where the DAXX granules were either clearly demarcated or connected into a 

network (Figures 1C, 1D, and S1E). The consistent nuclear accumulation of DAXX suggests 

widespread nuclear changes in the patient cells and tissues.

Phase separation of DAXX remodels chromatin structures

In accordance with the granular structures formed by DAXX in the cells, an extended 

intrinsically disordered region identified at its C-terminal half (Figure S2A), and a previous 

report of DAXX undergoing phase separation,33 we observed that overexpression of DAXX 

enhanced its condensation in the nucleus (Figure S2C) and the fast fluorescence recovery 

after photo-bleaching of DAXX-GFP granules confirmed the LLPS feature of DAXX 

condensates in live cells (Figure S2B). Moreover, we demonstrated the intrinsic ability of 

purified DAXX protein to form liquid droplets in vitro (Figure 2A). Next, to test the role 

of the HRE dsDNA in DAXX condensation, we added (G4C2)10 or a size-matched control 

dsDNA probe to an LLPS-inducing solution containing DAXX protein. Compared with the 

control probe, the (G4C2)10 dsDNA significantly promoted formation of DAXX droplets 

(Figure 2A). Furthermore, to study the effects of longer G4C2 repeats on DAXX LLPS, we 

generated dsDNA fragments with 21 or 70 units of G4C2 repeats by restriction digestion 

of respective DNA plasmids. The longer (G4C2)n dsDNAs led to formation of significantly 

more DAXX droplets, while size-matched dsDNA controls lacked any effect (Figure 2B), 

indicating a repeat-length-dependent effect of C9HRE dsDNA on the LLPS of DAXX.

To visualize the phase separation of DAXX in live cells, we developed an “Opto-DAXX” 

protein model by fusing DAXX with mCherry and a CRY2 domain, the latter being the 

photolyase homology region (PHR) of Arabidopsis thaliana that self-clusters upon blue-

light illumination.34,35 In contrast to the control mCherry-CRY2 protein, which remained 
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diffuse in the cytoplasm without detectable changes in its distribution, DAXX proteins 

with either the C-terminal or N-terminal fusion showed an exclusively nuclear distribution 

after exposure to blue light (Figures 2C and S2E) and formed abundant liquid droplets in 

a time-dependent manner when activated by the blue light (Figures 2C and S2D). These 

DAXX droplets were formed through either separation from a dispersed phase or fusion of 

existing droplets (Figures 2C and S2D). While a subset of the DAXX droplets were static, 

others showed dynamic behaviors of fusion and fission (Figures 2C and S2D). Next, we 

utilized the optogenetic system to study the functional consequences of DAXX condensation 

in live cells. Using time-lapse photography, we recorded the dynamic changes in Opto-

DAXX and chromatin signals during the light-induced phase separation of Opto-DAXX. We 

observed that the condensation of Opto-DAXX profoundly changed the shape and intensity 

of chromatin, as visualized by DAPI staining (Figure S2F and S2G), suggesting that DAXX 

phase separation restructures the chromatin conformation.

To understand the effects of DAXX phase separation on genome topology, we employed 

HiChIP, a technology that combines in situ high-throughput chromosome conformation 

capture (Hi-C) with chromatin immunoprecipitation (ChIP),36 to profile three-dimensional 

chromatin architectures. We first exposed HEK293 cells expressing Opto-DAXX to blue-

light illumination to induce the DAXX phase separation, and then subjected the cells to in 

situ Hi-C contact generation and ChIP analysis using an antibody against DAXX, with the 

same cells without blue-light illumination serving as a control. When the HiChIP sequencing 

results were analyzed, we found that the DAXX condensation had increased the long-range 

chromatin interactions among the regulatory regions, such as enhancers and promoters, 

throughout the genome, whereas the interactions associated with the gene bodies were 

unaffected (Figure 2E). The enhanced long-range interactions among the regulatory regions 

suggest that DAXX condensation may alter gene expression by modulating the chromatin 

spatial architecture.

To better visualize the changes in chromatin accessibility occurring as a result of DAXX 

phase separation, we employed a super-resolution chromatin-imaging technology, the 

assay for transposase-accessible chromatin-photoactivated localization microscopy (ATAC-

PALM), which enables the visualization of the entire accessible genome on a nanometer 

scale through the use of a DNA probe comprising Tn5 transposase conjugated to bright 

photoactivatable Janelia Fluor 549 (Tn5-JF549) (Fig- ure S2H).37,38 In the absence of 

blue light, Opto-DAXX distribution was diffuse and the Tn5-JF549 probe was scattered 

evenly across the nuclei (Figures 2D and S2I). With a brief illumination by blue light 

for 5 min, however, DAXX became condensed into granules, and the Tn5-JF549 probe 

assembled onto these granules with a pattern of significant co-localization (Figures 2D and 

S2I). These data indicate that the acutely induced DAXX condensates were associated with 

accessible chromatins, consistent with the observation that DAXX condensation promoted 

interactions among the gene regulatory regions (Figure 2E), since these regulatory regions 

are typically located at accessible chromatin domains.39 These data also indicate that the 

DAXX condensation is a strong regulator of chromatin structures.

Having established the function of DAXX as an anchor for the interactions of regulatory 

sequences, we examined the transcription activity associated with the DAXX condensates. 
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We first probed the co-localization of RNA Pol II with the DAXX condensates in Opto-

DAXX-expressing HEK293 cells after the blue-light illumination. With a short exposure 

to blue light for 5 min, immunostaining analysis revealed that endogenous RNA Pol II 

was partially co-localized with the Opto-DAXX drop- lets; however, with a relatively long 

exposure to blue light for 4 h, RNA Pol II was excluded from the Opto-DAXX droplets 

(Figure S2J), suggesting low levels of transcription activity at these sites. Furthermore, by 

using 5-ethynyl uridine and click chemistry to visualize newly synthesized RNAs, we found 

that the signals for nascent RNAs were significantly decreased in the Opto-DAXX droplets 

after the long blue-light exposure (Figure 2F). Together, these data suggest that the phase 

separation of DAXX drives the assembly of distant open chromatins enriched in regulatory 

sequences and inhibits this transcription of these genomic regions (Figure S2K).

Increased DAXX dysregulates genome-wide gene expression in C9HRE cells

The phase separation of DAXX is expected to be influenced by its protein concentrations. 

In accordance with the increase in DAXX condensates in the C9HRE cells and spinal 

cord tissues (Figures 1C, 1D, and S1E), we found that the protein levels of DAXX 

on immunoblots were consistently higher in the C9HRE patient iMNs (Figures 3A and 

3B), spinal cords (Figures 3F and 3G), and B lymphocytes (Figure S3A) than in the 

control samples. Subcellular nucleocytoplasmic fractionation analysis of the B lymphocytes 

confirmed the nuclear accumulation of DAXX in the patient cells (Figure S3B), consistent 

with the increase observed in the nuclear DAXX condensates (Figure S1E). Moreover, 

deletion of the expanded hexanucleotide repeats in C9HRE iMNs led to significantly 

reduced DAXX protein levels in the resulting isogenic control iMNs, confirming that the 

aberrant DAXX accumulation was a consequence of the C9HRE mutation (Figure S3C).

Given the increase in nuclear levels of DAXX protein and its condensates in the C9HRE 

patient cells, we asked how DAXX might affect genome-wide gene expression in these 

cells. Consistent with the nuclear enrichment of DAXX in C9HRE cells, DAXX ChIP-

seq analysis showed more DAXX-binding sites in the genomes of the HRE-harboring B 

lymphocyte cells (1,162 peaks) than in the control cells (836 peaks) (Figure S3D). To 

obtain a comprehensive understanding of the chromatin status in the C9HRE cells, we 

performed the assay for transposase-acces- sible chromatin with high-throughput sequencing 

(ATAC-seq) using iMNs from C9HRE patients and healthy individuals. By combining our 

ATAC-seq data with those from the NEUROLINCS database, we compiled an ATAC-seq 

dataset derived from iMNs of ten C9HRE patients and six controls. As compared with the 

control iMNs, the C9HRE iMNs generally showed lower ATAC-seq peak signals, suggesting 

a more compact genomic state under these conditions (Figure 2G). Since the chromatin 

accessibility of transcription start sites (TSSs) is essential for gene expression, we performed 

a more detailed analysis of the ATAC-seq data around TSSs and observed that the chromatin 

accessibility at TSSs in the ge- nomes of C9HRE patient iMNs was lower than that in 

control iMNs (Figure 2H).

To explore whether DAXX globally represses gene transcrip- tion in C9HRE cells, we 

performed RNA-seq analysis of C9HRE iMNs. Compared with isogenic control iMNs, 

we identified ~2,000 genes that were downregulated in C9HRE iMNs. When DAXX 
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was partially knocked down in the C9HRE iMNs, the expression of a fraction of the 

downregulated genes (358 out of ~2,000 genes) was restored (Figure S3E, Supplementary 

Table 2), indicating that DAXX globally suppresses gene transcription in C9HRE iMNs. 

By analyzing the ATAC-seq data of the 358 DAXX-regulated genes, we identified 141 

genes that exhibited reduced chromatin accessibility and no genes with increased chromatin 

accessibility in the C9HRE iMNs (Figure S3F). Thus, beyond the C9orf72 locus, there were 

at least hundreds of genes that were dysregulated by the aberrant DAXX accumulation in the 

C9HRE iMNs.

DAXX alters epigenetic regulations in C9HRE patient cells

Histone post-translational modifications are important epigenetic markers that induce 

changes in chromatin structures and transcriptional regulation. DAXX has been reported 

to form a complex with the transcriptional regulator ATRX and then recruit the histone 

lysine methyltransferase SUV39H1 to methylate H3K9 into H3K9me3.31 Along with the 

increase in nuclear DAXX proteins shown by immunoblotting analysis, we observed that 

the levels of ATRX in the patient-derived iMNs were higher than those in control iMNs 

(Figures 3A and 3C). Moreover, the levels of SUV39H1 were consistently higher in the 

C9HRE ALS patient iMNs (Figures 3A and 3D) and spinal cords (Figures 3F and 3G) 

than those of the controls. Immunostaining analysis indicated that the quantity and size of 

the ATRX granules were significantly increased in the nuclei of the patient iMNs when 

compared with those in control iMNs (Figure 3H). Similarly, C9HRE B lymphocytes 

showed more ATRX granules than did the controls; interestingly, a subset of the ATRX 

granules co-localized with the DAXX granules, suggesting that ATRX co-condensed with 

DAXX in the granules (Figures S3G-S3I). The PML nuclear bodies (PML-NB) serve as a 

scaffold where DAXX and ATRX shuttle in and out to modify chromatins,40 and we found 

that the number of PML-NBs was significantly higher in the C9HRE patient iMNs than 

in control iMNs (Figure 3I). In addition, DAXX was reported to inhibit the acetylation of 

H3K27 via the histone deacetylase HDAC1.41,42 Although the total levels of HDAC1 were 

unchanged in the patient cells, we observed a significant increase in the nuclear localization 

of HDAC1, which showed a significant co-localization with DAXX condensates in the 

C9HRE iMNs (Figure 3J) and B lymphocytes (Figures S3J-S3L) when compared with that 

in the control cells, suggesting that DAXX phase separation could alter HDAC1 activity at 

specific genomic regions in the patient cell lines.

