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Spain, 6 Department of Molecular Genetics, Oncode Institute, Er asm us MC, University Medical Center Rotterdam, 
Rotterdam, The Netherlands, 7 Department of Neurology, University Hospital Bonn, Bonn, Germany, 8 Protein 

Signaling Prog r am, Novo Nordisk F oundation Center f or Protein Research, University of Copenhagen, Copenhagen, 
Denmark, 9 Center for Chromosome Stability, Department of Cellular and Molecular Medicine, University of 
Copenhagen, Copenhagen, Denmark and 

10 Universidad Fernando Pessoa Canarias, Las Palmas de Gran Canaria, 
Spain. 

Received July 12, 2022; Revised February 10, 2023; Editorial Decision March 09, 2023; Accepted March 14, 2023 

ABSTRACT 

The deubiquitinating enzyme Ataxin-3 (ATXN3) con- 
tains a polyglutamine (PolyQ) region, the expan- 
sion of which causes spinocerebellar ataxia type-3 

(SCA3). ATXN3 has multiple functions, such as reg- 
ulating transcription or controlling genomic stability 

after DNA damage. Here we report the role of ATXN3 

in chromatin organization during unperturbed condi- 
tions, in a catalytic-independent manner. The lack of 
ATXN3 leads to abnormalities in nuclear and nucle- 
olar morphology, alters DNA replication timing and 

increases transcription. Additionall y, indicator s of 
more open c hromatin, suc h as increased mobility of 
histone H1, changes in epigenetic marks and higher 
sensitivity to micrococcal nuclease digestion were 

detected in the absence of ATXN3. Interestingly, the 

effects observed in cells lacking ATXN3 are epistatic 

to the inhibition or lack of the histone deacetylase 3 

(HD A C3), an interaction partner of ATXN3. The ab- 
sence of ATXN3 decreases the recruitment of en- 
dogenous HD A C3 to the chromatin, as well as the 

HD A C3 n uclear / c ytoplasm ratio after HD A C3 overex- 
pression, suggesting that ATXN3 controls the sub- 

cellular localization of HD A C3. Importantly, the o ver - 
expression of a PolyQ-expanded version of ATXN3 

behaves as a null mutant, altering DNA replication 

parameters, epigenetic marks and the subcellular 
distribution of HD A C3, giving new insights into the 

molecular basis of the disease. 
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INTRODUCTION 

Mutations in the ATXN3 gene cause spinocerebellar ataxia 

type 3 (SCA3), also known as Machado-Joseph dis- 
ease, the most common inherited spinocerebellar ataxia. 
The ATXN3 protein (Ataxin-3 / ATX3 / AT3 / MJD1) con- 
tains a pol yglutamine (Pol yQ) tract in its C-terminus, 
the expansion of which results in SCA3, one of the sev- 
er al polyglutamine neurodegener ati v e diseases. Various hy- 
potheses have been proposed to explain the pathogenic 
role of ATXN3 P olyQ-expanded (ATXN3-P olyQ) variant 
in SCA3 but the principal molecular mechanism by which 

this ATXN3 variant leads to neurotoxicity remains elusi v e 
( 1–4 ). 

ATXN3 is a ubiquitin hydrolase that interacts with 

the ATPase VCP / p97, various ubiquitin ligases and other 
ubiquitin-r elated proteins, ther eby controlling the stability 

or activity of several proteins in diverse cellular pathways 
( 1 , 5–11 ). Additionally, ATXN3 is involved in transcrip- 
tional control. ATXN3-wild type (WT), but not ATXN3- 
PolyQ, is able to r epr ess the expr ession of certain genes, in 

SCA3 cell and mouse models as well as in human SCA3 

brains ( 12–15 ). Importantly, ATXN3 contributes to main- 
taining genome integrity by regulating various crucial DNA 

damage response proteins ( 16–18 ). 
Chromatin is folded inside the nucleus in a fluid-like 

state and contains different genomic functional regions. 
Euchroma tin is associa ted with acti v ely transcribed genes, 
while constituti v e and facultati v e heter ochr omatin are gen- 
erally linked to a lack of gene expression ( 19–21 ). As het- 
er ochr omatin mainly localizes at the nuclear and nucleo- 
lar periphery, these compartments are essential for the lo- 
ca tion and regula tion of r epr essi v e genomic domains ( 22– 

24 ). Nucleoli are principally committed to polymerase I- 
dependent transcription of ribosomal genes and the assem- 
bly of pre-ribosomal particles ( 25 , 26 ). Due to its liquid– 

liquid phase separa tion na ture, nucleoli may fuse as a con- 
sequence of chromosomal organization rearrangements or 
loss of appropriate proximal or distal chromatin anchoring 

with other nuclear compartments, such as lamins ( 26–28 ). 
The chroma tin sta tus controls the accessibility and sequen- 
tial recruitment of molecular machineries to the DNA and 

ther efor e r egulates processes such as DNA replication or 
transcription ( 19 , 20 , 29–31 ). 

Here, we describe a novel role for ATXN3 in regulat- 
ing chromatin structure, which affects global DNA repli- 
cation and transcription in unperturbed cells. Interestingly, 
ATXN3-PolyQ triggers abnormal DNA replication and 

transcription, thereby uncovering a new mechanism that 
could explain the molecular basis of SCA3. 

MATERIALS AND METHODS 

Cell lines, cell culture and inhibitors 

HEK293T, U2OS and CSM14.1 cells were grown in 

DMEM (Lonza) supplemented with 10% FBS and 1% 

penicillin-streptom ycin (Bio w est). CMS14.1 cells w ere ad- 
ditionally grown in 0.1 mg / ml neomycin, 0.1 mg / ml hy- 
gromycin (Alfa Aesar), 4 �g / ml puromycin (Alfa Ae- 
sar) and 1 �g / ml doxy cy cline to maintain selection the 
CSM14.1 clonal cell lines. SCA3-Q23 or SCA3-Q70 expres- 

sion was induced by the withdrawal of doxy cy cline (Cay- 
man Chemical). � ATXN3 U2OS cells were described be- 
fore ( 16 ). 

G1 / S boundary synchronization was performed by treat- 
ing cells with 2.5 mM thymidine (Merk-Millipore) for 24 h. 
Cells were treated with 60 �M CDC7i (PHA767491, Cay- 
man Chemical Company) for 4 h, 80 mM sucrose (Merk- 
Millipore) for 30 min or 1 h, HDAC3 inhibitor RGFP966 2 

�M (HY-13909, MedChemExpress) for 24 h and 20 �g / ml 
cy clohe ximide (CHX, Merck Millipore) for the indicated 

times. 

Antibodies 

Antibodies against Ku86 (sc-1484 C-20, RRID: 
AB 2218751 ) and Lamin A / C (sc-7292 636, 
RRID:AB 627875 ) were purchased from Santa Cruz 
Biotechnolo gy; anti-DN A-RN A Hybrid clone S9.6 

(MABE1095, RRID:AB 2861387), anti-DNA G- 
quadruplex (MABE1126, RRID:AB 2924428 ), anti- 
NPM1 (B0556, RRID:AB 2154872 ), anti-H3K27me3 

(07–449, RRID:AB 310624 ), anti-H3K9me3 (07– 

442, RRID:AB 310620 ) and anti-H4K16Ac (07– 

329, RRID:AB 310525 ) were from Merck Millipore; 
anti-HDAC3 for immunofluorescence (NB500-126, 
RRID:AB 10078274 ) was from Novus Biologicals, anti- 
HDAC3 for Western blot (PA5-85378, RRID:AB 2792520 ) 
from Thermo Fisher Scientific and the anti-BrdU anti- 
body (A01650, RRID:AB 2622180 ) for flow cytometry 

was from GenScript. Antibodies against human ATXN3 

and mCherry were generated by injecting rabbits with a 

His-tagged antigen (full length ATXN3 and mCherry). 
Antigens were obtained cloning the corresponding cDNAs 
in pET-30 (Novagen), followed by expression in Esc heric hia 

coli and purification with a Ni-NTA resin (Qiagen) fol- 
lowing manufactur ers r ecommendations. The antibodies 
against GFP ( 32 ) and RIF1 ( 33 ) were described before. 

