Localization of a putative transcriptional requlator
(ATRX) at pericentromeric heterochromatin and
the short arms of acrocentric chromosomes

T. L. McDowell*, R. J. Gibbons™, H. Sutherland*, D. M. O’'Rourke*, W. A. Bickmore*, A. PomboS, H. Turley®, K. Gatter®, D. J. PickettsT,

V. J. Buckle*, L. Chapmanl, D. Rhodesl, and D. R. Higgs*-**

*Medical Research Council Molecular Haematology Unit, Institute of Molecular Medicine, Oxford OX3 9DS, United Kingdom; TNuffield Department of
Clinical Biochemistry and Cellular Science, University of Oxford, Oxford OX3 9DU, United Kingdom; 8Sir William Dunn School of Pathology, University of
Oxford, Oxford OX1 3RE, United Kingdom; *Medical Research Council Human Genetics Unit, Edinburgh EH4 2XU, United Kingdom; TOttawa General
Hospital Research Institute, Ottawa, ON, Canada K1H 8L6; and IMedical Research Council Laboratories, Cambridge CB2 2QH, United Kingdom

Communicated by David Weatherall, University of Oxford, Oxford, United Kingdom, September 23, 1999 (received for review August 31, 1999)

ATRX is a member of the SNF2 family of helicase/ATPases that is
thought to regulate gene expression via an effect on chromatin
structure and/or function. Mutations in the hATRX gene cause
severe syndromal mental retardation associated with a-thalasse-
mia. Using indirect immunofluorescence and confocal microscopy
we have shown that ATRX protein is associated with pericentro-
meric heterochromatin during interphase and mitosis. By coim-
munofluorescence, ATRX localizes with a mouse homologue of the
Drosophila heterochromatic protein HP1 in vivo, consistent with a
previous two-hybrid screen identifying this interaction. From the
analysis of a trap assay for nuclear proteins, we have shown that
the localization of ATRX to heterochromatin is encoded by its
N-terminal region, which contains a conserved plant homeodomain-
like finger and a coiled-coil domain. In addition to its association
with heterochromatin, at metaphase ATRX clearly binds to the
short arms of human acrocentric chromosomes, where the arrays
of ribosomal DNA are located. The unexpected association of a
putative transcriptional regulator with highly repetitive DNA pro-
vides a potential explanation for the variability in phenotype of
patients with identical mutations in the ATRX gene.

TRX is one of a burgeoning group of proteins that are

thought to influence gene expression via an effect on
chromatin structure and/or function, but as for many of these
proteins, the evidence for its interaction with chromatin in vivo
is circumstantial and its mechanism of action is unknown.

The X-encoded gene hATRX was identified originally because
mutations give rise to a severe form of syndromal mental
retardation characterized by the presence of a-thalassemia with
urogenital abnormalities and facial dysmorphism (ATR-X syn-
drome; refs. 1 and 2). The predicted ATRX protein contains
seven highly conserved, colinear domains (Fig. 1), which classify
it as a member of the helicase/ATPase superfamily. Further
analysis of the helicase domain and its flanking regions showed
that it represents an entirely new subgroup of the SNF2 family
that contains proteins with a wide range of cellular functions
including DNA recombination and repair, mitotic recombina-
tion, and transcriptional regulation (3). It has been suggested
that these proteins, including ATRX, may be incorporated
variously into multicomponent complexes (e.g., the SWI/SNF
complex) that utilize the energy from ATP hydrolysis to remodel
chromatin and, thus, regulate protein/DNA interactions (4).

Further characterization of ATRX has shown that, in addition
to the helicase domains, the N-terminal region of the protein,
which includes a cysteine-rich domain related to previously
described plant homeodomain (PHD) fingers (Cyss-His-Cys3), is
highly conserved between mouse and man (Fig. 1). Approxi-
mately two-thirds of all natural mutations causing the ATRX
syndrome lie in this region (5, 6). PHD-like fingers have been
found in more than 40 proteins, many of which are thought to
interact with chromatin to modify gene expression (7). In ATRX,

this cysteine-rich region most closely resembles that found in
the DNMT3 family of DNA methyltransferases (8). At present,
the role of PHD-like domains is unknown, although some
evidence suggests that they interact with the histone deacetylase
HDACI (9).

