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Summary

Placing regulatory proteins into different multiprotein recruited back to ND10, indicating that both proteins

complexes should modify key cellular processes. Here, we
show that the transcription repressor Daxx and the
SWI/SNF protein ATRX are both associated with
two intranuclear domains: ND10/PML bodies and
heterochromatin. The accumulation of ATRX at nuclear
domain 10 (ND10) was mediated by its interaction with the

localize to heterochromatin during a very short temporal
window of the cell cycle. ATRX seems to assemble a
repression multiprotein  complex including Daxx and
SSRP1 at heterochromatin during a specific stage of the cell
cycle, whereas Daxx functions as an adapter for ATRX
accumulation at ND10. A potential functional consequence

of Daxx accumulation at heterochromatin was found in the

S- to G-phase transition. In Daxx’~ cells, S-phase was

accelerated and the propensity to form double nuclei was
increased, functional changes that could be rescued by
Daxx reconstitution and that might be the basis for the

developmental problems observed in Daxx knockout
animals.

N-terminus of Daxx. Binding of this complex to ND10 was
facilitated by the interaction of the Daxx C-terminus with

SUMOylated promyelocytic leukemia protein (PML).

Although ATRX was present at heterochromatin during

the entire cell cycle, Daxx was actively recruited to this
domain at the end of S-phase. The FACT-complex
member structure-specific recognition protein 1 (SSRP1)
accumulated at heterochromatin simultaneously with Daxx
and accumulation of both proteins depended on ATRX
phosphorylation. Both Daxx and SSRP1 were released
from heterochromatin early in G2 phase and Daxx was

Key words: Nuclear structure, ND10, Heterochromatin, Daxx,
ATRX, SSRP1

Introduction does not necessarily represent the site of this protein’s activity.

The nucleus is a highly structured environment principallyor instance, several components of the splicing machinery are
divided into the chromatin component and the interchromatidccumulated in domains known as speckles or SC35 domains,
space. Chromatin-based specializations of nuclear space dét the proteins seem to be at least partly inactive in these
best recognized microscopically when genomic processes dggations (for review, see Dirks et al., 1999). At the same time,
highly repetitive, for example transcription and assembly oflenes activated during the differentiation process are relocating
ribosomal subunits. Large protein complexes are assembledtatthe periphery of speckles, suggesting a dual role for these
many individual genomic sites and therefore cannot b@domains that seem to participate in the formation of local
visualized, but are currently characterized by affinity-columreuchromatic ‘neighborhoods’ (Moen et al., 2004; Shopland et
chromatography. One set of multicomponent complexes withl., 2003). In-vivo time-lapse image sequences have shown that
a changing cast of characters is the chromatin remodelirgyoteins can move to different sites concomitant with changes
SWI/SNF family (for reviews, see Flaus and Owen-Hughesin transcriptional or splicing activity of such proteins
2001; Klochendler-Yeivin et al., 2002). The basic chromatir(Tsukamoto et al., 2000). Other interchromosomal sites known
remodeling complexes altered by specialized modifiers mights nuclear domain 10 (ND10) or promyelocytic leukemia
be active at different promoters, in different specialized cellprotein (PML) bodies respond to stress by releasing Daxx and
or in different parts of the cell cycle. The large multidomainSp100, leading to the different inhibition of heat-shock-protein
proteins might therefore function as a matrix or scaffold for theynthesis (Nefkens et al., 2003). Even though evidence is
assembly of different complexes, a scenario that would allomccumulating that ND10-associated proteins function directly
a high diversity of specific interactions. within this structure (for review, see Borden, 2002), most of
Specific protein accumulation at large intranuclear domainthese proteins seem to act outside of ND10. For instance,
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the proteins released from ND10 must bind to differen2001). Here, we describe the cell-cycle dependent and
intranuclear sites to induce repression of heat-shock genes. Tjplgosphorylation-induced changes in Daxx, ATRX and SSRP1
examples of speckles and ND10 suggest that proteins are riotalization and the consequences of Daxx loss for S-phase
always active at the site of highest concentration and have Igdogression.
to the depot hypothesis for the PML-based accumulation of
proteins at ND10 (Negorev and Maul, 2001).

The highest concentration of Daxx, originally identified asMaterials and Methods
a proapoptotic Fas-interacting protein (Kawai et al., 2003Cells and growth conditions
Yang et al., 1997) and also demonstrated to have anti-apoptofigp2 cells, mouse primary embryonic fibroblasts (MPEFs) and
activity (Michaelson et al., 1999; Michaelson and Leder, 2003)pML-~ mouse fibroblasts have been described (Ishov et al., 1999).
is found at ND10 (Everett et al., 1999a; Ishov et al., 1999; Toribaxx’- mouse fibroblasts were produced as described below. The
et al.,, 1999). Daxx recruitment to ND10 is facilitated byfollowing kinase inhibitors (all inhibitors from Calbiochem, La Jolla,
interaction of the C-terminus of the protein with PML boundCA) were added to cells 1 hour before fixation: A3 (), HSP25
to the small ubiquitin-related modifier (SUMO; SUMOylated (1001M), PD98059 (20QM), SB202190 (M), SB203580 (M),
PML) (Ishov et al., 1999). In addition to PML, the C-terminusStaurosporine (0.aM) and roscovitine (20pM).
domain of Daxx can also interact with other proteins, including
several repressors (for a review, see Michaelson, 200@ntibodies
Michaelson and Leder, 2003), and, in those cases, Daxx canngfiinodies against PML have been described (Ishov et al., 1999).
be accumulated at ND10. Another protein-binding domairsources for antibodies used were: ATRX rabbit antiserum (Santa Cruz
is located at the N-terminus of Daxx and facilitates bindingBiotechnology, Santa Cruz, CA); anti-H#Imonoclonal antibody
with a human cytomegalovirus tegument transactivator pp71mAb) and anti-SSRP1 antiserum were provided by F. Rauscher and
sequestering pp71 to ND10 (Hofmann et al., 2002; Ishov et alS, Lippard respectively; anti-tubulin mAb and anti-FLAG M2 mAb
2002). Besides the major concentration at ND10, Daxx is als®igma, St Louis, MO); rabbit antiserum against a hemagglutinin
accumulating at the condensed heterochromatic areas (HA) epitope (Clontech, Palo Alto, CA); rabbit anti-phospho-H3
subpopulation of cells and is therefore probably present %ﬂ“ser“m (Upstate, Lake Placid, NY); anti-BrdUu mAb (Roche

e

; : o iagnostics, Indianapolis, IN); sheep anti-BrdU antiserum (Kamiya
these sites during a limited part of the cell cycle (Ishov iomedical, Seattle, WA); rabbit anti-HDAC2 (ZYMED Labs, San

al., 1999). C_ondens_ed Chro_matln marks per'centrome_”ﬁrancisco, CA). To prove the specificity of immunostaining by Daxx
heterochromatin, particularly in mouse cells, and containgppt antiserum (Santa Cruz Biotechnology, Santa Cruz, CA) that
much of the repressed genome. The repressed genomeyiualized an unspecific band in Dakxcells (see Fig. 4c), key
replicated during the latter part of S-phase and requires th@munostaining experiments were repeated using rabbit antibody
reestablishment of epigenetic markers such as deacetylatetsed against amino acids 678-690 of mDaxx.