One of the main functions of DAXX in the nucleus is related to histone 

modifications, specifically promoting H3K9me3 and suppressing H3K27ac to regulate 

gene expression.31,41 Given the observation that DAXX was increased in C9HRE patient 

cells (Figures 3A and 3B), especially in the nuclei (Figures 1B, 1C, S1E, and S3B), we 

examined the global levels of H3K9me3 and H3K27ac in the C9HRE patient iMNs by 

immunoblotting. We found that the C9HRE iMNs displayed significantly higher levels 

of H3K9me3 and lower levels of H3K27ac than did the control iMNs (Figure 3K-M). 

Importantly, the knockdown of DAXX rebalanced the global dysregulation of H3K9me3 and 

H3K27ac in the patient iMNs (Figures 3N-3P), demonstrating that DAXX plays a critical 

role in the dysregulation of the epigenetic histone markers in the C9HRE patient cells.
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DAXX suppresses chromatin accessibility at the C9orf72 locus in patient cells

To gain further insights into the DAXX-mediated regulation of gene expression, we focused 

our analysis on the C9orf72 gene, which harbors the HRE mutation that is a prominent 

binding site of DAXX. The C9orf72 gene uses alternative start sites and splicing to produce 

at least three transcriptional variants V1-V3, and the HRE mutation is located either in 

the intron 1 region of transcripts V1 (NM_145005.5) and V3 (NM_001256054.1) or in the 

putative promoter region of the transcript V2 upstream of its TSS (NM_018325.3) (Figure 

S4A). Consistent with previous reports,5,43 V2 was the predominant transcript among the 

three variants, accounting for approximately 80%-90% of the C9orf72 transcripts (Figures 

S4B and S4C). We searched the Eu- karyotic Promoter Database44 and identified two 

GC box sites within 5 kb upstream of the V2 TSS (Figure S4D). The first GC box, a 

10-bp segment 257 bp upstream of the V2 TSS, is located within exon 1a of the V1/V3 

transcript; the second GC box, a 49-bp segment immediately upstream of the V2 TSS, 

comprises the entire intron 1b of the V1/V3 transcript (Figure S4D). Given the second 

GC box’s significant length and proximity to the TSS, we postulated that this region has 

the promoter function for the V2 transcript. Indeed, when we fused intron 1b with an 

EGFP-coding sequence, it drove a robust expression of EGFP protein and mRNA (Figures 

S4E-S4G), confirming the promoter activity of the region, hereafter termed the C9V2 

promoter. The G4C2 repeat is located immediately upstream of the C9V2 promoter (Figure 

S4D), and expansion of the repeats could disrupt V2 expression. By analyzing the ATAC-seq 

dataset derived from iMNs of C9HRE patients and controls, we found that the patient 

iMNs exhibited a significant reduction in the chromatin accessibility at the C9V2 promoter 

region when compared with that of the control iMNs, (Figures 4A and 4B). Consistently, 

B lympho- cytes harboring the C9HRE mutation exhibited a similar loss of chromatin 

accessibility at the C9orf72 promoter region (Figure S5B). Since V2 is the predominant 

variant among C9orf72 transcripts, these data are consistent with the notion that a reduction 

in the V2 expression underlies the loss of C9orf72 expression in patient cells with HRE 

mutations.3,45

To understand the epigenetic mechanism through which the expansion of the G4C2 repeats 

influences V2 expression, we examined the occupancy of H3K9me3 or H3K27ac, the 

markers for transcription suppression or activation, respectively, at the V2 promoter in 

C9HRE patient iMNs. Using ChIP-qPCR with antibodies specifically against H3K9me3 

or H3K27ac, we observed a profound increase in H3K9me3 occupancy as well as a 

substantial decrease in H3K27ac occupancy at the V2 promoter in the C9HRE patient 

iMNs as compared with those in control iMNs (Figure 4C), suggesting reduced transcription 

activity at the promoter region containing the HRE mutation. Furthermore, ChIP-qPCR 

analysis using antibodies against RNA polymerase II showed a significant reduction in the 

polymerase occupancy at the V2 promoter in the C9HRE patient iMNs when compared with 

that in the control iMNs (Figure 4D), confirming the repres- sive transcription status of this 

region containing the HRE mutation. In addition, B lymphocytes from C9HRE patients also 

showed a much lower occupancy of RNA polymerase II at the V2 promoter than did control 

cells (Figure S5C).
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To understand the role of DAXX in HRE-dependent genomic regulation, we evaluated the 

effects of DAXX knockdown on epigenetic and transcriptional changes in C9HRE patient 

iMNs. A partial knockdown of DAXX significantly reduced the occupancy of H3K9me3 

at the C9V2 promoter but increased the occupancy of H3K27ac at this site, as indicated 

by ChIP-qPCR analysis (Figures 4E and 4F). Furthermore, the DAXX knockdown led 

to a significant increase in the recruitment of RNA polymerase II to the C9orf72 V2 

promoter in the C9HRE iMNs (Figure 4G) and B lymphocytes (Figure S5D). Accordingly, 

we found that the DAXX knockdown significantly increased the expression of both C9orf72 

protein and V2 mRNA in the C9HRE iMNs (Figures 4H-4J) as well as in iPSCs (Figures 

S5E-S5H) and B lymphocytes (Figures S5I-S5L) carrying the HRE mutations. These results 

collectively indicate that the HRE mutations alter the epigenetic modifications and reduce 

the chromatin accessibility of the locus, thereby repressing the expression of the C9orf72 

gene and demonstrate that DAXX plays a critical role in mediating the HRE-dependent 

transcriptional suppression.

Stress-dependent induction of C9orf72 expression is lost in HRE-harboring patient cells

In addition to the reduction in the basal levels of C9orf72 protein and mRNA (Figures 

S6A-S6D), we found that the expression of C9orf72 was inducible by stress in normal 

cells, but this dynamic regulation was lost in patient cells harboring the HRE mutations. 

We therefore examined the transcriptional regulation of C9orf72 under neurodegeneration-

associated stress conditions, such as the stress by tunicamycin, which inhibits protein 

N-glycosylation to disrupt ER-associated degradation,46 or thapsigargin, which induces ER 

stress by selectively inhibiting ER Ca+-ATPases.47 When the iMNs from healthy individuals 

were stressed by exposure to tunicamycin, both C9orf72 protein and V2 mRNA levels were 

found to be significantly increased (Figures 5A-5C). In contrast, such tunicamycin-induced 

upregulation of C9orf72 expression was absent from the iMNs derived from C9HRE patients 

(Figures 5A-5C). Similarly, the stress-responsive induction of C9orf72 expression at both 

the protein and mRNA levels was observed in normal B lymphocytes treated with either 

tunicamycin or thapsigargin, but the dynamic regulation of C9orf72 expression was lost in 

multiple lines of B lymphocytes from C9HRE patients (Figures 5D-5F and S6E-S6I).

The stress-responsive induction of the C9orf72 V2 transcript and the corresponding protein 

was also observed in other cell types, such as HEK293 cells (Figure S6J) and human RPE1 

cells (Figures S6K-S6M). We further observed that the expression of C9orf72 could be 

induced by stress from toxic proteins associated with neurodegenerative diseases. Proline-

arginine (PR) poly-dipeptides are one type of proteotoxic products significantly increased 

the levels of the C9orf72 pre-mRNA translated from expanded G4C2 repeat RNAs. By 

expressing and protein (Figures S6N and S6O). Notably, only the construct with randomized 

codons encoding 82 repeats of C9orf72 V2 transcript, and not the V1 or V3 transcript, 

was poly-PR dipeptides (PR82) in RPE1 cells, we found that PR82 significantly changed, 

indicating that the stress-dependent regulation of C9orf72 expression is specific to the V2 

transcript (Figure S6P).
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DAXX mediates HRE-dependent inhibition of stress-induced transcription of C9orf72

Since DAXX was found to accumulate in the nuclei of cells harboring the C9orf72 HRE 

mutation, we asked whether DAXX mediates the inhibition of stress-induced C9orf72 

transcription in patient cells. We performed qRT-PCR analysis to quantify the stress-induced 

expression of the C9orf72 V2 transcript in pa- tient cells after knockdown of DAXX. 

We found that knockdown of DAXX in either C9HRE iMNs or C9HRE B lymphocytes 

restored the tunicamycin-induced upregulation of the V2 mRNA levels, which did not 

occur in the control shRNA-treated C9HRE iMNs (Figures 6A and 6B). Together, these 

data demonstrate that DAXX mediates HRE-dependent inhibition of the stress-induced 

transcription of C9orf72.

The diseases linked to the C9orf72 HRE mutations are dominantly inherited, and most 

patient cells carry one expanded repeat allele and one wild-type allele. Since the patient 

cells exhibited a complete loss of stress-induced C9orf72 expression, we investigated 

the mechanism through which the stress-induced transcription at the wild-type allele is 

suppressed in the patient cells. Since the HRE mutations induce the accumulation of DAXX 

in the nuclei of patient cells, we asked whether elevated levels of DAXX suppress C9orf72 

expression at the wild-type allele. Since the C9orf72 V2 transcript specifically underlies the 

stress-induced expression of the gene, we tested the potential association of DAXX with the 

C9orf72 promoters in wild-type cells. ChIP-qPCR analysis in human RPE1 cells showed 

enrichment of DAXX at the C9orf72 V2 promoter but not at the promoter regions for 

V1/3 (Figure S5M), demonstrating the intrinsic occupancy of DAXX specifically on the V2 

promoter at the wild-type allele. To test the effects of elevated levels of DAXX on C9orf72 

expression, we over-expressed DAXX in wild-type cells and observed a significant reduction 

in C9orf72 V2 transcript levels as compared with the cells expressing the empty vector 

or b-glucuronidase (GUS) as a control gene (Figure 6C). The role of DAXX in negatively 

regulating C9orf72 transcription was further confirmed by the in- crease in V2 transcript 

levels upon DAXX knockdown in wild- type cells (Figure 6D). Together, these data support 

the notion that the nuclear accumulation of DAXX as a result of the HRE mutations in 

patient cells can lead to a suppression of V2 transcribed from the wild-type allele.