Analysis of ATRX in a yeast two-hybrid screen has shown that
it interacts with a murine homologue (mHP1«) of the Drosophila
heterochromatic protein HP1 via an N-terminal region (delim-
ited by HP1-BP38 in Fig. 1) that lies outside of the cysteine-rich
domain (10). This region is poorly conserved between mouse and
man but includes a coiled-coil motif that could mediate the
interaction. Using a candidate protein approach, an interaction
between a Polycomb group protein (EZH2) and residues 475—
734 of ATRX (Fig. 1) also has been observed in a two-hybrid
assay (11).

The consistent clinical features of ATRX syndrome (1) sug-
gest that ATRX regulates expression of a discrete subset of
genes, a-globin being one well defined example. Interestingly,
hATRX mutations cause a-thalassemia by down-regulating a-
but not B-globin expression. Although these coordinately ex-
pressed genes are regulated by a similar repertoire of transcrip-
tion factors, they lie in very different chromatin environments in
terms of their location («, telomeric; B, interstitial), GC content,
association with CpG islands, chromatin accessibility, and pat-
tern of replication timing (12-14). If ATRX influences gene
expression via an interaction with chromatin, this could explain
its differential effect on these two gene clusters and point to
other chromosomal regions that may be regulated similarly by
ATRX.

To examine further the relationship between ATRX and
chromatin in vivo, we have developed a panel of antibodies to
determine its distribution in the nucleus during interphase and
mitosis. Several lines of evidence show that a substantial pro-
portion of ATRX associates with pericentromeric heterochro-
matin, and in human chromosomes at metaphase there is a
striking and unexpected association between ATRX and the
short arms of acrocentric chromosomes, where the GC-rich
ribosomal DNA (rDNA) arrays are found.

Materials and Methods

Production of Antibodies, ELISA, and Inmunocytochemistry. BALB/c
mice were immunized with the 26-kDa A2 fusion protein
(residues 85-320), and mAbs were produced as described (15).
Hybridomas were screened both by ELISA, by using the A2

Abbreviations: EBV, Epstein-Barr virus; DAPI, 4',6-diamidino-2-phenylindole; g-gal, B-ga-
lactosidase; rDNA, ribosomal DNA; PHD, plant homeodomain.
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protein, and by analyzing COS-1 cells transfected with construct
pCDNA3/ZFM1, which expresses the ATRX cDNA fragment
corresponding to the fusion protein. Positive clones were isolated
after a further round of subcloning and screening. They were
isotyped and found to be IgGlk. Affinity-purified polyclonal
antibodies (Affinity Biologicals, ON, Canada) were raised
against the 88.5-kDa FXNP5 fusion protein (residues 320-730).

Analysis of Proteins from Nuclear Extracts by Western Blots. Nuclei
from Epstein—Barr virus (EBV) cell lines were prepared (16) and
digested with DNase I (1 unit/ul, final concentration; Pharma-
cia) for 1 hr at room temperature. For optimal extraction (see
Results), proteins were solubilized in RIPA buffer (50 mM
TrissHCl, pH 7.4/150 mM NaCl/0.2% SDS/1% Nonidet
P-40/1% deoxycholic acid/1 mM PMSF). Protein extracts were
run in a 4.5% SDS-polyacrylamide gel, immunoblotted, then
incubated with dilutions of monoclonal (1:10) or polyclonal
(1:500) anti-ATRX antibodies or TAF II p250 (1:400; Santa
Cruz Biotechnology). Signals were detected with horseradish
peroxidase-conjugated goat anti-mouse (1:1,000; Dako) or don-
key anti-sheep (1:2,000; Sigma) antibodies by using enhanced
chemiluminescence (ECL; Amersham).