histones and methylated DNA to remain repressed after
successive cell divisions. Proteins that accumulate at thefe
sites during and after replication are therefore potentiall
involved in such processes. Because characterization of thesk

protem_s by Column-based proteIIj I'solatlon. depends on .Iar eica TCS SP2 spectral confocal microscope. LCS Leica confocal
quantities of cells, this approach |s'|mpract|cal for analysis of jsvare was used in balancing signal strength. For cell-cycle
complexe_s that span a sh_ort window of the cell Qy_C|eana|ysis, 400 cells were evaluated in randomly selected fields for
Immunohistochemical techniques are, however, exquisitelgrdu and phospho-H3 labeling. To determine the proportion of cells
sensitive in resolving phases of the cell cycle as various stag&gh double nuclei, 1000 cells were evaluated for directly abutting
of S-phase can be distinguished by the pattern generated afteiclei with no space visible in the DAPI staining.
bromodeoxyuridine (BrdU) incorporation (Nakayasu and

Berezney, 1989) and the >-phase by the increasing BrdU labeli

amounts of phosphorylated histone 3 (H3) (Hendzel et al. ratlabeling _ _ _
1997; Zeitlin et al., 2001). Cells were labeled with 2QM BrdU (Roche Diagnostics) for 30

: . . . inutes at 37°C. For pulse-chase experiments, cells were washed after
VYe |nv|eflt|gatted ttrf]le Ch?ng? (I)f Dfa)_(xtloca:[t_lon dulrtlr?g the Celrf]abeling by PBS and incubated for an additional 3 hours in the normal
cycle relative (o (he potental Or Interacling with Severaly oy medium. After fixation, cells were incubated with various
heterochromatin-associated proteins and the mechanisms thigary antibodies for 1 hour and labeled with the corresponding

result in such temporal changes in nuclear domain associatiofscondary antibodies for 30 minutes before refixation in 2%
Heterochromatin protein ol (HPlo) is associated with paraformaldehyde. Cells were incubated in 2 N Hg&DHor 30
heterochromatin and ND10 (Lehming et al., 1998; Orphanidesinutes at room temperature, washed and labeled with anti-BrdU
et al., 1999; Seeler et al., 1998). ATRX, a member of thentibodies.

Swi2/Snf2 family of chromatin remodeling proteins (Picketts
et al, 1996), has been described at heterochromati

(Sutherland et al., 2901; Yarnell' et al.,, 2001) and at severril e mousdaxx gene was cloned from a 129 S\phage genomic
non-chromatin-associated .domams (McDowell et al,, 199. ibrary. The 5 flanking segment used for the targeting construct was
Xue et al,, 2003). A murine h_o_mologue of h_uman pr(_)te_lnd 1.0 kb PCR product containing exon 2, intron 2 and part of exon3.
SSRP1 [a component of the facilitates chromatin transcriptiofyas amplified using primers MSAL' (6GCGAAGCTTAGGAAG-
(FACT) complex] has a demonstrated cell-cycle associatiofGCTACAAGTTG-3) located in exon 2 and MSA2 '(6C-
with heterochromatin (Hertel et al., 1999) and is involved iCGTTCGAAACGAGGAGTCTGGGTCATC-3 located in exon 3,
cell-cycle control (Orphanides et al., 1999; Yarnell et al.and cloned into thelindlll site of pSP72 (Promega, Madison, WI).

munolocalization of proteins

different times after plating, cells were fixed and immunostained
described (Ishov and Maul, 1996). Cells were analysed using a

axx knockout (KO) production and characterization
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The 3 flanking segment, a 6.7 kb fragment from #eoR| site in  Isolation of chromatin-associated proteins and phosphatase

intron 7 to the end of the genomic clomo( site), was cloned in the assay

same vector. The targeting construct @) was linearized usingol  Chromatin-associated proteins were isolated as described by Mendez

and transfected by electroporation into 129 SV embryonic stem (EQhd Stillman (Mendez and Stillman, 2000). Cells were lysed in RIPA

cells. This strategy replaces part of exon 3 and all of exons 4-7 withuffer [50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% Nonidet P-40,

an intaciheogene. After selection with G418, surviving colonies were0.5% deoxycholic acid and 2% sodium dodecyl sulfate (SDS)]

analysed using the polymerase chain reaction (PCR) for homologogapplemented with protease inhibitors [1 mM EDTA, 1@0mtt

recombination at th®axxlocus. phenylmethylsulfonyl fluoride (PMSF), 40y mt1 aprotinin, 10ug
Correctly targeted clones were cultivated with RAYB ml-1 leupeptin]. For phosphatase treatmemt. @ cells were washed

blastocysts and transferred into pseudopregnant FVB foster motheis.RIPA buffer. Half of this fraction was used for treatment with 400

Germ-line transmission of the target®dxx allele was predicted by U of A protein phosphatase (New England Biolabs, Mississauga,

black eye color and agouti coat color in F1 mice and confirmed b@®ntario, Canada) for 30 minutes at 30°C before SDS polyacrylamide-

PCR analysis. Genotyping of F2 mice was performed using primergel electrophoresis (SDS-PAGE) analysis.

GenDaxx227Up and mDaxxGen4Down or GenDaxx227Up and Neol.