To gain a mechanistic understanding of the role of DAXX phase separation in the regulation 

of C9orf72 transcription, we utilized the optogenetic system to study the regulation of the 

C9orf72 V2 expression. Upon an 8h exposure to blue light, a significant reduction in the 

C9orf72 V2 mRNA was observed in HEK293 cells expressing Opto-DAXX but not in the 

cells expressing the control protein when normalized against the levels before the blue-light 

illumination (Figure 6E). Furthermore, we used the HiChIP-seq analysis to examine the 

3D chromatin structural shifts at the C9orf72 locus as a result of the inducible phase 

separation of DAXX. Consistent with our genome-wide observations, we found that the 

condensation of Opto-DAXX promoted 3D chromatin interactions across chromosome 9, 

as indicated by the enhanced signals in the interaction matrix plots (Figure 6F). TADs are 

the architectural units of 3D chromatins, in which there is a high frequency of chromatin 

interactions.22 With a 50-kb resolution for the TAD analysis, we found that the phase 

separation of Opto-DAXX led to the formation of two new sub-TADs (Figures 6F and 

6G). TAD boundaries are frequently located in and around the TSSs that are enriched 
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with CTCF, a chromatin insulator involved in boundary establishment.22 Disruption of 

topological boundaries can cause dysregulation of gene expression at the boundaries.27 

The TAD anal- ysis revealed a new boundary formed at the C9orf72 promoter region as a 

result of Opto-DAXX condensation (Figures 6F and 6G). An analysis of previously reported 

ChIP-seq data indicated that the peaks of CTCF and DAXX overlap at the site of the newly 

formed sub-TAD boundary at the C9orf72 promoter (Figures 6F and 6G), suggesting that 

both CTCF and DAXX participated in the establishment of the boundary. Furthermore, an 

H3K27ac peak also co-localized with the CTCF and DAXX peaks and the newly formed 

TAD boundary at the C9orf72 promoter locus (Figure 6G), suggesting that both chromatin 

conformation and histone modification may contribute to the DAXX-dependent regulation 

of transcription activity at the C9orf72 locus. Thus, these data together suggest that DAXX 

acts as a key regulator of transcription at the C9orf72 locus through its modulation of 3D 

chromatin interactions.

DAXX regulates the susceptibility of C9orf72 HRE motor neurons to stress

We have observed that HRE-dependent accumulation of DAXX suppresses the expression of 

C9orf72 by acting on the promoter of the predominant V2 transcript. Unlike V2, which has 

the hexanucleotide repeats in its promoter (Figure S4A), the C9orf72 V1 and V3 transcripts 

contain the repeats in their first intron and thus are responsible for the disease-associated 

RNA toxicity and RAN translation, both of which originate from the repeat-containing V1/3 

transcripts. Consistent with the lack of DAXX enrichment at the promoter of V1/3 (Figure 

S5M), we found that knockdown of DAXX did not significantly affect the levels of V1/V3 

transcripts, as shown by qRT-PCR analysis of these transcripts in C9HRE iMNs with or 

without DAXX knockdown (Figure S7A). We also performed RNA FISH to directly detect 

the G4C2 repeat RNA foci, which serve as a marker for the repeat RNAs in C9HRE iMNs.48 

With the loss of DAXX, there was no significant change in the quantity or size of the RNA 

foci, as indicated by the FISH analysis (Figures S7B and S7C). These results indicate that 

DAXX regulates the expression of C9orf72 primarily through its action on the V2 promoter 

and has little effect on the transcription of the repeat-containing V1/3 transcripts.

Motor neurons differentiated from iPSCs carrying the C9orf72 HRE mutation are 

susceptible to the stress induced by tunicamycin.16 Given the function of DAXX in 

regulating the expression of C9orf72 under stress, we investigated the role of DAXX or 

C9orf72 in mediating the sensitivity of C9HRE iMNs. Whereas tunicamycin induced a 

time-dependent loss of C9HRE iMNs, a partial knockdown of DAXX led to significantly 

higher survival rates for the C9HRE iMNs than for the controls (Figure 7A); furthermore, 

restoration of C9orf72 expression significantly enhanced the survival of the C9HRE iMNs 

(Figures 7B and S7F), indicating that the reduction in DAXX or the increase in C9orf72 

had a neuroprotective effect on C9HRE patient neurons. At the same time, neither DAXX 

knockdown nor C9orf72 overexpression protected wild-type iMNs from the tuni- camycin-

induced toxicity (Figures S7D-S7G), indicating that the regulatory effects of DAXX or 

C9orf72 is specific to C9HRE patient neurons where DAXX accumulation and C9orf72 

deficiency are part of the pathological changes.
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Given that the HRE-dependent loss of C9orf72 V2 expression was associated with DAXX-

induced histone hypoacetylation at the C9orf72 V2 promoter, we evaluated the effects 

of increasing histone acetylation levels on C9orf72 V2 expression and neuronal health 

in C9HRE iMNs. To reverse the decrease in the levels of H3K27ac, we treated the 

C9HRE iMNs with sodium phenylbutyrate (Na-Phen), an HDAC inhibitor that increases 

the acetylation of H3K27.49 This pro-acetylation treatment yielded an increase in C9orf72 

V2 expression as well as a robust protec- tion of the C9HRE iMNs against the tunicamycin-

induced toxicity (Figures 7C and 7D). Taken together, these data suggest that DAXX, 

C9orf72, and the associated epigenetic event can be modulated to alleviate the sensitivity of 

C9orf72 HRE motor neurons to stress.

DISCUSSION

The expansion of repetitive DNA sequences has been linked to an increasing number 

of human neurological disorders. The molecular functions of the C9orf72 hexanucleotide 

repeat, especially at the DNA level, remain largely undefined. In this study, we have 

identified DAXX as a key DBP that recognizes the C9orf72 HRE DNA and undergoes 

HRE-dependent phase separation and protein condensation, leading to global chromatin 

remodeling and epigenetic dysregulation in patient cells (Figure 7E). The nuclear 

accumulation of DAXX in HRE-harboring cells suppresses a stress-dependent induction 

of the expression of C9orf72 through the regulation of chromatin structures and epigenetic 

modifications. These results have revealed the mechanisms through which C9orf72 HRE 

DNA and its key protein partner reshape genomic architectures and initiate pathogenic cas- 

cades that lead to compromised cell fitness.

We identified DAXX as a key C9HRE DBP that recognizes the G4C2 hexanucleotide 

repeat DNA and undergoes a series of changes in an HRE-dependent manner. Through 

its interaction with the HRE DNA and the resulting increase in its nuclear concentration, 

DAXX undergoes enhanced LLPS and molecular condensation. Likely existing in an 

equilibrium between its different phases, DAXX accumulates and condenses at the C9orf72 

HRE site and throughout the nuclei in HRE-containing patient cells. By modeling the phase 

separation of DAXX using an optogenetic system, we observed that the phase separation of 

DAXX drives chromatin remodeling, epigenetic changes, and transcriptional regulation in 

the whole genome. The condensation of DAXX promotes the three-dimensional interactions 

among gene regulatory sequences, including promoters and enhancers. With the recruitment 

of histone modification pro- teins such as ATRX, SUV39H1, and HDAC1, DAXX promotes 

an increase in the transcription suppression marker H3K9me3 and a decrease in the 

transcription activation marker H3K27ac in the gene regulatory regions. Consequently, the 

oc- cupancy of RNA polymerases is decreased, and transcription is suspended. These results 

provide a mechanistic basis for the alterations in genomic topology in patient cells harboring 

the C9orf72 HRE mutations, consistent with the architectural changes in chromatin observed 

in C9orf72-ALS/FTD patient tissues.27

The HRE-dependent nuclear accumulation of DAXX has a profound effect on the expression 

of the C9orf72 gene, which exem- plifies the roles of DAXX in genomic and epigenetic 

regulation and provides insights into the disease mechanisms related to the expression of 

Liu et al. Page 12

Neuron. Author manuscript; available in PMC 2024 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C9orf72. One of the surprising findings in this study was the stress-inducible expression 

of C9orf72, which could be important for the maintenance of cell fitness, especially under 

disease-associated stress conditions. DAXX plays a critical role in the stress-dependent 

induction of C9orf72 by recognizing the GC-rich promoter of the predominant V2 transcript. 

Our HiChIP analysis revealed that the phase separation of DAXX drives the changes in 

the 3D genomic interactions of the C9orf72 V2 promoter and renders the promoter inactive 

in reorganized chromatin structures. In the patient cells, the stress-dependent induction 

of C9orf72 was blocked, with elevated levels of DAXX suppressing the activity of the 

C9orf72 V2 promoter on both the HRE mutant and wild-type alleles. Since the heterozygous 

HRE mutation induced an increase in nuclear DAXX, thereby leading to development 

of the phenotype from both alleles, these results provide a dominant-negative mechanism 

that may underlie the contributions of the haploinsufficiency of C9orf72 to the diseases. 

Notably, DAXX did not influence the levels of either the V1 or V3 transcript, both of 

which start upstream of the C9orf72 V2 promoter region, but it specifically regulated the 

expression of the predominant V2 transcript. Therefore, knockdown of DAXX would not 

influence V1/V3-dependent RNA toxicity or RNA-dependent RAN translation, consistent 

with the observation of the absence of change in the levels of HRE RNA foci upon 

DAXX knockdown. However, the DAXX knockdown significantly enhanced the resistance 

of patient-derived iMNs to stress-induced toxicity, demonstrating the protective effects of 

derepressing the DAXX-mediated sup- pression of C9orf72 V2 expression under stress.

In addition to a role for DAXX in suppressing the C9orf72 transcription as part of the loss-

of-function disease mecha- nisms, the HRE-dependent elevation of DAXX-induced genome-

wide pathologic changes that contributed to the gain-of-function disease mechanisms. These 

HRE-dependent DAXX-mediated pathological changes include genome-wide perturbations 

in epigenetic regulation and global gene expres- sion in C9orf72 ALS/FTD patients. Other 

functions of DAXX could also be perturbed as a consequence of its accumulation in 

C9orf72 patient cells. Transcriptional dysregulation associated with changes in chromatin 

structure or epigenetic modifications are a widespread feature in ALS patients, including 

those linked to SOD1, FUS, TDP43, or the polydipeptide repeats.50-53 We have found 

that reducing DAXX or rebalancing the histone hypoacetylation mitigates the sensitivity 

of C9orf72 ALS patient-derived iMNs to stress. Taken together, our studies suggest that 

DAXX-mediated pathogenic cascades, including those causing epigenetic dysregulation, 

provide new strategies and potential targets for interventions to prevent or treat C9orf72 

HRE-associated diseases.