Indirect Inmunofluorescence. Interphase analysis was performed
by either culturing adherent cells on glass coverslips or by
incubating suspension cells on coverslips treated with poly-L-
lysine. Cells were fixed in 3% (vol/vol) paraformaldehyde/PBS
(15 min) and permeablized in 0.1% (vol/vol) Triton X-100/PBS
(10 min). Cells were washed in PBS and then incubated in 10%
(vol/vol) FCS/PBS-T block (PBS and 0.1% vol/vol Tween 20)
for 30 min. Primary antibodies anti-ATRX, 1:5; CREST serum,
1:1,000; rabbit anti-B-galactosidase (B-gal) (5" — 3’), 1:100; and
MAC353 and MAC385, which recognize M31 and M32, respec-
tively (17, 18), were diluted in block buffer and incubated on cells
at room temperature (45 min). After several washes in PBS-T,
cells were incubated with block buffer (30 min). Secondary
antibodies [Texas Red-conjugated anti-mouse IgG, FITC-
conjugated anti-human IgG, anti-mouse IgG, or anti-rat IgG,
1:200 dilutions (Vector Laboratories); Texas Red-conjugated
anti-rabbit IgG, 1:50 dilution (19)] were incubated on cells (45
min). After several washes in PBS-T, cells were fixed (10 min) in
10% (vol/vol) formaldehyde/PBS and then in 3:1 methanol/
acetic acid (15 min). Coverslips were mounted in Vectashield
(Vector Laboratories) containing 0.5-1 ug/ml 4',6-diamidino-
2-phenylindole (DAPI; Sigma).

Metaphase analysis was performed by using a subconfluent
flask of cells that subsequently were incubated with 0.1 wg/ml
colcemid (30 min). Mitotic cells were washed in PBS and then
incubated in 75 mM KCl at 7 X 10*/ml (20 min). Cytospins were
prepared by centrifuging cells (300 ul) onto Superfrost micro-
scope slides (Merck) by using a Cytospin 3 (Shandon, Pittsburgh)
for 10 min at 2,000 rpm. Slides were incubated immediately for
10 min in KCM buffer [10 mM Tris'HCI, pH 7.7/120 mM KCl/20
mM NaCl/0.1% (vol/vol) Triton X-100] and then washed twice
in PBS. Unfixed chromosome spreads were examined by immu-
nofluorescence, following the protocol for cells grown on cov-
erslips.

Confocal Microscopy. Images were obtained (20) on a Bio-Rad
MRC-1000/1024 hybrid “confocal” microscope (running under
COMOS 7.0a software). Z-series of optical sections at 0.5-um
nominal steps were obtained sequentially so that no
“bleedthrough” was detected between channels. Raw images
were ‘“contrast-stretched” and presented or analyzed without
further processing (i.e., without background subtraction).

For analysis of colocalization between ATRX and CREST
foci, images were incorporated into CONFOCAL ASSISTANT 4.02,
build 101 (T. C. Brelje, University of Minnesota, Minneapolis),
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Fig. 1. Structure of the human ATRX gene and protein. The top of the figure
shows exons 1-36 (excluding exon 7, which is alternatively spliced) of the
human ATRX gene with the introns (not to scale). The position of mutations
discussed in the text are marked by solid circles or a dashed line: 1, ped. 26; 2,
ped. N29; 3, ped. 12; 4, ped.10. [The mutations are referred to by the pedigree
(ped.) in which they were found. Affected members of the same family are
distinguished by pedigree order.] The position at which insertion of the trap
assay cassette occurred is indicated by an arrow. Below this, the main features
of the ATRX protein structure are shown. ZFM, C;—C; and PHD finger do-
mains; CC, coiled coil; E, stretch of 21 glutamic acid residues; P, a region
conserved in other SNF2 proteins; and Q, glutamine-rich region. The positions
of the helicase domains are indicated. The locations of recombinant proteins
(A2 and FXNP5) used to generate antibodies are shown. HP1-BP38 is the
polypeptide that interacts with mHP1« in a two-hybrid screen (10). 475-734,
Region that interacts with EZH2. At the bottom of the figure is a plot of
percentage similarity between the predicted human and mouse ATRX pro-
teins.

similarity

“contrast-stretched,” pseudocolored red and green, and merged
into an AVI file. Chromatic aberration in the imaging system was
measured by using 0.1-um TetraSpeck microspheres (fluores-
cent in green and red; Molecular Probes) and corrected, when
necessary, by merging the appropriate optical sections. Colocal-
ization of green and red foci was assessed as follows: (i)
determine the total number of green (CREST) and red (ATRX)
foci by scrolling through the z series; (ii) establish whether green
and red signals colocalize (yellow/orange) or lie adjacent in the
XY plane or in sequential Z sections; and (iif) express the
number of colocalized and adjacent signals as a proportion of the
total number of centromeric signals. Sufficient cells were ana-
lyzed to ensure that progressive means given by the last 50% of
cells analyzed always lay within 10% of the final mean.