Of 99 mice tested, 38 weRaxx"* and 61 werdaxx"-, suggesting _ o

that Daxx’~ is lethal. Results of embryo analysis indicated lethalityCo-immunoprecipitation assays

at embryonic day 10-10.5 (E10-E10.5). Fibroblasts were collecte€@ells were collected in PBS and incubated for 20 minutes in NLB (10

from Daxx’—, Daxx”* and Daxx‘~ embryos. mM NacCl, 10 mM HEPES, pH 7.9, 20% glycerol, 1.5 mM MgCl

0.2 mM EDTA, 0.1% Triton X-100) containing 250 mM NacCl
supplemented with protease inhibitors (1 mM EDTA, 1@0mt1

Daxx reconstitution in a retroviral system PMSF, 10ug mk?® aprotinin, 10ug mt? leupeptin). Nuclei were

The pBABE-puro plasmid (Morgenstern and Land, 1990) encodingollected, washed again with NLB containing 250 mM NaCl and

the puromycin resistance gene was digested &t:Bl/BanHI for incubated in NLB containing 450 mM NacCl for 30 minutes at 4°C

cloning of Daxx wild-type and truncation mutants that maintain eithevith rotation. After removal of nuclear debris by centrifugation, the

the first 625 amino acids (DaX&) or the last 112 amino acids huclear extracts were adjusted to 220 mM NaCl with NLB containing

(DaxxC). Corresponding fragments were tagged with the HA epitop0 MM NaCl and incubated overnight at 4°C with anti-FLAG-M2-

at the 5 end and obtained from plasmids pEBBmDaxx, conjugated beads (ProBond Resin; Sigma). Eluted proteins were

pEBBmDaxAC and pEBBmDaxxC. To generate the FLAG epitope,Separated by 4-12% gradient SDS-PAGE and analysed by western

primers 5-GATCCATGGACTACAAGACGATGACGACAAGC-3  blotting.

and B3-GATCGCTTGTCGTCATCGTCTTTGTAGTCCATG-3were

annealed and cloned into tBarrH| site of pPBABEmDaxx wild-type,

pBABEmMDaxxAC and pBABEmDaxxC. For preparation of retroviral Results

stocks, Phoenix-ampho packaging cells (Grignani et al., 1999) weiBaxx is a chromatin-associated protein

transfected with corresponding vector DNA. Viral supernatants wer mouse cells, Daxx is located at high concentration in two

collected 36-48 hours after transfection and either used immediate ‘s . .
or stored at —80°C. Diluted viral stocks were added three times tolﬂerent huclear compartments. Co-staining with anti-PML

Daxx’~cells for at least 12 hours. Cells were selected for 1 week Wit%‘thOdIes indicated that Daxx is part of ND10 in most cells

puromycin and the clones expanded and immunostained with anti-H ig. 1a), whereas co-staining with antibodies to the chromatin-

antibody to confirm the proportion of cells reconstituted by thedSSociated protein HB1showed that the second domain of

corresponding construct. Because expression appears to be a ra@&xx_ aggregation obseryed in a §ubpopulati_on of qells
unstable proportion of positives, cells were monitored after every thirgonstitutes heterochromatic areas (Fig. 1b), which localized
passage. with condensed chromatin, as demonstrated by Hoechst

Daxx| H axX Fig. 1.Daxx is a chromatin-associated
' protein. (a) MPEF double labeled for
PML (red) and Daxx (green). Both
proteins localize at ND10, and Daxx
also accumulates in a different shaped
domain (upper right nucleus).

(b) MPEF double labeled for HR1

and Daxx. Daxx localizes with HR1

at heterochromatin (middle right). (c)
In PML-cells, Daxx accumulates in
heterochromatin-like domains that
localize with HP#x (d). (e) Western
blot of intact MPEF cells (lane 1),
cytoplasm (lane 2), nuclear insoluble

lamin B s @D &8 fractions (n.p.) digested by micrococcal
; . nuclease (MNase) (lane 3) and control
tubulin — - e (lane 4). Treatment with MNase
%, % % 2 resulted in the complete solubilization
% ", ‘Qx@“?,‘,f of Daxx and HP4 (lane 3). Loads in
%, % % lanes1and 2 correspond to 10% of

* S Y& cells used in lanes 3 and 4. The asterisk
indicates SUMOylated PML.
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staining (not shown). Use of the same staining sequence witty. 2. Cell-cycle-dependent distribution of Daxx. (a-c) MPEF labeled
PML-cells revealed no ND10-like staining of Daxx (Fig. 1c) for phospho-histone H3 and Daxx show that no Daxx accumulates at
and the only Daxx-positive domains remained associated witheterochromatin during Gz or M phase. (d-g) MPEF pulsed with
HPIo (Fig. 1d). This confirmed the importance of PML for BrdU for 30 minutes and triple-labeled for BrdU, ND10 and Daxx
ND10 formation and indicated that Daxx association withShow Daxx located at heterochromatin during late S-phase but not
heterochromatin is PML independent. In addition to the mogiufing middle S-phase. (h-j) MPEF pulsed with BrdU for 30 minutes,

: : based for 3 hours and double-labeled for BrdU and Daxx show Daxx
condensed accumulations at ND10 and heterochromatin, Da ND10-like domains but not in heterochromatin of the cell that was
was also located throughout the nucleoplasm.