METHODS

Human cell lines

Eight human B lymphocyte cell lines were obtained from NINDS Human Cell and Data 

Repository, including three control and five C9HRE patient lines. Eight human iPS cell 

lines were employed, including three controls, three C9HRE patient lines, and two isogenic 

controls. The two pairs of C9HRE iPSCs and isogenic controls were obtained from 

Justin Ichida’s Lab at the University of Southern California, and the rest of iPSCs were 

obtained from NINDS Human Cell and Data Repository. The patients’ information for 
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these human cell lines refers to Table S3. All the human motor neurons used in the study 

were differentiated from human iPSCs. Human HEK293 cells and human RPE1 cells were 

obtained from ATCC. For shRNA or drug administration, cells were randomly divided into 

groups for different treatments. All cellular assays were repeated at least three times, and 

cellular data were collected and analyzed in a blind manner. Sequencing data were processed 

and analyzed by a person who were completely blind to the sample information.

Human tissues

Four controls and five C9HRE patient spinal cord tissues were used for immunostaining 

analysis. Eight controls and six C9HRE patient spinal cord tissues were employed for 

immunoblotting assays. All the human tissues used in this study were obtained from The 

Target ALS Multicenter Postmortem Tissue Core, The VA Biorepository Brain Bank, and 

The Johns Hopkins ALS Postmortem Tissue Core. Data collection for tissue staining and 

immunoblotting was performed in a blind manner. The detailed information for the patients 

were provided in Table S3.

Plasmids

To construct an optogenetic DAXX system, DAXX cDNA from Flag-Daxx/pRK5 (a gift 

from Xiaolu Yang; Addgene plasmid # 27974)54 was subcloned into pHR-mCh-Cry2WT 

(a gift from Clifford Brangwynne; Addgene plasmid # 101221)35 or pHR-sfGFP-Cry2WT 

using a Gibson Assembly Cloning (NEB, E5510S) method to create pHR-DAXX-mCherry-

Cry2WT and pHR-DAXX-sfGFP-Cry2WT. For the promoter activity test, the human 

C9orf72 intron 1b or intron 1a sequence (Figure S4D) was cloned into a pGL4-uPAter-

EGFP vector without a promoter element. The PR82 lentiviral expression construct (pLenti-

PR82) expressing 82 proline-arginine dipeptide repeats was cloned using the Gateway 

cloning system into the pLenti-puro-CMV (w118) vector (a gift from Eric Campeau and 

Paul Kaufman; Addgene plasmid # 17452).55 The PR82 coding sequence was derived from 

a previous sequence with randomized codons designed to produce only the proline-arginine 

dipeptide repeat (a gift from Adrian Isaacs).61

Cell culture, drug treatment, lentiviral shRNA knockdown, and live-cell imaging

Human B lymphocytes were cultured in RPMI 1640 medium containing 15% FBS. Human 

iPSCs were maintained in StemFlex medium (Gibico, A3349401), with medium exchange 

every other day. Human HEK293 cells and human RPE1 cells were obtained from ATCC. 

HEK293 cells were cultured in DMEM containing 10% FBS. Human retinal pigment 

epithelial 1 (RPE1) cells were cultured in DMEM/F12 containing 10% FBS and 0.01 mg/ml 

hygromycin B. All cell lines were checked regularly for mycoplasma contamina- tion. To 

induce cell stress, RPE1 cells were treated with thapsigargin (30 nM) or tunicamycin (5 

mg/ml) for 24 h, and B lymphocytes were treated with thapsigargin (40 nM) or tunicamycin 

(1 mg/ml) for 24 h. To express PR82, RPE1 cells were transfected with the pLenti-PR82 

plasmid and cultured for 48 h.

All knockdown experiments were carried out via transduction with lentiviruses expressing 

various shRNAs. The shRNAs targeting human DAXX were TRCN0000003800, 

TRCN0000279733, and TRCN0000003801 (Sigma). Treatments with the various shRNAs 
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yielded similar results, and therefore representative data are presented. To produce lentiviral 

particles, 53106 HEK293 cells were seeded onto a 10-cm dish coated with PEI. The 

next day, the DAXX shRNA-expressing pLKO.1 or pLKO.5 lentiviral plasmid and viral 

packaging vectors (psPAX2 and pMD2G) were co-transfected using Lipofectamine 2000 

(Thermo Fisher, 11668500) for 8 h before the Opti-MEM transfection medium was changed 

to fresh DMEM containing 10% FBS. After 72 h of lentiviral production, the culture 

medium was collected and filtered through a 0.45-mm cellulose acetate membrane to 

remove debris. Lentiviral particles were concentrated by precipitation with 40% PEG 8000 

and centrifugation (1,600 g) and then resuspended in 1 × PBS. The concentrated lentiviral 

particles were used in the transduction of B lymphocytes or iPSCs for 48 h, followed by 

puromycin selection (3 mg/ml for B lymphocytes and 0.5-1.5 mg/ml for iPSCs).

For live-cell imaging of Opto-DAXX clustering, 0.8×105 HEK293 cells were seeded onto 

a FluoroDish (World Precision Instruments, FD35-100) 1 day before transfection with pHR-

DAXX-mCherry-Cry2WT or pHR-mCh-Cry2WT. At 24 h after the transfection, live cells 

were exposed to blue light, and time-lapse images of each channel were captured at the 

indicated intervals by using an SP8 confocal microscope (Leica). DNA was visualized by 

DAPI staining in live cells.

Motor neuron differentiation of human iPS cells and experimental analyses

All the eight human iPS cell lines were differentiated into motor neurons as previously 

described.62 In brief, iPSCs were seeded onto Matrigel-coated plates and differentiated 

into neuroepithelial progenitor cells (NEPCs) by culturing 6 days in neural medium (1:1 

DMEM/F12:neurobasal medium, GlutaMax, N2 supplement, B27 supplement, and ascorbic 

acid) containing 3 mM CHIR99021, 2 mM SB431542, and 2 mM DMH-1. NEPCs were 

dissociated with dispase (1 U/ml) and split into new plates coated with Matrigel with a ratio 

of about 1:6. NEPCs were differentiated into motor neuron progenitor cells (MNPCs) using 

neural medium supplemented with 1 mM CHIR99021, 2 mM SB431542, 2 mM DMH-1, 0.1 

mM retinoic acid (RA), and 0.5 mM purmorphamine. After culturing for 6 days, MNPCS 

were dissociated and cultured in suspension using neural medium containing 0.5 mM RA 

and 0.1 mM purmorph- amine. Six days later, neural spheres were dissociated and plated 

onto a Matrigel-coated plate. Adherent neural spheres were cultured in neural medium 

supplemented with 0.5 mM RA, 0.1 mM purmorphamine, and 0.1 mM compound E. After 

12 days, mature motor neurons were acquired for experiments. The medium was changed 

every other day during the entire differentiation period.

For knockdown experiments on motor neurons, iMNs were randomly divided into groups 

and each group was infected twice with the lentiviruses expressing different shRNAs, on day 

10 and day 12 at the final differentiation stage, and the cells were used on day 15 to allow 

for efficient DAXX knockdown. Mature iMNs were stressed with tunicamycin (5 mg/ml) 

in the presence of Na-Phen (10 mM) for the indicated times, and neuronal survival at each 

time point was measured by calcein-AM staining. In brief, iMNs were stained with 3 mM 

calcein-AM (Invitrogen, C1430), and the fluorescence of surviving iMNs was read using 

a plate reader (Synergy H1 Hybrid) with excitation/emission at 485 nm/535 nm. Optical 
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fields with calcein-positive iMNs were randomly selected and images captured using a 

fluorescence microscope (Nikon Eclipse TS100).

C9orf72 V2 promoter analysis

The C9orf72 promoter region (Eukaryotic Promoter Database ID C9orf72_1) between -5000 

bp to +100 bp was examined for the presence of the GC box motif using the Eukaryotic 

Promoter Database. Two putative GC boxes, located in introns 1b and 1a, were identified 

with a p-value less than 10-5. To test the promoter activity of the intron 1b and 1a, 

HEK293 cells were transfected with pGL4-uPAter-EGFP plasmids containing intron 1b 

or intron 1a. One day after the transfection, the cells were analyzed for EGFP expression 

by western blotting, fluorescence detection, and qPCR analysis. qPCR EGFP expression 

was normalized using the mRNA of the ampicillin resistance gene (AmpR) from the pGL4-

uPAter-EGFP plasmid, together with resident GAPDH mRNA.

SILAC quantitative proteomic analysis

To identify DNA G4C2 repeat-interacting proteins, DNA probes were used 

to pull down their target proteins in SILAC-labeled cells. The DNA 

oligonucleotide 5’-(G4C2)6AACAAC-biotin-3’ and a randomized control, 5’-

GACTGACTGATAGATCCTAAGTACTGAT- TACTGACTAACAAC-biotin-3’, together 

with their complementary oligonucleotides without a biotin label were synthesized 

(Integrated DNA Technologies). Each pair of complementary strands were incubated at 95 

°C for 5 min and ramped down to 20 °C in 5oC/min increments to anneal in 23 annealing 

buffer (20 mM Tris-HCl [pH 8.0], 100 mM NaCl, 2 mM EDTA). Annealed dsDNAs were 

phosphorylated at 37 °C for 2 h using T4 polynucleotide kinase (NEB, M0201S) and then 

ligated with T4 DNA ligase at room temperature for 4 h. The dsDNAs were purified via 

phenol–chloroform extraction and stored at −20 °C.