Isolation of the F9/18D6 Gene-Trap Cell Line. A gene-trap screen for
nuclear proteins was performed (19) with modification. Male F9
embryonic carcinoma cells, maintained in «-MEM and 10%
FCS, were transfected with pGT1, 2, and 3, and neomycin-
resistant clones were selected with 400 ug/ml G418. Resistant
clones were stained with 5-bromo-4-chloro-3-indolyl B-D-
galactoside to identify those in which B-gal activity was confined
to the nucleus. One of these (F9/18D6) exhibited intense foci of
nuclear $3-gal staining. The integration site of the gene trap in
F9/18D6 was ascertained by fluorescence in situ hybridization to
metaphase chromosomes by using pGT1 as a probe. 5’ Rapid
amplification of cDNA end products (19) from the integrant
were directly sequenced.

Results

Development of Anti-ATRX Antibodies and Biochemical Fractionation
of ATRX Protein. Using recombinant proteins FXNP5 and A2 (Fig.
1), we developed sheep polyclonal and mouse mAbs against
N-terminal segments of the predicted human ATRX protein. To
validate the antibodies, we analyzed Western blots of optimized
cellular extracts (see below) from EBV-transformed B lympho-
cytes obtained from normal individuals and patients with pre-
viously defined mutations in the ATRX gene (Fig. 2). In normal
individuals (lane N, Fig. 2a), all of the antibodies detected the
same ~280-kDa fragment, consistent with the predicted size of
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Fig. 2. Western blot analyses by using a panel of anti-ATRX antibodies. (a)
Nuclear extracts from EBV-transformed lymphocytes probed with polyclonal
(FXNP5) and monoclonal (71f, 39f, 23¢, and 38d) antibodies. An antibody
against TAF Il p250 was used as a control. Lanes: N, normal individual; 1, ped.
26; 2, ped. N29. (b) Nuclear extracts from EBV-transformed lymphocytes
probed with the anti-ATRX antibody 39f. Annotations are as above; 3, ped. 12;
4, ped. 10 (II-3). (c) Nuclear extracts probed with anti-ATRX antibody 23c and
anti-TAF Il p250. Annotations are as before; 5, ped. 10 (II-2); 6, ped. 58; 7, ped.
59 (111-10); 8, ped. 59 (llI-1); 9, ped. N1 (llI-5); 10, ped. N1 (llI-4); 11, ped. 38; 12,
ped. 17; 13, ped. 27. Arrows indicate: A, full-length ATRX protein; T, TAF Il
p250; Tr, truncated ATRX protein.

the ATRX protein (3, 6). A slightly smaller band (lane 1, Fig. 2
a and D) was detected in extracts from a patient (ped. 26) with
a 1,973-bp deletion from the 3" end of the ATRX gene (2),
predicted to produce a truncated protein of 272 kDa. No signal
(lane 2, Fig. 2 a and b) was detected in extracts from a patient
(ped. N29, unpublished case) with a 2-bp deletion, which leads
to a frameshift within the region of the protein (A2) from which
the mAbs were generated (Fig. 1). However, by using a poly-
clonal antibody (FXNP5) that recognizes the protein beyond this
region, a faint band was visible, presumably detecting a previ-
ously described splice form that removes exon 6 (with the 2-bp
deletion) (3). A reduced signal (lane 3; Fig. 2b) was seen in
another patient with a splice-site mutation, removing 21 aa from
the region from which antibodies were made (3). Using the
anti-ATRX antibody 39f with extracts from two patients (ped. 10
and ped. 58, in ref. 21) with identical premature in-phase
termination codons lying beyond the region from which anti-
bodies were made (Fig. 1), truncated proteins of the predicted
size were seen (lane 4, Fig. 2b, and lane 6, Fig. 2¢). Finally,
comparisons with a similar-sized nuclear protein (TAF II p250)
showed significantly reduced levels of ATRX protein in all
ATRX patients tested (Fig. 2c).