X ; ) =N at late S-phase during the pulse, and on heterochromatin in cell that
Daxx is associated with ND10, which is part of the nucleafyas at early S-phase during the pulse. (M)~ cells pulsed with
matrix (Ascoli and Maul, 1991), and with chromatin atpgrduU for 30 minutes and labeled for BrdU and Daxx show Daxx
heterochromatic areas. To confirm the chromatin association efncentrated at heterochromatin only during late S-phase despite the
Daxx, cells were fractionated into a cytoplasmic and a nucleabsence of ND10.
fraction, with further digestion of the latter with micrococcal
nuclease (MNase) to separate chromatin-bound proteins froRig. 2a,b) showed the strongest H3 label but Daxx was not
the matrix fraction. Anti-tubulin and anti-lamin-B antibodies localized to specific domains in these cells (Fig. 2a,c). The G
were used to monitor the separation of cytoplasmic anghase cell with substantial phospho-histone-H3 labeling (Fig. 2a,
nucleoplasmic fractions. Daxx in the cytoplasmic fraction (Figtop right) and the two Gphase cells with no red signal showed
le, lane 2) migrated more slowly than Daxx in the complete cedlpecific Daxx accumulation in precise ND10-like domains.
extract, potentially reflecting some modification of the proteirHowever, in the two cells with low phospho-histone-H3 labeling
by cytoplasmic enzymes. During the fractionation proceduréindicated by question marks), Daxx was localized to more
most of the PML remained in the insoluble nuclear fraction irdiffuse areas, confirmed to be condensed chromatin by Hoechst
both MNase-treated and untreated samples, confirming tlgaining (not shown). Thus, Daxx is not present in
nuclear matrix association of PML. Upon cell fractionation,heterochromatin during mitosisp@hase or Gphase.
PML became deSUMOylated (Fig. le, asterisks in the BrdU labeling patterns allow discrimination between cells
unfractionated cells show the SUMOylated forms, comparé early S phase (low brightness, punctative), middle S phase
lanes 1, 3, 4), probably owing to activation of the SUMO-(bright throughout the nucleus) and late S phase (perinuclear
isopeptidases SENP1/2 during the fractionation procedurand condensed heterochromatin) (Nakayasu and Berezney,
Because Daxx interacts with SUMOylated PML at ND10 (Ishov1989). In Fig. 2d, the cell without incorporated BrdU has Daxx
et al., 1999), the matrix fraction of Daxx (associated with theggregated in ND10. BrdU labeling in early and middle S-
SUMOylated PML at ND10) should be released from thgphase cells contain Daxx in ND10. In late S-phase, indicated
insoluble fraction under these conditions. Therefore, the Daxtiay heterochromatin replication (Fig. 2d, left), Daxx location
fraction associated with the nuclear insoluble fraction probablgoincided with replicating heterochromatin. Significantly, there
represents the chromatin-associated protein, including theas almost no labeling of Daxx in ND10 (blue staining) at that
heterochromatic fraction (Fig. le, lane 4). Treatment of thetage. Therefore, Daxx was mostly dissociated from ND10,
nuclear fraction with MNase resulted in the completebecoming associated with heterochromatin at late S phase.
solubilization of Daxx (Fig. le, lane 3), confirming the To analyse the period of Daxx accumulation at condensed
association of Daxx with chromatin. The chromatin-associatedhromatin, cells were labeled for 30 minutes with BrdU and then
protein HP& was similarly released from chromatin after chased for 3 hours. Cells that were at late S phase during BrdU
MNase treatment, but this treatment led to only partial depletiopulse reconstituted Daxx in precise ND10-like locations at the
of histone deacetylase 2 (HDAC2) from the insoluble fractionmoment of fixation (Fig. 2g, top right) and cells that were at
potentially reflecting some matrix association of this proteinearly S phase at the time of the BrdU pulse had, by the time of
The bulk of bound Daxx fractionated most convincinglyfixation, accumulated Daxx in irregular heterochromatin areas,
with  HPlo and not with the nuclear-matrix-associatedcharacteristic of late S-phase (Fig. 2g, bottom left). Comparison
deSUMOylated PML, indicating that a subfraction of Daxx isof Daxx accumulation in BrdU-pulse and pulse-chase
associated with chromatin. To test these findings in situ, cellxperiments indicated that Daxx accumulated in
were treated with MNase and immunostained with antibodieseterochromatin during late S-phase, concomitant with
against Daxx, PML and Hil As expected, Daxx and H®1 reduction at ND10 in most cells. During @hase, Daxx left
completely disappeared from heterochromatic areas, whereasterochromatin and reappeared at ND10. In PMeells,
ND10-associated Daxx remained localized with PML (data notvhich do not contain ND10, Daxx was also recruited to
shown), confirming a chromatin association of part of Daxx anfieterochromatin only at late S phase (Fig. 2k-m), suggesting that
the nuclear matrix nature of ND10. Daxx accumulation at heterochromatin is an active late-S-phase-
associated process. It appears that Daxx leaves one compartment
of the nucleus (ND10) and is actively recruited into another
Cell-cycle-dependent distribution of Daxx (heterochromatin) during a precise time of the cell cycle (late S
Daxx interacts with SUMOylated PML, resulting in the phase) when this part of the genome is replicated, and Daxx
deposition of Daxx at ND10 in most interphase nuclei (Ishov eteturns to ND10 soon after the completion of DNA replication.
al., 1999), and is present in the heterochromatic regions in a few
cells, potentially reflecting a cell-cycle dependence of ) )
accumulation at heterochromatin. To test for this possibility, wéTRX localizes with Daxx at heterochromatin and at
used a marker of £V cells, phosphorylated histone H3. Mitotic ND10
(M) and premitotic cells (@M phase, potentially prophase in To identify proteins that might mediate the recruitment of Daxx
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to heterochromatin, we focused on ATRX reported to bavith Daxx (Xue et al., 2003). In almost all cells, ATRX had two
localized to heterochromatin and at a few non-chromatin sitgzatterns of accumulation: heterochromatin, where it localized
(McDowell et al., 1999; Berube et al., 2000) and in a complewith HPla (Fig. 3a-d) and ND10 (Fig. 3e-h). Daxx localized
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Fig. 3. ATRX localizes with Daxx at heterochromatin and at ND10. (a) MPEF cells triple-labeled for, IAPRX and ND10, and the
respective color separations (b-d) show that ATRX localizes with heterochromatin and ND10. (e) MPEF cells triple-labefed, fDaAX
and ND10 and the respective individual colors (f-h) shows that Daxx localizes with ATRX to ND10 in most cells and, in spwiéhcell
heterochromatin-like domains (upper left).

with ATRX at ND10 in most cells (Fig. 3e-h), whereas Daxximmunofluorescence (Fig. 4d-f)Daxx’ cells did not
was observed at heterochromatic areas with ATRX only in aroduce Daxx protein, even though these cells still had intact
subpopulation of cells (Fig. 3e-h, top left). Thus, ATRX is aND10 (Fig. 4f, anti-PML staining), demonstrating that Daxx
constitutive component of ND10 and heterochromatin. is not required for ND10 integrity. Immunostaining for
ATRX in Daxx?~ cells did not reveal this protein at ND10,

. . ) although the heterochromatin-associated pattern of ATRX
Daxx is required for ATRX recruitment to ND10 remained the same asaxxt’* cells (Fig. 3, Fig. 4g). These
To examine the potential role of Daxx in ATRX accumulationresults suggest that Daxx is required for ATRX localization
at ND10 and heterochromatibaxx’- cell lines were derived to ND10.
from Daxx’-embryos. Partial deletion @&axxin both alleles
was previously shown to be lethal at E8.5-E9 (Michaelson et _
al., 1999), even though the residDaixxmRNA, encoding the Daxx has separate ND10- and heterochromatin-