Western blotting 

For whole cell extracts, cells were lysed in urea-SDS buffer 
(6 M urea, 1% SDS, 125 mM NaCl, 25 mM Tris pH 

8). Lysates containing equal amounts of protein, mea- 
sured by the BCA method (Thermo Fisher Scientific) 
were loaded in gels and SDS-PAGE was perf ormed, f ol- 
lowed by transfer using nitrocellulose membranes (Amer- 
sham ™ Protr an 

® Premium 0.45, Cytiva). Membr anes were 
blocked with TBS-T + 5% non-fat milk, incubated with pri- 
mary and HRP conjugated secondary antibodies (Jackson 

Immunor esear ch), and subsequently with SuperSignal West 
Pico Chemiluminescent Substrate (Thermo Fisher Scien- 
tific). Chemiluminescent images were obtained using the 
ImageQuant LAS 4000 mini (GE Healthcare). 

Cloning, plasmids, siRNA oligos and transfection 

Plasmid DNA was transfected into cells using Lipo- 
fectamine 3000 (Thermo Fisher Scientific) or the stan- 
dard calcium phosphate method ( 34 ). Full length human 

ATXN3 wild type and catalytic inacti v e (containing the 
mutation Cys14Ala) were amplified from plasmids previ- 
ously described ( 16 ), as well as ATXN3 with expanded 
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polyQ, containing an 80-glutamine track (kindly provided 

by Dr Henry L. Paulson, Addgene plasmid 22129), and 

cloned in the pEGFP-C1 vector (Clontech, TaKaRa). 
Human HDAC3 cDNA was synthetized (Genestrings, 
Thermo Fisher Scientific) and cloned with mCherry into 

the pcDNA3.1 myc-His A. The vector expressing histone 
H1.5-GFP was described before ( 35 ) and the GFP-HDAC3 

plasmid was a kind gift from Dr James M. Holaska (Rowan 

Uni v ersity , NJ , USA). 
siRNA oligonucleotides (Microsynth AG) targeting the 

indicated proteins were transfected into cells using Lipofec- 
tamine RNAiMax (Thermo Fisher Scientific) according to 

the manufacturer’s protocol for 48 h, unless stated other- 
wise. Sequences of oligonucleotides were as follows: 

siRNA control CGU ACGCGGAAU ACUUCGAdTdT 

siATXN3-1 GCACUA UUCUUGGCUCAA UdTdT 

siATXN3-2 GCA GGGCUAUUCA GCUAA GdTdT 

siHDAC3-1 CCGCCAGACAAUCUUUGAAdTdT 

siHDAC3-2 CGGGA UGGCA UUGA UGACCA GA GUUdTdT 

siASF / SF2 -1 CCAACAA GAUA GA GUAUAAdTdT 

siASF / SF2 -2 UUGGCAGU AUUGACCUU AdTdT 

DNA fiber analysis 

Exponentially growing cells were pulsed with 30 �M CldU 

(Merk-Milipore) for 30 min and then with 250 �M IdU 

(Merk-Milipore) for another 30 min. Cells were then lysed 

on the slide by adding spreading buffer (0.5% SDS, 200 

mM Tris pH 7.4, 50 mM EDTA) and incubated for 6 min 

at RT in humidity chamber. DNA fibers were stretched 

by tilting the slide ∼30 

◦ and, after air drying, fixed for 
with ice-cold 3:1 methanol:acetic acid solution. Slides were 
then incubated in 2.5 HCl for 30 min at RT, and blocked 

with PBS + 1% BSA + 0.1% Triton X-100 before incuba- 
tion with anti-CldU (anti-BrdU, sc-56258 BU 1 / 75 ICR1 

from Santa Cruz Biotechnology, RRID: AB 305426) and 

anti-IdU (anti-BrdU, B44 from BD Bioscience, RRID: 
AB 2313824 ) antibodies overnight at 4 

◦C. The slides were 
then incubated with anti-rat IgG Alexa Fluor 555 (Thermo 

Fisher Scientific) and anti-mouse IgG1 Alexa Fluor 488 

(Thermo Fisher Scientific). Finally, they were incubated 

with anti-ssDNA (MAB3034 from Merck Millipore) and 

anti-mouse IgG2a Alexa Fluor 647 (Thermo Fisher Sci- 
entific) and mounted with Prolong (Thermo Fisher Scien- 
tific). Visual acquisition of the DNA fibers was done with a 

Zeiss Cell Observer fluorescent microscope equipped with 

a 40 × NA 1.3 oil immersion objecti v e and ZEN imaging 

softwar e. Images wer e analyzed with the image processing 

program FIJI software ( 36 ). 

Immunoprecipitations 

Immunopr ecipitations wer e carried out with mCherry anti- 
body bound to Pr otein A Sephar ose CL-4B (Cytiva). Cells 
were lysed in lysis buffer 1 (20 mM Tris pH 8, 300 mM NaCl, 
1 mM EDTA, 1% TX100, mM DTT) for 20 min on ice. Af- 
ter centrifugation 1600 rpm for 20 min, extracts were incu- 
bated with the antibody-linked beads for 2 h at 4 

◦C, fol- 
lowed by three washes with lysis buffer 1. 

Immunofluorescence and microscopy 

Cells were fixed with 4% PFA for 20 min at RT followed by 

permeabilization with ice-cold methanol. When indicated, 
pre-extraction was performed for 5 min with ice-cold pre- 
extraction buffer (10 mM HEPES pH 7, 100 mM NaCl, 
300 mM sucrose, 3 mM MgCl 2 , 0.5% Triton X-100) prior 
to fixation. Cells were blocked with 1% FBS at RT and 

incubated with the indicated antibodies, overnight at 4 

◦C. 
After washing, cells were incubated with secondary anti- 
bodies. DNA was stained with DAPI and coverslips were 
mounted using ProLong (Thermo Fisher Scientific). Images 
were taken with the same exposure time for each fluores- 
cent channel using a Zeiss Cell Observer fluorescence mi- 
croscope equipped with a 20 × NA 0.8 air immersion objec- 
ti v e or a 63 × NA 1.3 water immersion objecti v e and ZEN 

imaging software. Analysis was performed using FIJI soft- 
ware ( 36 ). 