Immunocytochemical analysis (not shown) and indirect im-
munolocalization (see below) demonstrated that ATRX is a
nuclear protein. This was confirmed by analyzing nuclear and
cytoplasmic fractions from a variety of cells; all ATRX protein
was found in the nuclear fraction. ATRX was initially extracted
from unsynchronized HeLa cells by using a high-salt buffer (400
mM NacCl) in the absence of detergents (22). However, analysis
of the pellet from these extracts indicated that less than 50% of
ATRX protein had been solubilized. To analyze ATRX parti-
tioning more rigorously, we performed sequential, stepwise
extractions of the nuclear pellet after detergent treatment with
nucleases, with 250 mM ammonium sulfate, and, finally, with 2
M NaCl. These extractions solubilize most nuclear proteins, and
the insoluble high-salt pellet contains proteins associated with
components of the nuclear matrix (23). This demonstrated that
most of the ATRX protein was extracted from the nuclear pellet
after treatment with nucleases and <10% was found in the
fraction containing the nuclear lamins. All subsequent extrac-
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tions thus were performed in RIPA buffer after nuclease
digestion. These observations suggest that a substantial propor-
tion (>50%) of ATRX is tightly associated with DNA and/or
chromatin in the nucleus, consistent with its localization to
pericentromeric heterochromatin (see below).

ATRX Is a Nuclear Protein Associated with Pericentromeric Hetero-
chromatin and Localized at the Short Arms of Acrocentric Chromo-
somes. The antibodies developed here detect both the human and
mouse ATRX proteins by indirect immunofluorescence, and,
therefore, we examined its localization in unsynchronized human
and mouse cells during interphase and in mitosis by using the
mAbs 39f and 23c.

In mouse chromosomes (L929, MEL, P388D) ATRX protein
is concentrated at, or close to, the centromeres (Fig. 3f and Inset),
where it is associated with signals detected by CREST serum,
which recognizes the centromeric protein CENP-C (24) (data
not shown). In mouse cells at interphase, the anti-ATRX anti-
body produced a nonuniform pattern of staining in the nucleus,
with between 20 and 35 discrete areas of dense staining against
a more diffuse distribution of ATRX protein (Fig. 3e). The
densely staining areas correspond to DAPI bright regions of the
nucleus, which are known to represent pericentromeric hetero-
chromatin and are associated with staining by the CREST serum
(Fig. 3g). In each nucleus ATRX densely staining regions
colocalized with DAPI bright regions. The association between
ATRX and pericentromeric heterochromatin was quantitated by
counting the coincidence of signals from anti-ATRX and
CREST serum on serial sections obtained by confocal micros-
copy (Fig. 3g and Inset). In this assay, 93-95% of centromeric
signals were closely associated with ATRX. Occasionally in
interphase nuclei, two or three distinct ATRX foci did not
colocalize with DAPI bright heterochromatin.

A variety of human cells (HeLa, G-CCM, HT29, HepG2,
fibroblasts, EBV-transformed B lymphocytes) were analyzed by
indirect immunofluorescence. Consistent with Western blot
analysis (see above), ATRX protein was readily detected in the
nuclei of EBV-transformed B lymphocytes from normal indi-
viduals but not in a cell line from an ATR-X patient (ped. N29,
data not shown) expressing ATRX protein lacking the epitopes
detected by these antibodies. During interphase, the pattern of
ATRX staining in human cells (Fig. 3a) was similar to that seen
in the murine cells. However, its relationship to pericentromeric
heterochromatin was less clear. In all of the human cells studied,
DAPI bright, heterochromatic regions were less prominent than
in mouse cells. Nevertheless, quantitation by confocal micros-
copy showed that in unsynchronized HeLa cells, between 39—
95% of centromeric signals detected by using CREST serum
were closely associated with ATRX (Fig. 3d). The lack of distinct
ATRX foci in some CREST-positive cells may reflect differ-
ences in the distribution of ATRX during the cell cycle. ATRX
is localized at centromeres during mitosis, for example, at
metaphase (Fig. 3b and Inset) and telophase (Fig. 4), although
this localization appeared less consistent and more sensitive to
the method of preparation than for the mouse chromosomes.
However, a striking observation in metaphase preparations was
that ATRX antibodies consistently localized to the short arms of
acrocentric chromosomes (Fig. 3c and Inser). Dual-staining
studies with the CREST antibody demonstrated that ATRX
appears to localize adjacent to the centromere on the stalks of
the short arms (Fig. 3¢ Inset and data not shown), where the
arrays of rDNA are found. Weak signals also were seen at several
chromosome arms, but their significance is not clear.