C-terminal 479 amino acids of the Daxx protein, was stiltargeting domains
expressed. We used a different strategy to constri@axt’~  The potential requirement for Daxx in ATRX accumulation at
animals, eliminating the last 512 amino acids of the DaxND10 was further tested iDaxx’~ cells reconstituted with
protein. The remaining part 8faxxmRNA, encoding the first wild-type and truncation Daxx mutants that maintain either the
227 amino acids of the protein, appeared to be unstable aficst 625 amino acids (Da®C) or the last 112 amino acids
was not detectable by either northern or western blot analysfpaxxC) tagged with FLAG and HA epitopes using a
(not shown) Daxx’~ embryos were developmentally retardedretrovirus-based expression system (Fig. 5, top). After
by E8 and disintegrated completely by E11.5-E12.5, wheregmuromycin selection, cells were screened for clones that
Daxx"~ mice did not differ developmentally frordaxx’*  produced quantities of reconstituted proteins that were, by
mice during the prenatal and postnatal periods (Fig. 4a).  western blot analysis, similar to the level of Daxx production
Next, we collected cells of E9.5 embryos andin Daxx* cells. Clones were characterized for the distribution
characterized the derivedlaxx'/*, Daxx/~ andDaxx’~cell ~ of Daxx and corresponding mutants using anti-HA antibody.
lines by PCR analysis (Fig. 4b), western blot (Fig. 4c) andFig. 5a,d show a representative distribution of wild-type Daxx
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Fig. 4. Characterization of Daxx
knockout (KO) embryos and cell
line. (a) Embryos were collected
at the indicated days after mating
(E), genotyped for Daxx wild
type (wt) and KO and
photographed. At E®axx’~
embryos were developmentally
retarded and were prominently so
by E10.5. At E11.5Daxx "~
embryos started to dissolve and
were completely disintegrated by
E12.5 (inset iaxx’~E12.5
shows 48 magnification).
Daxx‘-embryos did not differ
developmentally fronDaxx"*
embryos. (b) Genotyping of
Daxx™—, Daxx—andDaxx*

cell lines by PCR indicating the
presence of corresponding
alleles, whereas controls (wt

HEp2 Daxx+/+ Daxx+/- Daxx-/-  control, KO control, HO)
demonstrated the specificity of

unspeDg:;i)é -'; - — T ----—l the signals. (c) Western-blot
analysis oDaxx’~, Daxx"~and
Daxx'* cell lines. Daxx-specific
signal (arrow) was present in
HEp2,Daxx"* andDaxx", but
not in Daxx - cells. Unspecific
signal is marked by the asterisk.
(d-g) Cells labeled for Daxx and
PML demonstrate colocalization
of Daxx and PML to ND10 in
Daxx* (d) andDaxx"- (e), but
not in Daxx ™~ (f), cells.

(g) Daxx’~cells double-labeled
for ATRX and PML show ATRX

Wi ; accumulated in heterochromatin
Daxx+/+ d Daxx+/- but not at ND0.

Daxx+/-

Daxx+/+

upon reconstitution. The Daxx wild type localizes to We questioned whether the reconstructed cells maintain the
heterochromatin in some cells (Fig. 5a, top and bottom cellgell-cycle-dependent redistribution of Daxx. Reconstituted
and in ND10 (Fig. 5d, all cells except bottom left, in whichDaxx wild type localized to heterochromatic areas only at late
Daxx is visible only in heterochromatin-like aggregates), an®-phase and in a ND10-like pattern for the rest of interphase,
so resembles endogenous Daxx distribution. Upotike the endogenous Daxx (shown by double labeling of
reconstitution by DaxXC, anti-HA antibody also labeled incorporated BrdU) (Fig. 5g). In Da®C reconstituted cells,
heterochromatic areas in a subpopulation of cells that localizé¢dA-antibody-labeled heterochromatin only at late S-phase
with HPlo (Fig. 5b, top and middle left cells) but no (Fig. 5h, bottom right cell), whereas Da@® exhibited
colocalization was observed with PML at ND10 (Fig. 5e),a homogeneous and micropunctative nucleoplasmic
indicating that the amino-acid sequence of DEXxcontained distribution for the rest of interphase. These findings, together
the heterochromatin-targeting but not the ND10-targetingvith similar accumulation of Daxx in the absence of
signal. However, DaxxC did not localize with HP({Fig. 5¢) ND10 (Fig. 2k-m), indicate that the cell-cycle-dependent
but was exclusively accumulating at ND10 with PML (Fig. 5f).recruitment of Daxx to condensed chromatin is an active S-
We demonstrated previously that the homologous region gfhase-associated process. Cell-cycle analysis of DaxxC
human Daxx is sufficient for interaction with SUMOylated reconstituted cell lines revealed retention of this mutant at
human PML and for subsequent targeting of Daxx to ND10 itND10 even during late S-phase (Fig. 5i). Therefore, the active
human cells. Accumulation of DaxxC in murine cells at ND10recruitment of Daxx to condensed chromatin at the end of
seemed to follow a similar scenario. Moreover, murine Dax)6-phase might lead to the reduction of the soluble
interacts with murine PML in the context of yeast cells and thisiucleoplasmic Daxx and, as a consequence, its passive
interaction is mediated by the C-terminus of Daxx (A.M.l. andrelease from ND10. Analysis of reconstituted cell lines
G.G.M., unpublished). demonstrates in situ that the Daxx protein has two separate
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FLAG HA FLAG HA FLAG HA

Daxx wt DaxxAC DaxxC
g, | HA &l

Fig. 5. Production and cell-cycle analysis of
cells reconstituted by Daxx wild-type (wt)
and truncation mutants. Schematic of
constructs is given at the top. Co-
localization of reconstituted Daxx wt with
HP1a at condensed chromatin (a, upper
and lower nuclei) and with PML at ND10
(d) resemble those of endogenous Daxx.
(g) BrdU incorporation followed by
labeling of BrdU and Daxx by HA
antibody; reconstituted Daxx wt
accumulated at heterochromatin only at late
S-phase (lower right nucleus). (b) D&
localized with HP#r at heterochromatin
(upper and left nuclei) and is
homogeneously dispersed in other cells.
(e) DaxxXAC does not accumulate at ND10.
(h) DaxXAC accumulation at late BrdU
incorporation sites (lower right). (c) DaxxC
does not accumulate with H& At
heterochromatin but maintains exclusive
PML/ND10 associated pattern (f)
throughout the cell cycle, including cells
with a late S-phase BrdU incorporation
pattern (i, lower right).