Quantitative real-time RT-PCR 

Total RNAs were isolated from cells using Ribozol Extrac- 
tion Reagent (VWR International). cDNA synthesis and 

PCR amplification were carried out in the same tube using 

the qScript One-Step SYBR Green RT-qPCR Kit (Quant- 
bio). Primers used for RT-qPCR in this study: 

Sat-2-F 5´-CA TCGAA TGGAAA TGAAA GGA GTC-3´
Sat-2-R 5´-ACCA TTGGA TGA TTGCAGTCAA-3´

FRAP 

Li v e-cell microscopy was performed at 37 

◦C with a Leica 

SP8 in verted conf ocal microscope with a Leica HC PL APO 

CS2 63 × NA 1.4 oil immersion lens. For GFP excitation, 
a 488-nm argon laser line w as used. Scanning w as bidirec- 
tional at the highest possible rate with a 7.5 × zoom and a 

pinhole of 1 airy unit. Regions of interest (ROI) were se- 
lected within the nucleus from the areas strongly or weakly 

labelled with Hoechst 33342 (Thermo Fisher Scientific) for 
heter ochr omatin or euchr omatin r egions, r especti v ely. Fi v e 
single prebleach images were acquired before application of 
a laser pulse, lasting 0.5 s at a 95% power without scanning. 
After bleaching, single-section images were collected at 1-s 
intervals for the first 15 s and at 10-s intervals for the next 
100 s. The average intensity values of ROIs, unbleached- 
r efer ence r egions, and background fluor escence wer e ob- 
tained fr om FRAP images. Backgr ound values were sub- 
tracted from those of ROI and r efer ence r egions for all time- 
points (corr 1). Subsequently, the recovery curve was plot- 
ted with the ROI value in relation to the r efer ence value over 
the time-course (corr 2). Finally, the curve was normalized 

to the mean value of prebleached time-points, taken as 1 

(corr 3). The data were fitted to an exponential recovery 

curve f ( t) = A · ( 1 − e −τ ·t ) + b. Complete reco very w ould 

mean A + b = 1 ( 37 ). Thus, the mobile and immobile frac- 
tions were calculated as: 

Immobile fraction = 1 − A − b 

Mobile fraction = A + b 

https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/RRID:AB_2313824
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The recovery time of FRAP curves is reported as τ1 / 2 

, 

which is the time to reach half intensity of full recovery. Ac- 
cording to the exponential recovery fitting, is obtained as: 

τ1 / 2 

= 

ln 0 . 5 

−τ

All quantitati v e values r epr esent averages from at least 10 

cells from three independent experiments. 

Micrococcal nuclease sensitivity assay 

Cells were resuspended in buffer A (10 mM Tris pH 7.5, 100 

mM KCl, 3 mM MgCl 2 , 1 mM CaCl 2 , 0.5 mM PMSF) at a 

concentration of 26 × 10 

6 cells / ml. After washing twice, the 
pellet was resuspended in 500 �l of buffer A supplemented 

with 0.6% NP-40. After a 5 min incubation on ice, sam- 
ples were washed twice with micrococcal nuclease (MNase) 
buffer (15 mM Tris pH 7.5, 15 mM NaCl, 60 mM KCl, 1 

mM CaCl 2 , 0.25 mM PMSF). Aliquots were digested with 

different amounts of MNase (New England Biolabs) at 30 

◦C for 5 min. The digestion reaction was stopped by the ad- 
dition of TEES / Proteinase K buffer (10 mM Tris pH 7.5, 10 

mM EGTA, 10 mM EDTA, 1% SDS, 50 mg / ml proteinase 
K) and incubated at 37 

◦C overnight. 
After MNase digestion, DNA was extracted following 

a classic phenol-chloroform protocol. DNA was resus- 
pended in TE buffer and samples were prepared with load- 
ing buffer (peqGOLD) and analyzed by electrophoresis in a 

2% agarose gel pr epar ed in TBE buffer with ethidium bro- 
mide (Mer ck Millipor e) to identify DNA. Ethidium bro- 
mide detection was subsequently carried out using a Gel 
Doc EZ Imaging System (Bio-Rad). Densiometric profiles 
were obtained using FIJI software ( 36 ) and normalized to 

total DNA content in the lane. 

FISH 

Cells wer e fix ed using 4% formaldehyde and permeabilized 

with 0.1% Triton X-100. Pol y(A)-RN A was detected by 

FISH using an ATTO 565-labeled oligo-dT probe (Mi- 
crosynth AG) pr epar ed in FISH buffer (0.3 M potassium 

citrate, 0.03M NaCl, 10% formamide) at a final concen- 
tration of 0.5 �M, incubated overnight at 37 ºC. After 
hybridization of the probe and washing steps, cells were 
mounted using SlowFade Gold (Thermo Fisher Scientific) 
containing DAPI. Imaging was performed using a Zeiss Cell 
Observer fluorescence microscope equipped with a 63 × NA 

1.3 water immersion objecti v e and ZEN imaging software. 
The image analysis was performed using FIJI software ( 36 ). 
Mean nuclear fluorescence (N), determined with DAPI sig- 
nal, and mean cytoplasmic fluorescence (C) were measured 

for each cell. The ratio of mean nuclear fluorescence to 

mean cytoplasmic fluorescence (N / C) was calculated for 
each cell. 

Flow cytometry 

For cell cycle analysis, cells were incubated with 10 �M 

BrdU (Mer ck Millipor e) 15 min prior to their harvest- 
ing. BrdU and PI staining were analyzed using a MAC- 

SQuant Analyzer flow cytometer and MACSQuantify soft- 
ware (Miltenyi Biotec) as described ( 38 ). 

Nascent DNA and RNA labelling 

For nascent DNA labelling, cells were incubated with 

40 �M EdU for 15 min before collection, fixed in 3.7% 

for maldehyde and per meabilized with 0.5% Triton X-100. 
EdU incorporation was re v ealed by a click-iT reaction: 4 

mM CuSO 4 (Mer ck Millipor e), 2.5 �M Sulfo-cyanine 5 

Azide (Lumiprobe), 100 mM Sodium Ascorbate (Merck 

Millipore). DNA was stained with DAPI, and coverslips 
were mounted. 

For nascent RNA labelling, cells were incubated with 1 

mM EU for 1 h and processed as above. EU incorporation 

was re v ealed with Click-iT 

® RNA Imaging kits (Thermo 

Fisher Scientific) using when indicated either Alexa Fluor 
488 (Thermo Fisher Scientific) or a Cy3 (Lumiprobe) dyes 
Azides according to manufacturer’s instructions. EU in- 
corporation in the nucleolar compartment (identified by 

NPM1 staining) was assessed by m ultipl ying the EU- 
positi v e nucleolar area (number of pixels) by the EU signal 
intensity (mean) in the NPM1-positi v e nucleolar compart- 
ment normalized to the EU signal intensity (mean) in the 
surrounding nucleoplasm, giving the so-called Integrated 

Density (IntDen). 

Statistical analysis 

Appropria te sta tistical tests were perf ormed f or each ex- 
periment, and statistical significance calculated using Prism 

(GraphP ad Softwar e). Unless state otherwise, to determine 
statistical significance of two independent conditions with- 
out assuming Gaussian distribution (WT and � ATXN3 

U2OS cells), Mann Whitney test was applied. Whereas to 

compar e thr ee or mor e independent conditions with non- 
Gaussian distribution (siRNA-depleted U2OS, CSM14.1 

cells), Kruskal–Wallis analysis, followed by Dunn’s multiple 
comparisons test were performed. When Gaussian distribu- 
tion w as assumed, one-w ay analysis of variance [ANOVA], 
followed by Sidak’s multiple comparisons test were per- 
formed. A P value < 0.05 was considered statistically sig- 
nificant, ns = not significant. Statistical significance was 
noted as follows: * P < 0.05, ** P < 0.01, *** P < 0.001, 
**** P < 0.0001. Unless stated otherwise, r epr esentati v e e x- 
periments of at least three independent ones are shown and 

depicted is the mean ± standard deviation (SD). Boxplots 
span the interquartile range, and the inside segments show 

the median value. Whiskers above and below the bo x sho w 

the max. and min., respecti v ely. N = number of replicates, 
n = number of individual values. Additional details are 
listed in the figure legends. 