HEK293 cells were cultured in SILAC medium with either light lysine and arginine, or 

heavy lysine (13C6
15N2) and arginine (13C6 15N4), along with 10% dialyzed fetal bovine 

serum (Thermo Fisher Scientific, 88440) and penicillin/streptomycin. Following 10 days 

of metabolic labelling, nuclear proteins were extracted using Nuclear and Cytoplasmic 

Extraction Reagent (ThermoFisher Scientific). Biotin-labeled G4C2 repeats or random 

dsDNAs (20 mg each) were incubated with streptavidin beads (Dynabeads MyOne 

Streptavidin C1, Invitrogen, 65001) in DNA binding buffer (2 M NaCl, 10 mM Tris-HCl 

[pH 7.5], 1 mM EDTA, 0.01% Tween-20) at room temperature for 1 h with rotation. The 

dsDNA-bead complexes were washed twice using DNA binding buffer and then twice with 

pro- tein binding buffer (PBS [pH 7.4] containing 0.01% Tween-20). The dsDNA-bead 

probes were then incubated with 400 mg of nuclear protein in protein binding buffer at 

4 °C for 2 h with rotation, washed three times with protein binding buffer, and heated 

at 95 °C for 5 min in NuPAGE loading buffer (Invitrogen, NP0007) containing 20 mM 

DTT. The resulting immunoprecipitates were separated on a 4 - 12% gradient gel and 

digested with trypsin. The digested peptide samples were analyzed and quantified with an 

LTQ-Orbitrap-Velos mass spectrometer.
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Protein purification and EMSA

DAXX protein was expressed and purified from human cells. HEK293 cells were 

transfected with Flag-DAXX-pRK5 (Addgene 27974) and then lysed by sonication in 

ice-cold lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM Na2EDTA, 1 mM 

EGTA, 1% TritonX-100, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 

mM Na3VO4, 1 mg/ml leupeptin, 1 mM PMSF [APExBIO, A2587], and Protease Inhibitor 

Cocktail [1:200, Millipore Sigma, P8340]) with a Diagenode Bioruptor at high power with 

an on/off cycle of 30 sec for 20 min. Cell lysates were centrifuged at 12,000 g at 4 °C for 

20 min, and the supernatants were har- vested for immunoprecipitation. After incubation 

with anti-Flag M2 magnetic beads (Sigma, M8823) at room temperature for 1 h, the beads 

were washed three times with a buffer (50 mM Tris-HCl [pH 7.4] and 150 mM NaCl) and 

then eluted with a buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 150 

ng/ml 33Flag peptides (Sigma, F4799) at 4 °C for 30 min with rotation. Purified protein was 

concentrated with a centrifugal filter (Millipore, 50 kDa, UFC805096) and stored at −80oC 

in buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM DTT, 50% glycerol, 

1 mM PMSF (APExBIO, A2587), and Protease Inhibitor Cocktail (1:200, Millipore Sigma, 

P8340).

For EMSA analysis, a ssDNA probe, (CCCCGG)10, and 

a size-matched control probe (GACTGACTGATAGATCCTAAGTACTG 

ATTACTGACTATAGATCTAAGTCATGATCAGTTA) were synthesized and labeled with 

an Alexa Fluor 488 fluorescent tag at the 5’ terminus (Integrated DNA Technologies). 

To generate dsDNA probes, the fluorescence-labeled ssDNA probe was annealed with its 

complementary strand. Increasing concentrations of purified protein were incubated with the 

probes (50 nM) in binding buffer containing 10 mM Tris (pH 7.5), 1 mM EDTA, 0.1 mM 

DTT, 10 mg/ml BSA, and 5% glycerol. After incubation at room temperature for 30 min, 

the mixture was run on a non-denaturing polyacrylamide gel in TBE buffer. Gel shift images 

were captured on an Amersham Typhoon Imager 9200, and the ratio of bound DNA to free 

DNA was analyzed with ImageJ (version 2.0.0-rc-59/1.51k).

In vitro liquid-liquid phase separation (LLPS)

To purify DAXX protein for in vitro LLPS analysis, the cDNA of human DAXX (Addgene 

27947) was cloned into the pET28a plasmid and expressed in Rosetta E. coli. Bacteria were 

cultured in 50 ml LB medium at 37 °C with kanamycin (50 mg/ml) overnight. Next day, 

30 mL of the bacterial suspension was added into 1 L of LB medium and grown at 37 

°C until OD600 reached 0.6. Bacteria were cultured with IPTG (0.4 mM) induction at 16 

°C overnight to express DAXX and then pelleted and lysed in buffer (50 mM NaH2PO4, 

300 mM NaCl, 0.05% tween-20, 10 mM imidazole, pH=8.0). Lysates were centrifuged, 

and supernatants were collected to pull down His-tagged DAXX with Ni NTA agarose 

beads incubated at 4 °C for 1 h. After washing twice with buffer (50 mM NaH2PO4, 

300 mM NaCl, 0.05% tween-20, 20 mM imidazole, pH=8.0), beads were eluted with 

buffer (50 mM NaH2PO4, 300 mM NaCl, 0.05% tween-20, 250 mM imidazole, pH=8.0). 

Elution buffer was exchanged by a centrifugal filter (Millipore, 30 kD, UFC803024) and the 

purified proteins were aliquoted and stored at −80 °C in buffer containing 20 mM Tris-HCl 

(pH=7.5), 150 mM NaCl, 1 mM DTT, 50% glycerol, PMSF, and protease inhibitor.
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Purified DAXX protein at a final concentration of 500 ng/ml was incubated in LLPS buffer 

(1 M NaCl) for 30 min at room temperature to allow the formation of protein droplets. 

To examine the effects of DNA on the LLPS of DAXX, (G4C2)10 or a size-matched 

control dsDNA probe (at a final concentration of 200 nM) was added into LLPS buffer 

(1 M NaCl) with 500 ng/ml of DAXX. After incubation at room temperature for 30 min, 

images of protein droplets were captured and analyzed. To test an HRE size-dependent 

effect on DAXX’s phase separation in vitro, G4C2 dsDNA fragments were cut from DNA 

plasmids16 and then gel-purified. DAXX protein was added into NaCl (0.5 M) buffer at a 

final concentration of 500 ng/ml, and dsDNA probes were added into the buffer at a final 

concentration of 200 nM. After incubation at room temperature for 1 h, DAXX droplets 

were imaged for analysis.

ATAC-PALM

HEK293 cells were plated onto 8-well Lab-TEK chambers (Thermo Fisher #155409) pre-

coated with fibronectin (Millipore FC010, 7.5 ml/ml). At 24 h after plating, cells were 

transfected with pHR-DAXX-sfGFP-Cry2WT using Lipofectamine 3000 (Thermo Fisher, 

L3000001), incubated for 48 h, and light-activated by a blue-light LED transilluminator 

(BLooK, GeneDireX, model: BK001) for 5 min before fixation in 4% paraformaldehyde 

solution (Electron Microscopy Sciences #15710) for 10 min at room temperature. Cells were 

washed, permeabilized, and incubated with Tn5 PA-JF549 transposase as described.37 For 

a single well of the 8-well Lab-TEK chamber, a 20 ml reaction mix (10 mM Tris-HCl [pH 

7.6], 5 mM MgCl2, 10% dimethylformamide, and 25 nM Tn5 PA-JF549 transposase) was 

spread over the entire well using a sheet of Parafilm, and the cells were incubated at 37 °C 

for 1 h. Following the incubation with the transposase, the cells were washed 3 times with 

1× PBS containing 0.01% SDS and 50 mM EDTA for 8 min each at 55 °C, then washed 2 

times with 1× PBS, and kept in 1× PBS during imaging.

2D ATAC-PALM single-molecule imaging was performed on a Nikon Eclipse Ti microscope 

equipped with a 100X oil-immersion objective lens (Nikon, N.A. = 1.49), a Lumencor light 

source, two filter wheels (Lambda 10-3, Sutter Instrument, Novato, CA), perfect focusing 

systems and EMCCD (iXon3, Andor, Belfast, United Kingdom). Emission filters (Semrock, 

Rochester, New York) were switched in front of the cameras for GFP or JF549 emission, 

and a band mirror (405/488/561/633 BrightLine quad-band bandpass filter, Semrock) was 

used to reflect the laser into the objective. Cells were first excited with a 10% 488 nm laser 

to acquire an epifluorescence GFP channel image. Then Tn5 PA-JF549 transposase single 

molecules were detected using a 405 nm laser (10% power) for photo-activation and a 561 

nm laser (100% power) for excitation. The acquisition time was 30 ms. A given plane of the 

cell was imaged for 10,000-20,000 iterations to exhaust single-molecule detections.

Single molecules were localized using the ThunderSTORM plugin of ImageJ and visualized 

using the Normalized Gaussian method. To calculate the Tn5 PA-JF549 transposase 

localization density per Opto-GFP-DAXX droplet in the light-activated sample, a GFP 

channel image of the same cell was first used to select droplets as regions of interest (ROIs). 

For localizations, 20 × 1-μm2 areas of the nucleus were randomly chosen and stored as 

ROIs. Localization density per ROI was calculated by dividing the number of localizations 
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per ROI by the area of the ROI. Localization density was normalized by the total number of 

localizations per nucleus, accounting for cellular variation in Tn5 PA-JF549 labeling.

ATAC-seq

One pair of human B lymphocytes (~1×105) and two pairs of progenitor-differentiated motor 

neurons (~1.6×106) were used for ATAC-seq as described.63 Cells were pelleted in 1× PBS 

(500 g for 5 min, 4 °C) and resuspended in 50 ml of cold lysis buffer (10 mM Tris-HCl 

[pH 7.4], 10 mM NaCl, 3 mM MgCl2, and 0.1% IGEPAL CA-630) with gentle pipetting. 

Cell lysates were centrifuged (5003g for 10 min, 4 °C) to pellet the nuclei, which were then 

incubated with 50 ml of transposition reaction buffer (25 ml of 23 Tagment DNA reaction 

buffer [Illumina FC-121-1030], 2.5 ml of Nextera Tn5 Transposase [Illumina FC-121-1030], 

and 22.5 ml of nuclease-free H2O) at 37 °C for 30 min with gentle rotation. After the 

reaction, genomic DNA was purified with a Qiagen MinElute PCR Purification Kit (Qiagen, 

28204) and eluted in 10 ml of elution buffer (10 mM Tris buffer [pH 8.0]).

To amplify the transposed DNA fragments, the DNA sample was mixed with PCR 

amplification buffer containing nuclease-free H2O, Nextera PCR Primer 1, Nextera PCR 

Primer 2 (barcode), and NEBNext High-Fidelity 23 PCR Master Mix (New England Labs, 

M0541), and then amplified by 1 cycle of 72 °C incubation for 5 min and 98 °C for 30 

sec, followed by 5 cycles of 98 °C for 10 sec, 63 °C for 30 sec, and 72 °C for 1 min. To 

avoid PCR saturation of a library and reduce the GC and size bias, 5 ml of the first PCR 

reaction were amplified in a side qPCR reaction to select an appropriate cycle number for 

the second-round PCR reaction, which was set to 1 cycle of 98 °C incubation for 30 sec, 

followed by 20 cycles of 98 °C for 10 sec, 63 °C for 30 sec, and 72 °C for 1 min. The cycle 

number corresponding to a quarter of the maximum fluorescence intensity was used in the 

final PCR amplification. After the final amplification, PCR products were purified using a 

Qiagen MinElute PCR Purification Kit (Cat. NO. 28204) and analyzed by deep sequencing.