DaxxAC

intranuclear targeting domains: the C-terminus, responsiblguggesting that Daxx and ATRX interact with each other
for ND10 targeting and a domain in the remaining part ofiirectly or indirectly, and that Da®C contains a domain
the protein, responsible for the active recruitment tcsufficient for the interaction. In combination with the
heterochromatin at late S-phase. immunohistochemical localization of ATRX after Daxx
reconstitution, these data suggest that®@edomain of Daxx
o is sufficient for interaction with ATRX, whereas C-terminal
ATRX accumulates at ND10 as a consequence of in vivo  domain of Daxx binds to SUMOylated PML, resulting in
interaction with DaxxAC accumulation of ATRX at ND10.
To confirm that Daxx is required for ATRX accumulation at
ND10 (Fig. 3, Fig. 49), we evaluated ATRX distribution in the
Daxx reconstituted cells. Double staining for PML and ATRXSSRP1 accumulates at heterochromatin in late S-phase
in Daxx wild-type reconstituted cells (Fig. 6a) revealed ATRXTo determine whether the specific redistribution of Daxx to
accumulations in ND10 localizing with Daxx (Daxx labeled byheterochromatin at late S-phase was unique to this protein, we
HA antibody, Fig. 6d). Despite DaxxC accumulation at ND1Oanalysed the cell-cycle-dependent distribution of the high-
upon reconstitution (Fig. 5f, Fig. 6e), it did not recruit ATRX mobility-group protein SSRP1 that was recently purified within
to this nuclear compartment (Fig. 6b,e). Reconstitution byhe ATRX complex (W. Wang, personal communication).
DaxxAC also did not change the intranuclear distribution olmmunofluorescence analysis of SSRP1 revealed its
ATRX, which was located in heterochromatin but not at ND1CGaccumulation in  heterochromatin-like domains in a
(Fig. 6c¢,f). subpopulation of cells, but no association with PML at ND10
Daxx recruited ATRX to ND10, suggesting that the two(Fig. 7a). Double staining with anti-H&&antibodies confirmed
proteins might be components of a multiprotein complexthe heterochromatic localization of SSRP1 in a subpopulation
Upon co-immunoprecipitation using anti-FLAG antibody, of cells (Fig. 7b, bottom left two cells). Moreover, SSRP1
ATRX-derived signal was observed in samples reconstituted bdygcalized with Daxx at heterochromatic areas (Fig. 7c, middle
Daxx wild-type and Dax&C, but not in the extracts of cells cell), indicating that both proteins accumulate there at late
reconstituted with empty plasmid or DaxxC (Fig. 6g),S-phase. The BrdU incorporation analysis (Fig. 7d) and
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FLAG IP input

ATRX—

Fig. 6. Intranuclear distribution of ATRX in Daxx reconstituted cells. (a) Daxx wild-type (wt) reconstituted cells labeled for ATRXiand

show colocalization of the proteins at ND10 (yellow), indicating a Daxx requirement in ATRX recruitment to ND10. (d) Thellssstegred

with ATRX and HA show colocalization of ATRX with Daxx at ND10-like domains. (e) DaxxC accumulation at ND10-like domains but no
recruitment of ATRX to ND10 (b). In cells reconstituted with Dagxand double stained for ATRX and PML (c) or HA and ATRX (f), ATRX
does not accumulate at ND10 but has exclusive accumulation in irregular domains (c) while localizing with A&-Desubpopulation of

cells at irregular heterochromatic domains (f, lower left and right cells). (g) Western-blot analysis of interaction beR¥Xeandi\Daxx.

Nuclear extracts produced frabaxx’-cell lines reconstituted with empty vector (lane pBabe), Daxx wt (lane pBabe wtyADgbane
pBabeDaxAC) and DaxxC (lane pBabeDaxxC) were incubated with anti-FLAG antibody to immunoprecipitate Daxx (FLAG IP) and probed
for the presence of ATRX. No ATRX-derived signal was detected in extracts from the empty vector and DaxxC-reconstituteerealisthe
signal was present in immunoprecipitates of Daxx wt and D@xcell extracts. Corresponding input (20%) for the ATRX load is shown

(right).

immunostaining with anti-phospho-H3 antibodies (Fig. 7e,HRoscovitine treatment did not affect the quantities or mobility
confirmed that SSRP1 accumulates at condensed chromatinodtHP 1o, PML or the double band of Daxx that might represent
late S-phase and is homogeneously distributed throughout tkemodified and phosphorylated forms of the protein. PML
nucleoplasm in the remaining stages of interphase. SUMOylation was also unaffected. The only noticeable change
in mobility was observed for the ATRX protein. After 1 hour

. ) of roscovitine treatment, a faster migrating, presumably
Heterochromatic accumulation of Daxx and SSRP1 dephosphorylated, ATRX band appeared. The mobility shift
depends on cellular kinase activity observed resembles the mobility shift of ATRX after
To identify the cell-cycle-specific signal that attracts Daxx angphosphatase treatment (Fig. 8g). Potentially, the cell-cycle-
SSRP1 to heterochromatin during a narrow window of the cetlependent specific phosphorylation of ATRX might be a
cycle, the intranuclear distribution of proteins was analysethechanism leading to the cell-cycle-specific accumulation of
after a 1 hour exposure to the phosphorylation inhibitors A3Daxx and SSRP1 at condensed chromatin. The incomplete
HSP25, PD98059, SB202190, SB203580, staurosporine amsthift of ATRX after roscovitine treatment is similar to that
roscovitine, and the phosphatase inhibitor okadaic acid. Daxobtained after protein phosphatase treatment and might reflect
and SSRP1 did not accumulate at heterochromatin only upan site-specific dephosphorylation of ATRX, suggesting that
roscovitine treatment (Fig. 8a,c,d,f) nor was ATRX releasethere is a roscovitine-sensitive kinase(s) involved in ATRX
from ND10 (Fig. 8b,e), and Daxx remained with PML (Fig. phosphorylation. More extensive experiments, including
8d) at these conditions. ND10 integrity was apparently nomapping the ATRX roscovitine-sensitive phosphorylation
affected by the roscovitine treatment. positions, should be performed to reveal details of the Daxx-