RESULTS 

ATXN3 controls DNA replication timing 

Pr evious r eports demonstrated the involvement of ATXN3 

in controlling se v eral DNA damage response factors 
( 16 , 17 ).To inv estigate possib le additional mechanisms of 
how ATXN3 contributes to genome stability, we analyzed 

DNA replication after knocking out ATXN3 ( � ATXN3) 
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or depleting the protein by siRNA in U2OS cells (Supple- 
mentary Figure S1A). When measuring S phase progres- 
sion by flow cytometry in synchronized cells, no significant 
changes were observed after knocking out ATXN3 (Supple- 
mentary Figure S1B). Howe v er, the absence of ATXN3 led 

to alterations in replication dynamics when studied at single 
cell le v el by DNA fiber assays (Supplementary Figure S1C). 
Both in � ATXN3 and siATXN3 cells the replication track 

length and the inter-origin distance (IOD) decreased com- 
pared to control cells (Figure 1 A–E). The lack of ATXN3 

also increased the le v els of ne wly fired origins (Supplemen- 
tary Figure S1D), without affecting the amount of stalled 

replication forks (Supplementary Figure S1E). We consid- 
ered possib le e xplanations of how ATXN3 could control 
DNA replication. A decrease in track length could be due 
to collisions between the DNA replication and transcrip- 
tion machineries, which would lead to more DNA-RNA hy- 
brids, or R-loops ( 39 ). Howe v er, no difference in R-loop sig- 
nal was observed when comparing control cells to ATXN3- 
depleted cells (Supplementary Figure S1F, G). To study if 
the primary effect of the lack of ATXN3 is increased origin 

firing, cells wer e tr eated with a CDC7 inhibitor (CDC7i) 
that blocks the origin firing ( 40 ), after w hich DN A fibers 
wer e analyzed. Inter estingly, inhibiting CDC7 in � ATXN3 

cells increased the track length (Figure 1 F), without af- 
fecting the percentage of stalled forks, but reducing, as ex- 
pected, the proportion of newly fired origins (Supplemen- 
tary Figure S1H, I), indica ting tha t the absence of ATXN3 

promotes an increase in origin firing and as the cells com- 
pete for limiting replication factors ( 40 ), fork speed is re- 
duced. 

Sites of DNA synthesis can be detected as EdU-positi v e 
nuclear foci by immunofluorescence (IF). During S phase 
progression, the number and localization of these foci 
change due to the coordination of origin firing at distinct 
chromatin and nuclear regions (Figure 1 G) ( 41 ). Abnor- 
mal patterns of DNA synthesis can be observed in cells 
with deficient spatiotemporal control of DNA replication 

(Figure 1 H), as described in the absence of factors impor- 
tant for DNA replication timing control, such as Treslin 

or RIF1 ( 42–47 ). Interestingly, cells deficient for ATXN3 

displayed an increase in abnormal EdU DNA replication 

patterns (Figure 1 I), in addition to significant differences 
in some of the regular replication patterns (Supplementary 

Figure S1J). Together, these da ta suggest tha t ATXN3 con- 
trols DNA replication and the absence of ATXN3 leads to 

an increase in origin firing and a decr eased r eplica tion ra te, 
possibly as a compensatory mechanism. Spatial organiza- 
tion of the chromatin is known to affect replication timing. 
In this context, the involvement of RIF1 in chromatin three- 
dimensional organization is critical for replication timing 

( 47–51 ). We ther efor e studied possible differ ences in RIF1 

staining by IF in the absence of ATXN3. Interestingly, in 

unperturbed conditions, the lack of ATXN3 caused a re- 
duction in the number of RIF1 foci per nucleus (Supple- 
mentary Figure S2A–C), without a drop in RIF1 protein 

le v els (Supplementary Figure S1A). 
A lower IOD and a reduction in RIF1 foci could be in- 

dicati v e of changes in chromatin organization, for exam- 
ple, the loss of chromatin loops, which would make dor- 
mant origins more accessible to the replicati v e machinery, 

leading to an increased origin usage. Importantly, the lower 
DN A replication fork pro gression observed in � ATXN3 

cells could be rescued by inducing a hypertonic shock by 

incubating cells with 80 mM sucrose for 1 h, which pro- 
motes chromatin compaction (Figure 1 J) ( 52 ). Moreover, 
the reduction in RIF1 foci in ATXN3 deficient cells was also 

rescued by a brief hypertonic shock (Supplementary Figure 
S2D). Altogether these data suggest that ATXN3 controls 
the replication timing via changes in chromatin structure. 

ATXN3 influences chromatin organization 

We next investigated the chromatin status in cells deficient 
for ATXN3, studying se v eral epigenetic mar ks, associated 

to dif ferent chroma tin organiza tions (Supplementary Fig- 
ure S2E). The absence of ATXN3 caused an increase in 

the euchroma tin-associa ted mark H4K16Ac (Figure 2 A, B) 
and led to a statistically significant decrease in the facul- 
tati v e heter ochr omatin mark H3K27me3 (Figure 2 C, D), 
while the constituti v e heter ochr omatin mark H3K9me3 re- 
mained unchanged (Supplementary Figure S2F, G). The el- 
evated H4K16 acetylation in � ATXN3 cells was accom- 
panied by an increased signal of G-quadruplex (G4), a 

non-canonical DNA secondary structur e, pr edominantly 

present in nucleosome-depleted regions in euchromatin 

( 53–55 ) (Supplementary Figure S2H, I). 
Next, the mobility of the linker histone H1, which regu- 

lates higher-order chromatin folding, was studied as an in- 
dicator of chromatin organization ( 56–58 ). GFP-H1.5 was 
expressed in WT and � ATXN3 U2OS cells and its mo- 
bility was studied by fluorescence recovery after photo- 
bleaching (FRAP). In these experiments, heter ochr omatin 

and euchromatin were defined as areas strongly or weakly 

labelled with Hoechst 33342, respecti v ely (Supplementary 

Figure S2J). The absence of ATXN3 caused a change in 

GFP-H1.5 FRAP, with an increased mobile fraction in both 

heter ochr omatin and euchr omatin r egions (Figur e 2 E–G). 
Howe v er, no differences in the kinetics of recovery time, 
measured as the half time of fluorescence recovery, were de- 
tected (Figure 2 H). These data of a lower amount of stati- 
cally bound histone H1.5 in � ATXN3 cells support the idea 

of an altered higher-order chromatin structure, in particular 
a less compacted state, in the absence of ATXN3. 

As the lack of ATXN3 reduces facultati v e heter ochr o- 
matin and increases histone H1 mobility, micrococcal nu- 
clease (MNase) digestion was used to examine nucleosomal 
occupancy ( 59 ). Digestion of isolated nuclei with increas- 
ing concentrations of MNase demonstrated that chromatin 

from � ATXN3 cells was more sensiti v e to nuclease diges- 
tion than WT chromatin, especially noticeable after treating 

the nuclei with low concentrations (10 units) of the enzyme 
(Figure 3 A, B). Together, these results indicate that global 
chromatin structure is altered and less compact in ATXN3 

deficient cells. 

ATXN3 regulates nuclear and nucleolar morphology and or- 
ganization 

Ne xt, the possib le control of nuclear morphology by 

ATXN3 was studied using IF for lamins A / C, key compo- 
nents of the nuclear lamina, a fibrillar network close to the 
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Figure 1. ATXN3 controls the timing of DNA r eplication. ( A ) Repr esentati v e images of replication forks in DNA fiber analysis (A–D), performed as 
indicated in the materials and methods section, of wild type (WT) and ATXN3 knockout ( � ATXN3) U2OS cells (upper panel) and U2OS cells depleted 
for ATXN3 using two different siRNA oligonucleotides (siATXN3) (lower panel). ( B ) Quantification of replication DNA track length in WT and � ATXN3 
U2OS cells (n = 350). ( C ) Quantification of replication DNA track length in control and siATXN3 U2OS cells ( n = 300). ( D ) Quantification of the inter- 
origin distance (IOD) in WT and � ATXN3 U2OS cells ( n = 50). ( E ) Quantification of IOD in control and siATXN3 U2OS cells ( n = 50). ( F ) Quantification 
of replication DNA track length in WT and � ATXN3 U2OS cells, treated or not with CDC7 inhibitor (CDC7i, 60 �M) for 4 h (n = 300). ( G, H ) Schematic 
r epr esentation (top) and r epr esentati v e images (bottom) of the different EdU labelling patterns, normal (G) and abnormal (H). ( I ) Quantification of the 
percentage of cells with abnormal EdU patterns in control, � ATXN3 and siATXN3 cells. ( J ) Quantification of replication DNA track length in WT and 
� ATXN3 U2OS cells, untreated or treated with sucrose (80 mM) for 1 h ( n = 250). 

inner nuclear membrane involved in the regulation of many 

nuclear activities ( 60–62 ). With this staining, cells with dis- 
rupted nuclear morphology can be distinguished (Figure 
3 C). The absence of ATXN3 caused a significati v e increase 
in the percentage of cells with abnormal morphology with- 
out changes in lamin A / C protein le v els (Figure 3 D, Sup- 
plementary figure S3A). 