ATAC-seq data were processed on Galaxy.56 In brief, adapters were removed using 

Cutadapt and only reads with a size of more than 20 bp were retained for analysis. The 

quality of the reads was measured by FastQC. The trimmed reads were sequentially mapped 

to the human reference genome (hg19 version) using Bowtie in an end-to-end model. The 

maximum fragment length (distance between read pairs) was set to 1,000 bp, and the 

parameters were set as highly sensitive. Reads with low mapping quality, inappropriate 

pairing, or mapping to mitochondrial DNA were filtered out. Duplicate fragments were 

removed with Picard MarkDuplicates. An insert size of Tn5 was plotted with a paired-end 

histogram for fragment length distribution, with peaks at 200 bp, 400 bp, and/or 600 bp. The 

ATAC-seq datasets (LINCS ID: LDG-1394: LDS-1501, LDS-1502) from NEUROLINCS 

were analyzed with the data generated in this study. MACS2 was used to find peak callings 

(extension size, 200 and shift size, 100), and the MACS2 file was used to generate a bigwig 

file and a heatmap of coverage at TSSs of interest. The ATAC-seq peaks were defined as 

the accessible chromatin domains, and the signals of all genomic peaks presented as RPM 

(reads per million) and normalized with the background were combined together to indicate 

chromatin accessibility.
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HiChIP

HiChIP was performed as previously described.36 HEK293 cells were plated in 10-cm 

dishes 1 day before pHR-DAXX-mCherry- Cry2WT transfection, followed by a 2-day 

incubation. The plates with >80% of cells expressing Opto-DAXX were randomly divided 

into two groups, with each containing 1×107 cells. One group was activated by blue-light 

illumination for 10 min, and the other served as a negative control. Cells were detached, 

pelleted, resuspended at 1×106 cells/ml in freshly prepared 1% formaldehyde, and incubated 

at room temperature for 10 min with gentle rotation, with constant blue-light illumination 

for the activated group during this step. The formaldehyde was quenched with glycine at a 

final concentration of 125 mM for 5 min. Following three washes with ice-cold PBS, 1×107 

cells were lysed in 500 ml ice-cold lysis buffer (10 mM Tris-HCl [pH 8.0], 10 mM NaCl, 

0.2% NP-40, and Protease Inhibitor Cocktail [1:200, Millipore Sigma, P8340]), incubated 

at 4 °C for 30 min, and centrifuged at 2,500 g for 5 min to collect nuclei. The nuclear 

pellets were washed once with 500 ml of ice-cold lysis buffer, suspended in 100 ml 0.5% 

SDS, and incubated at 62 °C for 10 min. Triton X-100 (10%, 50 ml) was added into the 

pellets to quench the SDS, followed by the addition of 285 ml H2O and incubation at 37 

°C for 15 min. In situ chromatins were digested with 375 U of MboI restriction enzyme 

in 500 ml of 13 NEB buffer 2 at 37 °C for 2 h before heat inactivation (65 °C, 20 min). 

The overhangs of the cut DNA fragments were filled in with biotin-labeled dATP (Thermo, 

19524016) using 5 U DNA polymerase I large (Klenow) fragment (NEB, M0210) at 37 °C 

for 1 h. The blunt-ended DNA fragments were ligated with NEB T4 DNA ligase buffer, 

10% Triton X-100, BSA, and T4 DNA ligase (NEB, M0202) at room temperature for 4 h 

with rotation. After the incubation, nuclei were pelleted at 2,500 g for 5 min and subjected 

to sonication (Diagenode Bioruptor: 30-sec cycles, high power for 15 min) in nuclear lysis 

buffer (50 mM Tris-HCl [pH 7.5], 10 mM EDTA, 1% SDS, and Protease Inhibitor Cocktail 

[1:200, Millipore Sigma, P8340]). The sonicated samples were centrifuged at 16,100 g 

for 15 min at 4 °C and used for chromatin immunoprecipitation with an antibody against 

DAXX (Sigma, D7810), following the same protocol described in the section on chromatin 

immunoprecipitation qPCR below. A sample (150 ng) of the DNA pulled down from the 

ChIP was used to capture biotin- labeled DNAs using 5 ml of Streptavidin C-1 beads in 20 

ml of 1× biotin binding buffer (5 mM Tris-HCl [pH 7.5], 0.5 mM EDTA, and 1 M NaCl) at 

room temperature for 15 min with rotation. Beads were washed twice with 500 ml Tween 

wash buffer (5 mM Tris-HCl [pH 7.5], 0.05% Tween-20, 0.5 mM EDTA, and 1 M NaCl) 

at 55 °C for 2 min with shaking and once with 100 ml of 23 Tagment DNA buffer (20 

mM Tris-HCl [pH 7.5], 10 mM MgCl2, and 20% dimethylformamide). The washed beads 

were added into 25 ml of 23 Tagment DNA buffer with 4 ml Tn5 Transposase (Illumina, 

FC-121-1030) and incubated at 55 °C for 10 min. After the incubation, the beads were 

removed and washed twice in 50 mM EDTA at 50 °C (first for 30 min and then 3 min), 

twice in Tween wash buffer at 55 °C for 2 min, and once in 10 mM Tris. The washed beads 

were used for PCR amplification and sequencing as described in the section on ATAC-seq.

For HiChIP data analysis, Illumina and Nextera adapter sequences were removed using Trim 

Galore (version 0.6.6).57 The raw reads were aligned to the human hg19 genome using 

HiC-Pro (version 2.11.4)58 with bin sizes of 5 kb, 50 kb, and 100 kb. The MboI restriction 

site, followed by fill-in, and the ligation was specified as GATCGATC. The processed 
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data were analyzed, and contact maps were generated using the HiTC R package (version 

1.23.0).59

The enhancers were defined as the genomic binding sites of H3K27ac. The processed BAM 

files and peak files from the H3K27ac experiments in HEK293 cells were downloaded 

directly from ENCODE website.64 The raw fastq file of Myc-DAXX ChIP-seq experiments 

in HEK293 was downloaded from Gene Expression Omnibus (GEO) with accession code 

GSE107348. The raw reads were aligned to the human hg19 genome using Bowtie 2 

(version 2.3.5.1).60

Chromatin immunoprecipitation sequencing and qPCR

Chromatin immunoprecipitation (ChIP) was performed by using a ChIP assay kit (Millipore 

Sigma, 17-295). In brief, protein complexes were crosslinked with 1% formaldehyde at 

37 °C for 10 min and quenched with glycine at a final concentration of 125 mM at 37 

°C for 5 min. After three washes with cold 1× PBS containing 1 mM PMSF (APExBIO, 

A2587) and Protease Inhibitor Cocktail (1:200, Milli- pore Sigma, P8340), the cells were 

pelleted and lysed in SDS lysis buffer (50 mM Tris [pH 8.1], 1% SDS, 10 mM EDTA, 

Protease In- hibitor Cocktail [1:200, Millipore Sigma, P8340], and 1 mM PMSF [APExBIO, 

A2587]). The cell lysates were sonicated on ice to achieve an average DNA length of 200–

1,000 bp. After centrifugation, the supernatants were harvested and diluted 10 times with 

buffer (0.01% SDS, 1.1% Triton x-100, 1.2 mM EDTA, 16.7 mM Tris-HCl [pH 8.1], 167 

mM NaCl, Protease Inhibitor Cocktail [1:200, Millipore Sigma, P8340], and 1 mM PMSF 

[APExBIO, A2587]) and pre-cleared with salmon sperm DNA/Protein A agarose-50% slurry 

(Millipore Sigma, 16-157C) at 4 °C for 30 min. The pre-cleared samples were randomly 

divided into new tubes and incubated with respective antibodies against RNA polymerase 

II (Millipore Sigma, 17-620), DAXX (Sigma, D7810), or IgG (Millipore Sigma, 17-620; 

Cell Signaling Technology, 2729) at 4 °C overnight with rotation. The beads were washed 

sequentially with low-salt immune complex wash buffer (0.1% SDS, 1% Triton X-100, 2 

mM EDTA, 20 mM Tris-HCl [pH 8.1], and 150 mM NaCl), high-salt immune com- plex 

wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.1], and 

500 mM NaCl), LiCl salt immune complex wash buffer (0.25 M LiCl, 1% IGEPAL-CA630, 

1% sodium deoxycholate, 1 mM EDTA, and 10 mM Tris [pH 8.1]), and TE buffer (10 mM 

Tris [pH 8.0] and 1 mM EDTA). Beads were eluted with elution buffer (1% SDS and 0.1M 

NaHCO3) at room temperature for 15 min with rotation. NaCl (20 ml, 5 M) and RNase A (2 

ml of 10 mg/ml, ThermoFisher Scientific, EN0531) were added to 500 ml of each eluate and 

incubated overnight at 65 °C with rotation. Proteinase K (2 ml of 20 mg/ml, ThermoFisher 

Scientific, EO0491) was added and incubated at 60 °C for 1 h with rotation. DNA was 

purified using the phenol-chloroform method.

The ChIP-seq libraries were prepared using an NEBNext Ultra II FS DNA 

Library Prep kit (NEB, E6177S). Briefly, DNAs were fragmented into sizes of 

~350 bp, ligated with adaptors, and amplified by PCR. The amplification products 

were purified and analyzed by deep sequencing. Raw reads were processed with 

TrimGalore v0.6.757 and controlled for quality with FastQC v.0.11.9. The trimmed 

reads were aligned to the human genome (hg19) using Bowtie2 v2.3.5.1.65 Uniquely 
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mapped reads were retained to identify DAXX- associated peaks using MACS266 

v2.2.6 with standard parameters (q-value cutoff 0.05). Peaks were annotated and 

visualized with an R package, ChIPseeker.67 For ChIP-qPCR, two primer sets were 

designed for C9orf72 intron 1b: 5’-TCTGGAACTCAG GAGTCGCG-3’ (forward 1), 5’-

GCAGCCGAACCCCAAACAGC-3’ (reverse 1), 5’-TGGCGAGTGGGTGAGTGAGG-3’ 

(forward 2), and 5’-GAGGGAAAGTAAAAATGCGTCGA-3’ (reverse 2). Subsequently, 

qPCR analysis was performed, and fold changes were normalized with IgG controls and 

inputs in statistical analysis.

RNA-seq

Two pairs of C9HRE iMNs with isogenic controls were employed in RNA-seq analysis. 