The N-Terminal Region of the ATRX Protein, Containing a Conserved
PHD Domain, Is Sufficient for Localization to Heterochromatin. Fur-
ther evidence for the association between ATRX protein and
pericentromeric heterochromatin came from an entirely inde-
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Fig. 3.

Localization of ATRX protein in interphase and metaphase. HelLa (a-d) or L929 (e-g) cells were grown on coverslips (a, d, e, and g) or cytospun onto glass

slides (b, ¢, and f), and ATRX (pseudocolored red) and CREST (pseudocolored green) were indirectlyimmunolabeled. Nucleic acids were counterstained with DAPI
(blue). Images of ATRX, centromere staining, and nucleic acids were obtained in a charge-coupled device camera (a—c, e, and f) or on confocal images, without
DAPI (d and g), and merged. d and g are projections of z series of optical sections taken across whole nuclei. Insets in d and g show the detail observed in asingle
optical section in which CREST-stained, centromeric heterochromatin is found closely associated with densely staining regions of ATRX. Identical results were

obtained by using either 39f or 23c anti-ATRX antibodies.

pendent line of investigation. Using a gene-trap screen designed
to detect nuclear- and, in particular, chromatin-associated pro-
teins (19), we (H.S. and W.B.) identified one cell line (F9/18D6,
derived from a male F9 embryonic carcinoma) that showed
intense staining foci in the nucleus by using the 5-bromo-4-
chloro-3-indolyl B-D-galactoside readout for this assay (data not
shown). Western analysis of nuclear extracts from F9/18D6
demonstrated a truncated ATRX protein of ~260 kDa (data not
shown).

To identify the “trapped” nuclear protein, approximately 170
bp of sequence from the exon upstream of the integration site in
F9/18D6 was obtained by 5’ rapid amplification of cDNA ends.
A BLAST search revealed that it closely matched mouse and
human ATRX mRNAs. Confirmation that the gene trapped in
F9/18D6 cells was ATRX came from mapping of the integration
site by fluorescence in situ hybridization, with both the gene-trap
vector and a mouse X chromosome paint (Cambio, Cambridge,
U.K.) as probes. Using the gene-trap vector as a probe, a signal
was seen within X chromosome material on an abnormal (trans-

b
A
> d

location) chromosome of the F9 karyotype (data not shown).
Thus, the male F9/18D6 cells retain an intact copy of ATRX on
the normal X chromosome and have a targeted copy of ATRX
on the translocated chromosome. In F9/18D6, the gene-trap
vector has integrated within intron 11 (after nucleotide 3893) of
the ATRX gene. Therefore, the fusion protein contains the
PHD-like domain and the putative HP1-interacting domain of
ATRX, but lacks the glutamic acid and glutamine-rich regions
and the helicase domains (Fig. 1).