Global chroma tin organiza tion impacts on the nucle- 
oli, which are formed around specific chromosomal regions 

called nucleolar organizer regions that contain arrays of ri- 
bosomal DNA gene clusters. To examine a possible effect on 

nucleoli morphology and organization after ATXN3 deple- 
tion, IF for NPM1, the major nucleolar protein, was per- 
formed (Figure 3 E). ATXN3 loss caused an increase in nu- 
cleolar ar ea (Figur e 3 E–G), wher eas no consistently sig- 
nificant differences in NPM1 protein le v els or in nuclear 
size were observed (Supplementary Figure S3A–C). More- 
over, ATXN3 deficiency led to a significant decrease in the 
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Figure 2. ATXN3 modulates chromatin marks and the mobility of histone H1.5 in chromatin. ( A , B ) Fluorescence analysis of H4K16Ac staining in 
WT and � ATXN3 cells (A) or cells treated with the indicated siRNA for 96 h (B). All samples were analyzed with the same exposure time. The mean 
intensity within the nuclear area (identified by the DAPI signal) was quantified ( n = 400). ( C , D ) As (A, B), but for H3K27me3 staining. ( E ) Example of 
FRAP experiment in WT and � ATXN3 cells, tr ansiently tr ansfected with GFP-Histone H1.5. GFP-H1.5 was bleached in the indicated r egions of inter est, 
indicated by yellow and magenta circles (heter ochr omatic and euchr omatic ar eas, r especti v ely). Shown is the fluor escence r ecovery after 3, 7 and 15 s. ( F ) 
FRAP analysis of GFP-H1.5 in WT ( n = 13) and � ATXN3 ( n = 11) cells in heter ochr omatin (upper panel) or euchromatin (lower panel) regions. Data are 
r epr esented as mean ± SD. ( G ) Percentage of mobile fraction calculated from the fitted data of the FRAP at heter ochr omatin (left panel) and euchromatin 
(right panel) regions in WT and � ATXN3 cells. ( H ) Half-times of fluorescence recovery ( � 1 

2 ) from the fitted data of FRAP in WT and � ATXN3 cells at 
heter ochr omatin (left panels) and euchromatin (right panels) regions. 
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Figure 3. ATXN3 deficiency increases chromatin accessibility and disrupts nuclear and nucleolar morphology and organization. ( A ) Nuclei from WT or 
� ATXN3 U2OS cells were digested with indicated units (U) of MNase for 5 min. Digestion of the genomic DNA by agarose gel electrophoresis is shown. 
( B ) Densitometric profiles of the 10 U MNase digestion product. Position of the nucleosomes (mono, di- and tri-nucleosomes) is schematically indicated. 
( C ) Lamin A / C IF analysis in U2OS cells. Shown are examples of normal (top) and abnormal (bottom) nuclear shape, based on lamin A / C localization. 
( D ) Quantification of abnormal nuclear shape (WT versus � ATXN3 N = 3, siRNA N = 5). ( E ) NPM1 IF after pre-extraction. ( F ) Quantification of 
nucleolar area, as determined by NMP1 signal, in WT and � ATXN3 cells ( n = 600). ( G ) As (F), but control and siRNA ATXN3-depleted cells ( n = 400). 
( H ) Quantification of the number of nucleoli per nucleus in the indicated cells ( n = 100). 
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n umber of n ucleoli per n ucleus, compared to control cells 
(Figure 3 H). Gi v en the liquid–liquid phase properties of nu- 
cleoli, these data suggest that multiple nucleoli are fused in 

the absence of ATXN3, probably due to a less compacted 

state of the chromatin. Indeed, when comparing the pro- 
portion of total nucleolar area to nuclear area, an increase 
was observed in ATXN3 deficient cells (Supplementary Fig- 
ure S3D, E), indicating that nucleolar fusion is not the only 

cause for these effects and suggesting that also relaxation 

of nucleolar chromatin takes place. Indeed, under hyper- 
tonic conditions, a decrease in nucleolar area was observed 

in ATXN3-depleted cells (Supplementary Figure S3F, G). 

ATXN3 depletion leads to increased global transcription 

The observed changes in nucleolus morphology and num- 
ber upon ATXN3 depletion could be associated with al- 
terations in transcription and the amount of ribosomal 
RN A (rRN A) ( 63 ). To study RN A pol ymerase I-dependent 
tr anscription (rRNA), EU incorpor ation in the nucleolar 
compartment was analyzed. ATXN3-depleted cells showed 

a significant increase in EU signal (IntDen) within the 
NPM1-positi v e nucleolar compartment (Figure 4 A–C). 
This higher nucleolar EU signal could be due to increased 

rRNA transcription, but also to a defect in nuclear export 
of RNA as a consequence of nuclear morphology disrup- 
tions ( 64 , 65 ). Ther efor e, to e valuate RNA e xport, messen- 
ger RN A (mRN A) accum ulation in the nucleus and in the 
cytoplasm was quantified using an oligo-(dT) FISH assay 

(Figure 4 D). The nuclear / cytoplasmic ratios in the absence 
of ATXN3 do not support RNA-retention in the nucleus as 
explanation for the observed increase in nucleolar EU signal 
(Figure 4 E, F). Howe v er, loss of ATXN3 caused an increase 
in pol y(A)-RN A in both nuclear and cytoplasmic com- 
partments (Figure 4 G–J), indicating that RN A pol ymerase- 
II-dependent transcription is also increased, and therefore 
suggesting that ATXN3 controls not only rRNA, but global 
transcription, instead of alterations in nuclear-cytoplasm 

transport processes. In addition, the transcript le v els of 
pericentromeric satellite 2 Sat-2 , a marker of heter ochr o- 
matin structur e, wer e incr eased upon ATXN3 depletion 

(Supplementary Figure S3H). Together these data suggest 
that the absence of ATXN3 leads to augmented global tran- 
scription, likely due to a less compacted chromatin status, 
which facilitates the accessibility of the transcriptional ma- 
chinery. 

T r anscriptional control by ATXN3 is independent of its ubiq- 
uitin h y drolase acti vity 

ATXN3 harbors a Josephin domain with deubiquitinase 
activity ( 66–68 ). To investigate the molecular mechanism 

of ATXN3 action, we studied if the catalytic activity is re- 
quired for the described transcriptional regulation. For this, 
� ATXN3 cells were complemented with a WT or a catalytic 
inacti v e (CI) v ersion of the protein, followed by analysis 
of EU IntDen incorporation. Interestingly, the anomaly in 

rRNA transcription caused by knockout of ATXN3 could 

be r estor ed by both versions of ATXN3 (Figur e 5 A, B, Sup- 
plementary Figure S3I). When using EU staining to evalu- 
ate nucleolar morphology ( 69 ), an increase in the nucleolar 

EU-positi v e area was observed in the absence of ATXN3 

(Supplementary Figure S3J), in accordance with our data 

on NPM1 staining (Figure 3 E–G). As for transcription, the 
expression of both WT and CI ATXN3 also r estor ed the nu- 
cleolar area values (Supplementary Figure S3J). Altogether, 
these results indicate that the ubiquitin hydrolase activity is 
not r equir ed for the role of ATXN3 in nucleolar morphol- 
ogy and transcription. 