Total RNAs were extracted by an RNeasy Plus mini kit (Qiagen, 74136), and RNA libraries 

for sequencing were prepared using a commercial kit (Invitrogen, A39005096). Extracted 

RNAs were hybridized with the probe mixture at 75 °C for 5 min and 60 °C for 30 min, 

and then incubated with rRNA depletion beads to remove rRNA. After purification, the 

rRNA-depleted samples were fragmented by RNase III to acquire an average size of ~300 

bp, and then purified by Dynabeads Cleanup Beads for adaptor ligation. The adaptor-ligated 

RNA mixtures were reversely transcribed to synthesize cDNA. Purified cDNA samples were 

amplified by PCR and analyzed by sequencing. Raw reads were processed with TrimGalore 

v0.6.757 and controlled for quality with FastQC v.0.11.9. The processed reads were mapped 

to the human genome (hg19) and GENCODE v19 annotated transcripts using Hisat265 

v2.2.1 and quantified with featureCounts68 v2.0.1. Raw gene counts were loaded into R to 

perform differential expression analysis with edgeR69 and generate plots and heatmaps.

Fluorescence in situ hybridization and co-immunostaining

DNA FISH was performed with modifications of a previously described method.70 

(CCCCGG)4 with an Alexa Fluor 488 fluorescence tag at the 3’ terminus was synthesized 

(Integrated DNA Technologies) and used as a probe for G4C2 repeats as previously 

reported.4 Cells were fixed with 2% paraformaldehyde in 1× PBS (pH 7.4) at room 

temperature for 15 min, washed, and permeabilized with ice-cold 0.4% Triton X-100/1× 

PBS for 10 min. Cells were blocked in buffer containing 2.5% BSA, 10% goat serum, 

and 0.1% Tween-20 at room temperature for 1 h, incubated with anti-DAXX antibody 

(Cell Signaling Technology, 4533) at 4 °C overnight, and the with a fluorescent secondary 

antibody at room temperature for 2 h. Cells were treated with RNase A (0.1 mg/ul) at 37 

°C for 1 h, washed, and permeabilized with ice-cold 0.7% Triton X-100 and 0.1 M HCl 

for 10 min. Genomic DNA and the probe were denatured in 50% formamide, 23 SSC, and 

10% dextran sulfate at 95 °C for 30 min, incubated at 37 °C for 1 h, and washed with 0.43 

SSC and 0.3% Tween-20 at room temperature. Slides were stained with DAPI and sealed for 

imaging.

RNA FISH for foci containing G4C2 repeat RNAs was performed as previously 

described.19 In brief, C9HRE iMNs were fixed in 3.75% formaldehyde in PBS at room 

temperature for 10 min and permeabilized in prechilled 70% ethanol on ice for 30 min. Cells 

were rehydrated in wash buffer (40% deionized formamide in 23 SSC) for 10 min, followed 

by rehydration with 40% formamide in 23 SSC for 10 min. After blocking in hybridization 
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buffer (40% formamide, 23 SSC, 20 mg/ml BSA, 100 mg/ml dextran sulfate, 10 mg/ml 

yeast tRNA, and 2 mM vanadyl sulfate ribonucleosides) at 55 °C for 10 min, cells were 

incubated at 55 °C for 2 h in the hybridization buffer containing 125 nM (C4G2)4-Cy3 

probes, which had been denatured at 95 °C for 5 min and chilled on ice. Cells were washed 

three times with the wash buffer at 55 °C for 10 min and sealed with Prolong Gold Antifade 

reagent containing DAPI (Invitrogen, P36931). All DNA and RNA FISH images were 

captured using an SP8 confocal microscope (Leica).

Immunostaining and nascent RNA visualization

Cells were seeded onto a glass slide coated with PEI, cultured for 24 h, washed, and 

fixed with 4% formaldehyde for 20 min at room temperature. After washes, the cells 

were permeabilized and blocked in buffer containing 5% normal serum and 0.3% Triton 

X-100 in 1× PBS for 2 h at room temperature, followed by incubation with a primary 

antibody: anti-DAXX (Cell Signaling Technology, 4533), anti-PML (Santa Cruz, sc-966), 

anti-ATRX (Santa Cruz, sc55584), anti-HDAC1 (Santa Cruz, sc81598), anti-H3K9me3 

(Active Motif, 61013), anti-RNA polymerase II (Cell Signaling Technology, 2629), or anti-

ChAT (Millipore Sigma, AB144P) at 4 °C overnight. The slides were washed and incubated 

with a fluorescent secondary antibody at room temperature for 2 h, followed by PBS washes. 

The slides were then sealed with a Prolong Gold Antifade reagent with DAPI (Invitrogen, 

P36931). For human tissue staining, slides were sequentially rinsed in xylene, 100% ethanol, 

95% ethanol, 70% ethanol, 50% ethanol, and H2O, and then antigen retrieval was performed 

in buffer (0.1 M citrate acid and 0.1 M sodium citrate) at 95 °C for 30 min. After washes 

in 13 PBS, slides were incubated with a block buffer (2% normal donkey serum, 1% BSA, 

0.05% Tween 20) at room temperature for 1 h, followed by incubation with the anti-DAXX 

antibody (1:100, Cell Signaling Technology, 4533) at 4 °C overnight. Slides were washed 

in 1× PBS and incubated with a secondary antibody for 1 h at room temperature. After 

washing in 1× PBS three times, the slides were sealed with a Prolong Gold Antifade reagent 

with DAPI (Invitrogen, P36931). All fluorescent images were captured with an SP8 confocal 

microscope (Leica). Puncta with sizes over 500 nM without any limit on circularity were 

quantified using ImageJ and statistically analyzed.

Nascent RNAs in HEK293 cells were labeled using an Alexa Fluor 488-tagged nucleoside 

and click chemistry as described (Invitrogen, C10329). In brief, HEK293 cells were 

plated onto glass slides and the transfected with Opto-DAXX the next day. One day after 

transfection, the cells were exposed to blue light for 6 h. During the last hour, the cells were 

incubated with 5-ethynyl uridine to label nascent RNAs, then fixed and permeabilized, and 

subjected to click chemistry to visualize fluorescently labeled nascent RNAs using an SP8 

confocal microscope (Leica). Finally, the fluorescence intensity of 5-ethynyl uridine inside 

or outside the DAXX droplets was measured and analyzed.

Quantitative PCR

Total RNAs were extracted with an RNeasy Plus mini kit (Qiagen, 74136), and cDNAs 

were synthesized using QuantiTect reverse transcription reagents (Qiagen, 205313). qPCR 

reactions were carried out on a Bio-Rad thermal cycler using PowerUp SYBR Green 

Master Mix (ThermoFisher Scientific). The primer sets for C9orf72 transcripts V1–3 were 
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described previously.71 The expression of C9orf72 pre-mRNA was measured with a pair of 

primers targeted to the junction region between exon 2 and intron 3. The mRNA expression 

levels were analyzed by the ΔΔCt method and normalized against housekeeping genes. 

In the promoter analysis, the EGFP transcription level was normalized to the GAPDH 

transcript and the plasmid-encoded ampicillin resistance (AmpR) transcript to exclude any 

bias induced by differential transfection efficiency.

Immunoblotting

Cultured cells were washed twice with PBS and lysed in cold RIPA buffer containing 50 

mM Tris (pH 7.5), 0.5% SDS, 150 mM NaCl, 0.5% NP40, 20 mM EDTA, 1 mM PMSF, 

and Protease Inhibitor Cocktail (1:200, Millipore Sigma, P8340). Cytoplasmic and nuclear 

fractions of B lymphocytes were isolated with a subcellular fractionation kit (Thermo Fisher, 

78840). Human spinal cord tissues were homogenized and lysed in a modified RIPA buffer 

(50 mM Tris [pH 7.5], 150 mM NaCl, 1% NP40, 0.1% SDS, 100 mM NaF, 17.5 mM 

b-glycerophosphate, 2.5% sodium deoxycholate, and 10% glycerol) containing phosphatase 

inhibitors 2 and 3 (1:100; Millipore Sigma), 1 mM PMSF, 2 mM NaVO4, and Protease 

Inhibitor Cocktail (1:200, Millipore Sigma, P8340). After sonication on ice, the sam- ples 

were centrifuged at 12,000 g for 10 min at 4 °C, and supernatants were collected for 

analysis.

Protein concentrations were measured by the bicinchoninic acid assay (ThermoFisher, 

23225). Following SDS-PAGE and western blotting, membranes were incubated with 

primary antibodies at 4 °C overnight, including anti-DAXX (Cell Signaling Technology, 

4533), anti-C9orf72 (BioRad, VMA00065), anti-SUV39H1 (Cell Signaling Technology, 

D11B6), anti-ATRX (Santa Cruz, sc55584), anti-HDAC1 (Santa Cruz, sc81598), anti-

H3K9me3 (Active Motif, 61013), anti-H3K27ac (Cell Signaling Technology, 8173), anti-H3 

(Cell Signaling Technology, 4499), anti-PARP (Cell Signaling Technology, 9542), anti-GFP 

(Invitrogen, A-11122), anti-Flag (Sigma, F3165), anti-GAPDH (Invitrogen, TAB1001), and 

anti-actin (Santa Cruz, sc-47778). After washes with TBST, the membranes were incubated 

with a fluorescent secondary antibody at room temperature for 2 h. Western blot images 

were captured by an Odyssey scanner (LI-COR) and analyzed with Image Studio (version 

5.2.5). Protein expression levels were normalized with actin for the total protein, GAPDH 

for the cytoplasmic fraction, and PARP for the nuclear fraction.

Data and code availability

All the processed and raw data for HiChIP, RNA-seq, ChIP-seq, and ATAC-seq have been 

deposited in NCBI Gene Expression Omnibus(GEO) and can be accessed from the GEO 

number: GSE223401.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiments on human RPE1 cells, B lymphocytes, HEK293 cells, iPSCs, and iPSC-

differentiated motor neurons were performed with triplicate samples in at least three 

independent experiments. Experiments on iPSC-differentiated motor neurons were repeated 

on three independent cell lines for each group of control and patient cells. Average values 
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for each group were used for statistical analysis. Statistical analysis was performed on Prism 

9.0 software. The unpaired Student’s t-test was applied for single comparisons, and one-way 

analysis of variance (ANOVA) for multiple comparisons with Bonferroni’s test. All data are 

presented as means ± SEM unless otherwise indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. C9orf72 HRE-associated DAXX condensates in ALS patient cells.
(A) Immunoblotting of DAXX in the precipitates pulled down by a random or (G4C2)6 

dsDNA biotin-labeled probe from nuclear fractions (n = 3 biological replicates).

(B) Co-localization of the C9HRE DNA locus with one of the DAXX condensates. 