Daxx, PML, HPIr and ATRX are phosphoproteins (Berube ATRX interaction.

et al., 2000; Ecsedy et al., 2003; Everett et al., 1999b; Zhao et
al., 2001). Treatment by kinase inhibitor roscovitine might
affect the phosphorylation status of these proteins and result Raxx-dependent changes in cell-cycle progression
gel mobility changes of the affected protein (Fig. 8g).The very narrow window of Daxx accumulation at condensed
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' - S-early
BrdU pulse

Fig. 7. Cell-cycle-dependent intranuclear distribution of SSRP1. (a) Cells double-labeled for SSRP1 and PML show that SSRP1 does not
accumulate at ND10 but is present at irregular domains in some cells (upper left and right cells). (b) Double-labeling fancEBR®

reveals SSRP1 at heterochromatin in some cells (two cells at lower right). (c) Double-labeling for Daxx and SSRP1 decoclosiaéizzgion

of the proteins in heterochromatic domains (upper middle cell). (d) Cells pulsed with BrdU and labeled for SSRP1 and Bratdajeveous
nuclear distribution of SSRP1 in most cells but localization with the late BrdU incorporation pattern (S-late). (e) GeallifoaB8RP1 and
phosphorylated histone H3 shows accumulation of SSRP1 at heterochromatin at the beginning of histone H3 phosphorylatimhngptoesp
late S-phase and early Bhase (S/G2) but not latee @hase (G2). (f) The phosphorylated histone H3 signal shown separately.

chromatin suggests that Daxx is involved in the cell-cycleof processes that are facilitated by ftt@ domain of Daxx, but

transition. We therefore analysed the cell-cycle progression @@annot be finished owing to the absence of the C-terminal part

Daxx’— cells reconstituted with empty plasmid (vector), wild- of the protein.

type Daxx and Daxx deletion mutants combining BrdU and Many cells were observed in thBaxx’- strain that

phospho-H3 labeling (Table 1). S-phase cells incorporatedontained double nuclei (Table 1). Daxx wild-type and

BrdU and G/M-phase cells were labeled with the anti- DaxxAC, but not DaxxC reconstitution, rescued the double-

phospho-H3 antibody; thei&e-phase cells were negative for nucleus phenotype of th®axx’~ cells. Double-nucleus

both markers. We find little difference between the controformation suggests a problem in the coordination of cell-cycle

(empty vector) and the DaxxC reconstituted cells. Daxx@ontrol after DNA replication and incomplete mitosis, which

therefore does not have an effect on the cell-cycle progressiamight contribute to the developmental problems observed in

However, the Daxx wild-type and DaX& reconstituted cells Daxx’~embryos.

had a substantially higher proportion of cells in S-phase,

suggesting that Daxx has an effect on S-phase prolongation, )

possibly on the degree of SS@hase transition. Unexpectedly, Discussion

the DaxxXAC cells had a more than twice the proportion of celldDaxx binds with its C-terminus to SUMOQylated PML and is

in Go/M phase as did the Daxx wild-type cells although theythus accumulated at ND10 (Ishov et al., 1999). An increasing

had a similar proportion of S-phase cells. Expansion of the Giumber of repressors such as Pax 3 (Hollenbach et al., 1999;

phase by the presence of DA might reflect an inhibition Lehembre et al., 2001) and HDAC2 (Li et al., 2000; Tang and
Maul, 2003) can bind to the same C-terminus of Daxx. Daxx
might function as a repressor not at ND10 but elsewhere in the

Table 1. Determination of cell-cycle stages in Daxx nucleus, presumably at condensed chromatin. Besides the C-
reconstituted cell lines terminus, Daxx has an additional protein interaction domain
Cell line % G/Go %S % G/M % Double nuclei  located in theAC region, which was found to bind the
Daxx~ + vector 64.0 20.6 6.4 10.7 cytomegalovirus tegument transactivator pp71, leading to the
Daxx wild type 56.6 37.2 6.2 3.3 sequestration of pp71 at ND10 (Hofmann et al., 2002; Ishov et
DaxxAC 48.7 35.5 158 4.6 al., 2002). The reconstitution &faxx’~ cells with wild-type
DaxxC 65.5 28.4 6.1 14.1

Daxx and the respective mutants demonstrated that the same
Over 400 cells, double-labeled with BrdU and anti-phospho-H3 antibodiesdOmain also binds the SWI/SNF chromatin-associated protein
were analysed in randomly selected fields and categorized for stages of cel ATRX, resulting in deposition of ATRX at ND10 and,
cycle. Over 1000 cells per cell line were evaluated for the double-nucleus  reciprocally, accumulation of Daxx at condensed chromatin.
formation. We analysed the dual accumulation of Daxx at condensed
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& o2 o -(\0'3 Fig. 8. Requirement for cellular kinase activity in Daxx and SSRP1
(%) ¢ Y Q' . . .
accumulation at heterochromatin. Relative to control (a), Daxx after
1 L aad - — roscovitine treatment of cells (d) shows no heterochromatic accumulation
but it remains localized with PML. (b,e) ATRX and PML remain

Daxx  — =% == colocalized after roscovitine treatment and ATRX still accumulates at
= - heterochromatin. The colocalization of Daxx and SSRP1 in heterochromatin
e Y in control cells (c, upper left) is absent from roscovitine-treated cells (e). (g)
PML _: : ‘ MPEF cell extracts were prepared without treatment (control lane), and 1
hour after roscovitine treatment; untreated (lane control 1) or protein-
3| o4 [V — phosphatase-treated (lane phosphatase). Although Daxx, PML awnd HP1
tubulin — e — g did not change mobility after roscovitine treatment, the new ATRX band (*)

migrates similarly to ATRX after phosphatase treatment.

chromatin and ND10 in light of the hypothesized nuclear depatxperiments confirmed that Daxx is a chromatin-associated
function of ND10 (Negorev and Maul, 2001). This hypothesigrotein. By combining several markers of the cell cycle, we
suggests that Daxx might not act at ND10 but instead atemonstrated that heterochromatic association of Daxx occurs
heterochromatin, where it might achieve its reportedn late S-phase, concomitant with a decrease in Daxx content
transcription repressive activities by interacting withat ND10. The change in localization of Daxx between two
chromatin-associated proteins such as HDAC2, Dek anihtranuclear domains implies the involvement of some cell-
acetylated histone H4 (Hollenbach et al., 2002). Extractiorycle-dependent signaling. Analysis of cell-cycle-dependent