ATXN3 and histone deacetylase HDAC3 cooperate in regu- 
lating chromatin organization 

In general, histone acetylation correlates with gene acti- 
va tion, while deacetyla tion is associa ted with r epr ession 

( 70 ). ATXN3 was described to control the transcription of 
the MMP-2 gene through the recruitment of the histone 
deacetylase HDAC3 ( 14 ). Moreover, HDAC3 was previ- 
ously reported to regulate DNA replication and chromatin 

structure, and the absence or inhibition of HDAC3 results 
in similar phenotypes to those described here in the absence 
of ATXN3 ( 71–73 ). Ther efor e, we investigated if ATXN3 

could control some aforementioned functions via HDAC3. 
Depletion of HDAC3 in WT U2OS cells (Supplemen- 

tary Figure S4A) caused changes in nuclear and nucleolar 
morpholo gy. Specificall y, an increase in nuclei with abnor- 
mal nuclear shape was observed, when evaluated with lamin 

A / C staining (Supplementary Figure S4B), together with 

an increase in the nucleolar area (Figure 5 C, Supplemen- 
tary figure S4C). In addition, treatment with an HDAC3 

inhibitor mimicked the nucleolar phenotype observed af- 
ter HDAC3 depletion, demonstrating that the deacetyla- 
tion activity was r equir ed for this process (Supplementary 

Figure S4D, E). Furthermore, HDAC3 depletion increased 

H4K16 acetylation and reduced the le v els of H3K27me3 

(Supplementary Figure S4F-H), similar to what observed 

in the absence of ATXN3 (Figure 2 A, B). Additional re- 
sults regarding replication dynamics demonstrated that de- 
pletion of HDAC3 in WT cells caused a drop in the DNA 

replication track length whereas it had no additional ef- 
fect in � ATXN3 cells (Figure 5 D). Similar to what was ob- 
served bef ore f or cells deficient f or ATXN3 (Figure 1 J), the 
track length of HDAC3-depleted cells increased upon treat- 
ment with a short hypertonic shock (Figure 5 D). 

As HDAC inhibition was shown to lead to enhanced G4 

formation ( 74 ), G4 intensity upon inhibition of HDAC3 

was studied in our cells (Supplementary Figure S4I). As 
expected, this tr eatment r esulted in an increased G4 sig- 
nal (Supplementary Figure S4J). Although HDAC3i in the 
absence of ATXN3 slightly elevated the G4 intensity, the 
increase of G4 signal was much higher when inhibiting 

HDAC3 in WT cells (Supplementary Figure S4J), indicat- 
ing that this effect is partially epistatic. 

Inter estingly, downr egulating HDAC3 in the absence of 
ATXN3 led to the same increase in nucleolar area as the 
single depletion of the proteins (Figure 5 E, Supplemen- 
tary figure S5A, B). Expression of GFP-HDAC3 addition- 
ally decreased EU IntDen incorporation in both WT and 

� ATXN3 cells (Figure 5 F, Supplementary figure S5C). Al- 
together, these data indicate that ATXN3 regulates euchro- 
matin and facultati v e heter ochr omatin via HDAC3. 
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Figure 4. ATXN3 depletion increases global transcription. ( A ) Control, � ATXN3 and siATXN3 U2OS cells were incubated with EU prior to fixation, 
followed by EU detection and NPM1 IF. Representati v e images are shown ( B ). Quantification of EU Integrated Density (IntDen) in the nucleolar com- 
partment of WT and � ATXN3 cells. For calculation of the IntDen, see materials and methods ( n = 200). ( C ) As (B), but for control and siATXN3 
cells ( n = 400). ( D ) Representati v e images showing pol y(A)-RN A (red) FISH in WT and � ATXN3 cells. Yellow lines show nuclear and plasmatic com- 
partments. ( E ) The distribution of pol y(A)-RN A was depicted as the ratio of the quantified nuclear to cytoplasmic mean intensities in WT and � ATXN3 
cells from (D) ( n = 240). ( F ) As (E), but for control and ATXN3 siRNA cells (n = 300). ( G, H ) Quantification of nuclear (G) and cytoplasmic (H) poly(A)- 
RNA le v els in WT or � ATXN3 cells ( n = 240). ( I, J ) Quantification of nuclear (I) and cytoplasmic (J) pol y(A)-RN A le v els in control or siATXN3 cells 
( n = 300). 
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Figure 5. ATXN3 functions independently of its enzymatic activity and cooperates with HDAC3 to control chromatin structure. ( A ) WT or � ATXN3 cells 
were transfected with empty vector (EV), wild type (WT) or catalytic inacti v e (CI) Fla g-ta gged ATXN3. 36 h after transfection cells were incubated with 
EU and stained for EU and Flag. Representati v e images are shown. ( B ) Quantification of EU IntDen in the nucleolar compartment of Flag-positi v e cells of 
(A). Dash red line indicates the mean of the reference condition (WT cells with EV) ( n = 400). ( C ) Quantification of the nucleolar area of (Supplementary 
Figure S4B) based on NPM1 staining ( n = 400). ( D ) Quantification of replication DNA track length in WT and � ATXN3 U2OS cells transfected with 
the indicated siRNA and left untreated or treated with sucrose (80 mM) for 1 h ( n = 300). ( E ) Quantification of nucleolar area based on NPM1 staining 
(Supplementary Figure S5B) in WT or � ATXN3 transfected with the indicated siRNAs ( n = 400). ( F ) Quantification of EU IntDen in the nucleolar 
compartment (Supplementary Figure S5C) of WT and � ATXN3 cells transfected with EV or GFP-HDAC3 ( n = 270). ( G ) Representati v e HDAC3 IF 

images after pre-extraction in WT and � ATXN3 U2OS cells. ( H ) Quantification nuclear HDAC3 intensity from (G) ( n = 200). ( I ) WT or � ATXN3 cells 
were transfected with GFP-HDAC3. Representati v e images are shown. ( J ) The distribution of HDAC3 was depicted as the ratio of the quantified nuclear 
to cytoplasmic mean intensities in WT and � ATXN3 cells from (I) ( n = 100). 
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We ne xt inv estigated how ATXN3 could control HDAC3. 
Although ATXN3 was described to control HDAC3 sta- 
bility ( 75 ), no changes in HDAC3 stability in absence of 
ATXN3 were detected in our system (Supplementary Fig- 
ure S5D). These data are in agreement with our earlier ob- 
serva tions tha t the ATXN3 ca talytic activity is not r equir ed 

for this phenotype. We then hypothesized that ATXN3 

could control chromatin organization by recruiting HDAC3 

to the nucleus / chromatin. Analysis of chromatin-bound 

HDAC3 by IF after removal of the soluble proteins by ex- 
traction with a mild detergent demonstrated a decrease in 

chromatin-bound HDAC3 upon ATXN3 depletion (Figure 
5 G, H). Moreover, when GFP-HDAC3 was expressed in 

WT and � ATXN3 cells, the ratio of the nuclear versus cyto- 
plasmic GFP-HDAC3 signal was lower in the ATXN3 null 
cells, suggesting that ATXN3 regulates the efficient recruit- 
ment of HDAC3 to the nuclei (Figure 5 I, J). Subsequent 
immunoprecipitation experiments confirmed the described 

interaction between HDAC3 and ATXN3 and ATXN3-CI 
retained its ability to bind HDAC3 (Figure 6 A) ( 14 ). Also, 
the expanded form of A TXN3 (A TXN3-PolyQ), responsi- 
ble for SCA3, interacted with HDAC3 (Figure 6 A). 