Representative images show DNA FISH analysis of the HRE locus using an Alexa Fluor 

488-labeled (C4G2)4 ssDNA probe, with co-immunostaining for DAXX, for C9-ALS 

patient B lymphocytes harboring a $2,600 G4C2 repeat and control cells without the 

expanded repeat. A focal plane in which the repeat locus and one of the DAXX puncta 

co-localize (arrowhead) is shown. Scale bar, 10 mm.
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(C) Increased DAXX condensation in C9HRE ALS patient-derived motor neurons. 

Representative immunostaining images of DAXX in control and C9HRE motor neurons 

are shown. Ten fields containing 72–117 neurons from two independent slides for each cell 

line were examined (n = 3 independent pairs of iMN lines). Scale bars, 3 (left) and 1 (right) 

mm.

(D) Increased immunostaining of DAXX in C9HRE patient spinal cord neurons. 

Representative DAXX immunostaining images are shown, and neurons are identified 

through their characteristic shapes. Each dot represents the average intensity of DAXX 

immunofluorescence per nucleus in a field of view (n = 5 C9HRE cases and 4 control cases). 

Scale bars, 100, 10, and 5 mm (from left to right).

See also Figure S1.
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Figure 2. Liquid-liquid phase separation of DAXX reorganizes chromatin topology and spatial 
transcription.
(A) The HRE dsDNA promotes the liquid-liquid phase separation of DAXX. Purified 

DAXX was incubated in LLPS buffer (1 M NaCl) without dsDNA or with (G4C2)10 

dsDNA or a size-matched control dsDNA at room temperature for 0.5 h. 10–12 fields of 

view in each group were quantified and statistically analyzed. Scale bars, 10 mm.

(B) The HRE repeat-length-dependent effects on the liquid-liquid phase separation of 

DAXX. Purified DAXX was incubated in LLPS buffer (0.5 M NaCl) with G4C2 dsDNAs 

of different repeat lengths or length-matched control dsDNAs at room temperature for 0.5 h. 
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9–13 fields of view in each group were quantified and statistically analyzed. Scale bar, 10 

mm.

(C) Time-lapse images of the liquid-liquid phase separation of nuclear Opto-DAXX. Upon 

exposure to blue-light illumination, DAXX-mCherry-CRY2 is trans- located to the nucleus 

and forms discrete yet fusible condensates, while the mCherry-CRY2 control remains 

mostly diffuse in the cytoplasm in HEK293 cells. Scale bars, 10 mm.

(D) The 2D ATAC-PALM images show the accessible chromatins spatially restructured 

by the liquid-liquid phase separation of Opto-DAXX, activated by blue-light illumination. 

Approximately 200 condensates were statistically analyzed in each group. Scale bar, 3 mm.

(E) Genome interactions profiled by HiChIP among regulatory regions including promoters 

(P), enhancers (E), and gene bodies (GBs), with or without liquid-liquid phase separation of 

Opto-DAXX as a result of blue-light illumination for 10 min.

(F) Representative images and quantification of signals for H3K9me3 and nascent RNA at 

Opto-DAXX droplets after a 6-h illumination with blue light. Scale bar, 5 mm.

(G) Quantification of global chromatin accessibility, measured by ATAC-seq in six C9HRE 

and four control iMN lines (n = 6–10 biological replicates; different colors represent 

samples from independent iMN lines).

(H) Heatmaps of peak coverage 1 kb upstream and downstream of all TSSs for the ATAC-

seq data from the C9HRE and control iMN lines in (G).

See also Figure S2.
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Figure 3. Increases in nuclear DAXX and its condensation are associated with epigenetic 
dysregulation in C9HRE patient cells.
(A–E) Immunoblotting of DAXX and related epigenetic regulators in control and C9HRE 

iMNs (n = 3 independent pairs of iMN lines; each dot represents a biological replicate).

(F and G) Immunoblotting of DAXX and SUV39H1 in the cervical spinal cords from 

C9HRE patients and controls (n = 6–8).

(H) ATRX condensates in control and C9HRE iMNs, visualized by immunostaining (n = 

3 independent pairs of iMN lines; each dot represents the percentage of punctum area in 

regions of interest [ROIs]). Scale bars, 10 (left) and 5 (right) mm.

(I) Immunostaining of nuclear PML puncta in control and C9HRE iMNs (n = 3 independent 

pairs of iMN lines; each dot represents the average number of puncta per nucleus in a field 

of view). Scale bars, 10 (left) and 5 (right) mm.
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(J) Association of HDAC1 with DAXX in the nuclei of control and C9HRE iMNs, as 

shown by co-immunostaining (n = 3 independent pairs of iMN lines; each dot in the graph 

represents the percentage of DAXX condensates co-localized with HDAC1 in a nucleus). 

Scale bar, 10 mm.

(K–M) Immunoblotting of H3K9me3 and H3K27ac normalized against total Histone 3 in 

control and C9HRE iMNs (n = 3 independent pairs of iMN lines; each dot represents a 

biological replicate).

(N–P) Knockdown of DAXX reduces the level of H3K9me3 but increases that of H3K27ac 

in the C9HRE iMNs (n = 6 biological replicates; different shapes of dots represent 

independent iMN lines). The level of total Histone 3 was used for normalization.

See also Figure S3.
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Figure 4. DAXX mediates HRE-associated chromatin abnormalities and transcriptional 
repression at the C9V2 promoter in C9HRE iMNs.
(A and B) Chromatin accessibility at the C9V2 promoter site, as indicated by peak coverage 

and heatmaps (A) and the quantification of the ATAC signals (B) in control and C9HRE 

iMNs (n = 6–10 biological replicates; different colors represent independent iMN lines).

(C and D) ChIP-qPCR analysis of the occupancies of endogenous H3K9me3, H3K27ac, and 

RNA Pol II at the C9V2 promoter region in control and C9HRE iMNs (n = 3 independent 

pairs of iMN lines).

(E–G) ChIP-qPCR analysis of the occupancies of H3K9me3, H3K27ac, and RNA Pol II 

at the C9V2 promoter region in C9HRE iMNs upon the knockdown of DAXX (n = 6 

biological replicates; different shapes of dots represent independent iMN lines).
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(H–J) Immunoblotting of C9orf72 protein (H and I) and qRT-PCR analysis of the C9V2 

mRNA (J) in C9HRE iMNs upon the knockdown of DAXX (n = 6 biological replicates; 

different shapes of dots represent independent iMN lines).

See also Figures S4 and S5.
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Figure 5. Stress-dependent induction of C9orf72 is impaired in C9HRE ALS patient cells.
(A–C) Immunoblotting of C9orf72 protein (A and B) and qRT-PCR analysis of the C9V2 

mRNA (C) in control and C9HRE iMNs treated with 5 mg/mL tu- nicamycin (TM) or 

DMSO for 24 h (n = 3 independent iMN lines; each dot represents a biological repli- cate).

(D–F) Immunoblotting of C9orf72 protein (D and E) and qRT-PCR analysis of the C9V2 

mRNA (F) in control and C9HRE B lymphocytes treated with 1 mg/mL TM or DMSO for 

24 h (n = 3–5 independent cell lines; each dot represents a biological replicate). See also 

Figure S6.
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Figure 6. DAXX phase separation mediates HRE-associated C9orf72 suppression.
(A and B) qRT-PCR analysis of stress-induced expression of the C9V2 mRNA in C9HRE 

iMNs and human B lymphocytes upon knockdown of DAXX by shRNAs. The cells were 

treated with 5 mg/mL tunicamycin (TM) or DMSO for 24 h (n = 6 biological replicates; 

different shapes of dots represent independent iMN lines). (C) Fold changes in the C9V2 

mRNA levels upon DAXX-FLAG overexpression in human RPE1 cells. An empty vector 

and a GUS-FLAG overexpression served as controls (n = 3 biological replicates).

(D) Fold changes in the C9V2 mRNA levels in human RPE1 cells expressing a control 

shRNA or shRNAs targeting DAXX (n = 3 biological replicates).

(E) Fold changes in the C9V2 mRNA levels in HEK293 cells expressing Opto-control or 

Opto-DAXX with or without exposure to blue light for 8 h (n = 3 biological replicates).
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(F) TAD analysis of DAXX HiChIP for chromosome 9 and the C9orf72 locus in HEK293 

cells expressing Opto-DAXX with or without blue-light illumination. Resolution is set to 1 

mb or 50 kb for the whole chromosome 9 or the C9orf72 locus, respectively.

(G) Virtual chromatin contact profiles derived from the DAXX HiChIP analysis of the 

C9orf72 locus, with references to the ChIP-seq data for DAXX, CTCF, and H3K27ac in the 

region.

See also Figure S5.
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Figure 7. DAXX regulates the susceptibility of C9orf72 HRE iMNs to proteotoxic stress.
(A) Knockdown of DAXX increases the survival of C9HRE iMNs under the stress of 

tunicamycin (TM) treatment (5 mg/mL). Neuronal survival was measured by calcein-AM 

staining at the indicated time points (n = 6 biological replicates; different colors or point 

chapes represent independent iMN lines). Scale bar, 100 mm. (B) Increased expression of 

C9orf72 promoted the survival of C9HRE iMNs under stress. C9HRE iMNs expressing 

an empty vector or human C9orf72 were treated with TM (5 mg/mL), and neuronal 

survival was measured by calcein-AM staining at the indicated time points (n = 6 biological 

replicates; different colors or point shapes represent independent iMN lines). Scale bar, 100 

mm.

(C and D) C9HRE iMNs were stressed with TM (5 mg/mL) and simultaneously treated 

with Na-Phen (10 mM) or DMSO. The Na-Phen treatment increased the C9orf72 V2 mRNA 

expression as measured by qPCR (C) and promoted neuronal survival as measured by 

calcein-AM staining at the indicated time points (D) (n = 6 biological replicates; different 

colors or point chapes represent independent iMN lines). Scale bar, 100 mm.

(E) Pathological cascades of chromatin architectural and epigenetic abnormalities initiated 

by C9orf72 HRE-dependent DAXX condensation in patient cells. Abnormal accumulation 

of nuclear DAXX condensates, as a result of the expanded hexanucleotide repeats, drives 

genome-wide chromatin structural changes and epigenetic dysregulation in C9orf72 HRE 
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ALS/FTD patient cells. At the C9orf72 locus, the major C9orf72 transcript is stress-

inducible at the transcriptional level, but the HRE mutation blocks the stress-dependent 

induction of C9orf72 in patient cells through DAXX-mediated chromatin remodeling. The 

loss of transcriptional plasticity of the C9orf72 gene compromises the survival fitness of 

neurons under stress and may therefore contribute to the neurodegeneration in ALS/FTD and 

relevant diseases.

See also Figure S7.
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