Fig. 9. Timeline of the reconfiguration of a
multiprotein complex at condensed
chromatin. Proteins from different nuclear
domains accumulate together at
heterochromatin in an apparent ATRX-
based complex during late S-phase.
Signaling for this change is due to a shift
in phosphorylation of the heterochromatin-
based ATRX. This complex is resolved

early middle  late during & phase, when ATRX recruitment
M Gl S S G2 M to ND10 is mediated by Daxx.

onaensea
chromatin

en ondensed
al

Cond
chromatin chromatin
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accumulation of Daxx in the absence of ND10 PML"-  quickly. This defect can be rescued by Daxx wild-type and
cells) and in Daxx-reconstitutddaxx’- cells indicates that S- DaxxAC reconstitution, although Da&C reconstitution
phase-specific heterochromatic accumulation of Daxx is aprolongs G phase. The lack of the C-terminus of Daxx, which
active process. The PML-bound C-terminal domain of Daxxs involved in many protein interactions, might slow down the
(DaxxC reconstitution, Fig. 5i), however, is not released frontompletion of specific processes that depend on these
ND10 during S-phase. The release of Daxx from ND10 isnteractions.
therefore more likely to be a passive consequence of Daxx The second effect is the propensityDExx/- cells to form
accumulation at chromatin that changes the dynamic balandeuble nuclei, which appears to be related to the faster S-phase
between ND10-associated Daxx and the soluble nucleoplasmand can also be rescued by reconstituting Daxx or the C-
Daxx. Daxx shuttles between two nuclear domains, beinterminal deletion mutant. Overexpression of ATRX in
actively recruited to heterochromatin during or after replicatioriransgenic animals leads to abnormal embryo growth, mostly
of its DNA and released after completion of this stage of thaffecting neural development (Berube et al., 2002). Changes
cell cycle (and, presumably, after the reestablishment dh the pattern of DNA methylation caused by ATRX
epigenetic markers of transcription repression at these regiongjutations (Gibbons et al., 2000) correlate with its DNA
The very narrow window of Daxx association with methyltransferase 3 homology and might be partly responsible
heterochromatin, together with the apparent active depositidior abnormalities during development. In light of the recently
of protein at this nuclear structure, suggests that Daxgroposed interplay between methylation of DNA and histones
participates in the post-replication chromatin modification. (Fuks et al., 2003), one can anticipate even more global
Because the domain of ATRX interaction andinvolvement of ATRX in epigenetic control. Daxx is not
heterochromatin targeting overlaps within the Daxx moleculegssential for the DNA replication, but S-phase progression is
Daxx accumulation at chromatin probably occurs through directhortened inDaxx’~ cells. Depletion of other chromatin
or indirect interaction with ATRX. Column chromatography remodeling proteins, such as ACF1 and SNF2H, also interferes
(Xue et al., 2003) and co-immunoprecipitation analysis indicatevith the cell cycle but results in delay of methylated
that Daxx is a member of ATRX complex. However, it is still pericentromeric DNA replication in late S-phase and extension
unclear why Daxx and ATRX remain together at ND10 duringof S-phase (Collins et al., 2002). Apparently, Daxx depletion
almost all of interphase, whereas Daxx accumulates #&bads to the opposite effect, namely the number of S-phase cells
heterochromatin, the main constitutive ATRX intranuclearin Daxx’~is lower than upon Daxx reconstitution. Daxx might,
domain, only at late S-phase. Roscovitine treatmerds a member of the ATRX-containing complex, participate in
experiments revealed that specific phosphorylation of ATR)post-replication chromatin  modification(s), potentially
(potentially, by the cyclin-B kinase, that is mostly inactivatedreestablishing the repressive chromatin state at the
by roscovitine) is the most likely mechanism of Daxxpericentromeric DNA. Presumably, in the absence of Daxx,
accumulation at heterochromatin. Another, unknowngells proceed more quickly through certain post-replication
modification of ATRX underlies the interaction with Daxx checkpoints and are unable to recover some epigenetic markers
leading to the accumulation of ATRX at ND10. that, although not essential for the survival of cells in culture,
SSRP1, a member of the FACT complex (Orphanides et almight lead to the embryonic lethality foundaxx’-animals.
1999), has been isolated as a member of the ATRX compldxemarkably, ATRX knockout embryos are lethal at almost the
(W. Wang, personal communication). This protein alscsame stage of development (Gibbons et al., 2003), suggesting
accumulates at heterochromatin during late S-phase and dssimilarity between the two proteins functions and pointing to
released from these sites by roscovitine treatment. Associatitine potential importance of the Daxx-ATRX complex during
of SSRP1 with heterochromatin is Daxx independent, becauskee developmental process. The known interactions of the C-
the association occurs iDaxx’~ cells (not shown). terminus of Daxx with an increasing number of transcription
Presumably, SSRP1 accumulates at heterochromatin owing riepressors are at the center of hypothetical mechanisms relating
the same signaling as Daxx but involving a different interactioo the formation of a chromatin modifying complex with
domain of ATRX or a different intermediate protein. specific relevance to maintaining or reestablishing the
Alternatively, SSRP1 might itself be phosphorylated (Krohn eepigenetic state of silent heterochromatin after replication.
al.,, 2003) to interact with ATRX-containing complex at
heterochromatin. These associations, observable in vivo, This study was supported by funds from NIH Al 41136 and NIH
suggested the formation of a multiprotein complex at th&M 57599, the G. Harold and Leila Y. Mathers Charitable
pericentromeric regions during or immediately after DNAFO‘;}”dat'O”' and the Comnlmnvyealth Umversalf Rels,ﬁarch
replication. The constitutive heterochromatin protein ATRXENhancement Program, Pennsylvania Department of Health. We
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might be a scaffold protein for this complex formation inducedp1, maps X Yang for pEBBDaxx plasmids and W. Wang for

by specific cell cycle signaling altering the composition ofyjiowing us to cite his unpublished data. NIH Core grant CA-10815
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ATRX at heterochromatin. The combinatory scheme of the
ATRX-based cell-cycle-dependent complex assembly at
condensed chromatin is presented in Fig. 9. References
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