The pathogenic form of ATXN3 acts as a dysfunctional 
mutant 

Although ATXN3-PolyQ interacted with HDAC3, expan- 
sion of the PolyQ could still have functional consequences 
for transcription and DNA replica tion. Stud ying this could 

shed light on the molecular mechanisms of SCA3. First the 
effect of ATXN3-PolyQ on HDAC3 localization was in- 
v estigated by e xpressing GFP-ATXN3-WT, -CI or -PolyQ 

together with mCherry-HDAC3 in WT or � ATXN3 cells 
(Figure 6 B). The nuclear / cytoplasmic ratios of the mean 

mCherry-HDAC3 signal in GFP-positi v e cells showed re- 
duced values in cells expressing ATXN3-PolyQ both in WT 

(Figure 6 C) and � ATXN3 cells (Figure 6 D), indicating 

a dominant negati v e effect of ATXN3-PolyQ on HDAC3 

localization. In contrast, the ATXN3-CI expression did 

not reduce the nuclear localization of HDAC3, which is 
in agreement with our previous data showing that the cat- 
alytic activity of ATXN3 was not r equir ed to rescue nu- 
cleolar function and morpholo gy. ATXN3-Pol yQ expres- 
sion additionally was not able to rescue the increased nu- 
cleolar transcription observed in � ATXN3 cells and led to 

an increase in transcription in WT cells, mimicking the ef- 
fect of ATXN3 depletion (Figure 6 E, F). Moreover, the EU 

high intensity incorporation ar eas wer e enlarged after ex- 
pression of ATXN3-PolyQ in control cells and its expres- 
sion in � ATXN3 cells did not r estor e the nucleolar ar ea to 

the values observed in control cells (Figure 6 G). 
To study the effect of expanded ATXN3 on chromatin 

structure, rat mesencephalic CSM14.1 cells expressing hu- 
man full length ATXN3 with a nonexpanded ATXN3- 
WT (SCA3-Q23) or an expanded glutamine track ATXN3- 
PolyQ (SCA3-Q70) using a Tet-Off system (Supplementary 

Figur e S5E) wer e used as cell culture model of SCA3 ( 16 ). 
Upon expression of SCA3-Q70 but not SCA3-Q23, abnor- 
mal shaped nuclei, evaluated by DAPI staining, were ob- 
served (Figure 7 A, B). Also, a statistically significant in- 
crease in the euchroma tin-associa ted mark H4K16Ac was 

observed after SCA3-Q70 expr ession, compar ed to SCA3- 
Q23 (Figure 7 C, D). This increase was accompanied by a de- 
crease in the facultati v e heter ochr omatin-associated mark 

H3K27me3 (Figure 7 C, E). 
Surprisingly, and similar to what we observed in the 

absence of ATXN3, SCA3-Q70 expr ession decr eased the 
DNA replication track length and IOD compared to con- 
trol cells and those expressing SCA3-Q23 (Figure 7 F, G, 
Supplementary figure S5F). Moreover, SCA3-Q70 expres- 
sion led to a higher EU IntDen when compared to con- 
trol or SCA-Q23-expressing cells (Figure 7 H, I). Together 
these data demonstrate that the expanded form of ATXN3 

is dysfunctional in controlling DNA replication and tran- 
scription, a similar phenotype as observed in the absence of 
ATXN3. 

DISCUSSION 

ATXN3 was recently described to be involved in maintain- 
ing genomic stability upon DNA damage by controlling 

se v eral proteins in the DNA damage response ( 16–18 ). Pre- 
vious studies have also suggested that ATXN3 is a tran- 
scriptional regulator, as the lack of ATXN3 leads to dereg- 
ulated expression of certain genes. However, up to date, 
this function has been associated to specific control in spe- 
cific gene promoters ( 2 , 14 , 76 ). Here we demonstrate a novel 
function of ATXN3: regulation of global chromatin orga- 
nization in unperturbed conditions with effects on DNA 

replication and transcription. We show that the lack of 
ATXN3 increases the mobility of histone H1 and triggers 
the conversion of facultative heter ochr omatin into euchro- 
ma tin, with eleva ted H4K16 acetylation and diminished 

trimethylation of H3K27, data indicati v e of a more open 

status of the chromatin, as r einfor ced with the MNase sensi- 
tivity assay. Interestingly, nuclear and nucleolar morpholo- 
gies were affected, specifically the nucleolar area was en- 
larged in cells with lower le v els of ATXN3 and we speculate 
tha t this ef fect is due to a fusion of multiple nucleoli as a 

consequence of chromatin relaxation, which allows nucleoli 
to get closer to each other and fuse due to their liquid–liquid 

phase properties ( 77 , 78 ). In accordance, nucleolar area val- 
ues in ATXN3 deficient cells were rescued by a brief hyper- 
tonic treatment, which triggers chromatin compaction ( 52 ). 

The tight coordination of replication origin firing at dif- 
ferent chromatin regions demonstrates that the timing of 
DN A replication heavil y depends on chromatin organiza- 
tion. A variation in chromatin organization will ther efor e 
af fect DNA replica tion ( 43 , 47 ). Indeed, lack of ATXN3 

leads to an increased replication fork speed and reduced 

IOD, indicati v e of higher origin firing. Our da ta show tha t 
the primary cause of this abnormality in DNA replication 

is increased origin activation, described to result in compe- 
tition for limiting replication factors, since inhibiting origin 

firing in � ATXN3 cells leads to an augmented fork speed. 
These data are in accordance with previous studies that 
show that more open chromatin could lead to higher origin 

usage ( 79 , 80 ). Alterations in chromatin structure would also 

lead to a d ysregula tion of replica tion timing, in accordance 
with the observed increase in abnormal replication patterns. 
Moreov er, the observ ed increase in euchromatin and chro- 
matin accessibility is compatible with higher transcription 
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Figur e 6. ATXN3-Pol yQ fails in recruiting HDAC3 into the nucleus. ( A ) HEK293T cells were transfected with GFP-tagged ATXN3-WT, CI or PolyQ 

(80Q) and mCherry-HDAC3. mCherry was immunoprecipitated (IP) and analyzed by western blot using the indicated antibodies. ( B ) WT or � ATXN3 
cells were transfected with GFP-ATXN3-WT, -CI or -Pol yQ (80Q) to gether with mCherry-HDAC3 and imaged for fluor escence. Repr esentati v e images are 
shown. ( C ) The distribution of mCherry-HDAC3 was depicted as the ratio of the quantified nuclear to cytoplasmic mean intensities of mCherry in GFP- 
positi v e WT cells from (B) ( n = 150). ( D ) As (C) but in GFP-positi v e � ATXN3 cells from (B) ( n = 100). ( E ) WT or � ATXN3 cells were transfected with 
EV or GFP-ATXN3-PolyQ (80Q), incubated with and stained for EU. Representati v e images are shown. ( F ) Quantification of EU IntDen in the nucleolar 
compartment of GFP-positi v e cells of (E). Dash red line indicates the mean of the r efer ence condition (WT cells with EV) ( n = 350). ( G ) Quantification 
of nucleolar area (areas with higher EU intensity) from (E). Dash red line indicates the mean of the reference condition (WT with EV) ( n = 350). 
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Figur e 7. ATXN3-Pol yQ acts as a dysfunctional m utant. ( A ) Representati v e images of DAPI staining of CSM14.1 cells expressing empty vector (mock), 
human ATXN3-WT (SCA3-Q23) or ATXN3-PolyQ (SCA3-Q70) to evaluate nuclear morphology. ( B ) Quantification of abnormal nuclear shape from (A) 
( N = 4). ( C ) CSM14.1 cells expressing the indicated forms of ATXN3 were stained for H4K16Ac and H3K27me3. Representati v e images are shown. ( D ) 
Quantification of H4K16Ac signal from (C). All samples were analyzed with the same exposure time. The mean intensity within the nuclear area (identified 
by the DAPI signal) was quantified ( n = 300). ( E ) As (D) but for H3K27me3 staining ( n = 300). ( F ) Representati v e images of replication forks in DNA fiber 
analysis of CSM14.1 cells expressing the indicated forms of ATXN3. ( G ) Quantification of DNA replication track length from cells in (F) ( n = 300). ( H ) 
CSM14.1 cells expressing SCA3-Q23 or SCA3-Q70 human ATXN3 were incubated with EU prior to fixation, followed by EU staining. ( I ). Quantification 
of EU IntDen of (H) ( n = 430). 

le v els in certain genes reported in cells lacking ATXN3 

( 2 ) and indeed, we demonstrated an enhancement in both 

polymerase I and II-dependent transcription in cells defi- 
cient for ATXN3. By regulating global chromatin structure, 
ATXN3 could also control origin firing in rDNA, regions of 
acr ocentric chr omosomes or other heter ochr omatin regions 
such as lamin-associated domains (LADs) ( 23 , 81 , 82 ). 

How does ATXN3 control chromatin structure? Surpris- 
ingly, and in contrast to many previously described func- 
tions of ATXN3 ( 10 , 75 , 83–87 ), the catalytic activity seems 

dispensable for this process, as both the morphological 
and functional nucleolar alterations observed in ATXN3- 
deficient cells can be r estor ed by a CI version of the en- 
zyme. Instead, HDAC3, a known ATXN3 interactor and 

regulator of transcriptional repression, DNA replication 

and chromatin structure, was identified as mediator of the 
effect of ATXN3 on chromatin structure. HDAC3 deple- 
tion or enzymatic inhibition phenocopies the effects de- 
tected upon the lack of A TXN3. Furthermore, A TXN3 

and HDAC3 co-depletion did not show an additional 
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Figure 8. Schematic model of ATXN3 controlling chromatin structure. In unperturbed conditions, ATXN3 promotes HDAC3 chromatin binding and 
heter ochr oma tin forma tion. ATXN3 deficiency leads to mislocaliza tion of HDAC3, causing an increase in euchromatin prevalence. In an SCA3 context, 
the ATXN3-PolyQ variant sequesters HDAC3 impeding correct HDAC3 recruitment to the chromatin, thereby generating a situation equivalent to the 
absence of ATXN3. An increase in the less condensed euchromatin could explain the described phenotypes, with special consideration to transcriptional 
d ysregula tion, which could have an important role in SCA3 pathogenesis. 

effect on nucleolar area or DNA replica tion d ynamics, and 

the expression of HDAC3 was able to rescue the transcrip- 
tional defects shown in � ATXN3 cells, indica ting tha t the 
effects of ATXN3 upon chromatin organization occur with 

the involvement of HDAC3. Most importantly, the abnor- 
malities in DNA replication shown in ATXN3 or HDAC3 

deficient cells could be alleviated by a short hypertonic 
trea tment, which triggers chroma tin condensa tion. We con- 
firmed the previously described ATXN3 and HDAC3 in- 
teraction, and interestingly, cells lacking ATXN3 show less 
chromatin-bound HDAC3 together with a decreased ratio 

of nuclear / cytoplasmic HDAC3. Expression of ATXN3- 
WT or -CI in � ATXN3 cells moreover promotes HDAC3 

to localize in the nucleus. These data together suggest 
tha t ATXN3 regula tes chroma tin compaction by recruiting 

HDAC3 to the chromatin in a manner that is independent 
of the ubiquitin hydrolase activity and ther efor e is acting in 

this context as a scaffold protein (Figure 8 ). 
In order to explain the molecular basis of SCA3, we in- 

vestigated how the expression of the ATXN3-PolyQ variant 
affected the phenotypes linked to this novel ATXN3 func- 
tion. Expression of ATXN3-PolyQ was not able to rescue 
the imbalanced nucleolar morphology and function due to 

ATXN3 depletion, and similar defects upon expression of 
ATXN3-PolyQ in WT cells suggest a dominant negati v e ef- 
fect. ATXN3-Pol yQ expression additionall y caused abnor- 
malities in nuclear sha pe, w hich could be explained by in- 
duced alterations in chromatin organization, possibly by 

affecting the contact between the chromatin and nuclear- 
insoluble structures, such as lamins and nucleoli. More- 
ov er, the e xpression of this version of ATXN3 was also de- 
scribed to induce transcriptional changes in certain genes 
( 14 , 15 , 88 , 89 ), which is consistent to our observations re- 
garding transcription in cells lacking ATXN3. Interestingly, 
howe v er, ATXN3-PolyQ and HDAC3 were shown to in- 
teract. We belie v e that this pathogenic version of ATXN3 

might af fect DNA replica tion, transcription and nuclear 
morpholo gy possibl y due to the forma tion of aggrega tes 
that could sequester HDAC3 (Figure 8 ), as suggested for 

many pathological extended PolyQ proteins ( 90–93 ). In- 
deed, the expression of ATXN3-PolyQ causes the mislocal- 
ization of exogenous HD AC3, and HD AC3 high-intensity 

signal r egions wer e detected overlapping with the ATXN3- 
PolyQ higher signal (Figure 6 B). In accordance, a decrease 
in ATXN3-PolyQ chromatin binding was demonstrated be- 
fore ( 13 , 14 ), which could affect HDAC3 recruitment to the 
chromatin. ATXN3-PolyQ was reported to maintain its hy- 
drolase activity ( 86 ), confirming once more that the cat- 
alytic activity of ATXN3 is not involved in the control of 
DNA replication, transcription and n uclear / n ucleolar mor- 
pholo gy. Alto gether, this adds an extra layer of complex- 
ity to the transcriptional defect on MMP2 observed by Ev- 
ert and co-w ork ers ( 14 ), as this loss of function in SCA3 

could lead to generally d ysregula ted transcription profiles, 
thereby not only affecting specific genes involved in certain 

pa thways, such as inflamma tory cascade ( 13 ), but promot- 
ing the expression of physiolo gicall y repressed genes in a 

larger-scale wa y. Indeed, microarra y analysis of the cerebel- 
lum of SCA3 model mice detected transcriptional changes 
in genes involved in a range of pathways ( 15 ). 

Interestingly, the importance of the acetylation balance 
for neuronal viability is widely accepted. The le v els and en- 
zymatic activity of histone acetyltr ansfer ases (HATs) and 

HDACs, the enzymes responsible of regulating acetylation 

homeostasis within the nucleus, play ther efor e a critical 
r ole in neur odegenerati v e conditions. The observa tion tha t 
treatment of neurons with HDACs inhibitors, or ov ere x- 
pression of HATs in these cells, leads to cell death, under- 
scores the hypothesis of the need of a precise balance in his- 
tone acetylation for neuronal survival in non-pathological 
conditions ( 94–98 ). Hence, the observed d ysregula tion of 
HDAC3 localization upon ATXN3-PolyQ expression could 

contribute to the onset or progression of SCA3. We belie v e 
that our findings shed light on the molecular pathogenesis 
of SCA3, and although more research needs to be done in 

this field, we speculate that treatments that could counter- 
act HDAC3 dysfunction might contribute to alleviate SCA3 

symptoms. 
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