To test whether the subnuclear distribution of the 3-gal fusion
protein reflects that of endogenous ATRX, coimmunofluores-
cence experiments with anti-B-gal and anti-ATRX antibodies
were performed in F9/18D6 cells. Both fusion protein and
endogenous ATRX colocalized with the DAPI bright foci in the
nucleus (Fig. 5¢), although there were also a few spots of ATRX
signal that were not coincident with either concentrations of
B-gal or DAPI signal. The significance of this is unclear, though
there may be subtle differences between the distribution of the
fusion protein and ATRX if domains in the C-terminal end of the

Fig. 4. The distribution of ATRX in mitosis. A Hela cell in telophase stained with DAPI (a), CREST serum (b), anti-ATRX antibody (c), and CREST and anti-ATRX

antibody (d).
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Fig. 5. Localization of B-gal/18D6 fusion, M31, M32, and ATRX proteins in
mouse (F9/18D6) nuclei. Immunostaining of F9/18D6 nuclei with antibody
against B-gal (images on the far left and red in merged images), together with
antibodies against M31 (a), M32 (b), and ATRX (c) (second from left and green
in merged images), is shown. DNA was counterstained with DAPI (second from
right and blue in merged images). Colocalized signals appear as white.

protein direct interactions with other nuclear structures. On
F9/18D6 metaphase chromosomes, both the fusion protein and
endogenous ATRX were completely coincident with the peri-
centromeric heterochromatin (Fig. 6 Lower).

To examine this further, F9/18D6 cells were stained both with
anti-B-gal antibody and with antibodies raised against either M31
or M32, murine homologues of the Drosophila heterochromatin
protein 1 (HP1). M31 is known to localize at sites of constitutive
heterochromatin within the nuclei of mouse cells (17), and Fig.
5a shows that in F9/18D6 cells, the foci of B-gal fusion protein

Fig.6. Localization of B-gal/18D6 fusion, M31, and ATRX proteins on mouse
(F9/18D6) metaphase chromosomes. Immunostaining of F9/18D6 metaphase
chromosomes with antibody against B-gal (images on the far left and red in
merged images), together with antibodies against M31 (Upper, second from
left) and ATRX (Lower, second from left and green in merged images), is
shown. DNA was counterstained with DAPI (second from right and blue in
merged images). Note the intense DAPI staining at the pericentromeric het-
erochromatin of the mouse chromosomes. Colocalized signals appear as
white.

McDowell et al.

colocalize with the concentrations of M31. By contrast, M32 is
localized to euchromatin in interphase nuclei (18), and there was
no correspondence between the $-gal and M32 immunofluores-
cence signals in F9/18D6 nuclei (Fig. 5b). In mitotic cells (data
not shown) and in cytospin preparations of unfixed F9/18D6
metaphase chromosomes, -gal immunostaining was concen-
trated at the pericentromeric heterochromatin together with
M31 (Fig. 6 Upper). These data suggest that the first 10 exons of
ATRX contain sufficient information for protein localization to
constitutive heterochromatin.

Discussion

Using indirect immunofluorescence and by the analysis of a
nuclear protein-trap assay, we have shown that a substantial
proportion of ATRX protein is associated with pericentromeric
heterochromatin both in mitosis and during interphase. This was
unexpected because previous observations suggested that
ATRX is involved in remodeling chromatin within euchromatic
regions, such as that containing the a-globin locus.

Similar patterns of pericentromeric localization now have
been reported for a number of proteins that play multiple roles
in modifying chromosomal structure and function. In Saccharo-
myces cerevisiae, the centromere promoter factor (called CP1 or
CPF1) may modify chromatin structure at many promoters,
where it is necessary for optimal gene expression, but it is also
found at centromeres where it is thought to facilitate the binding
of kinetechore proteins (25). CP1 mutants show abnormalities in
centromere function and gene expression (26). In Drosophila,
GAGA factor, a product of the Trithorax-like locus, binds
hundreds of euchromatic loci, where, in association with the
nucleosomal remodeling factor (NURF), it facilitates transcrip-
tional activation (27). GAGA factor is also associated with
pericentromeric heterochromatin in diploid cells, where it plays
a role in chromosome condensation and segregation (28). In
mammals, it has been shown recently that Ikaros, a transcrip-
tional regulator required for normal lymphocyte development,
may act as repressor when localized with Mi-2 and HDAC to
heterochromatin (29, 30) and as an activator with SWI/SNF in
euchromatic regions (29). Similarly, ATRX may have multiple
(positive and negative) effects on chromatin-mediated processes,
although at present there is no evidence that patients with
inactivating mutations of the ATRX gene have any disturbance
in chromosome division or segregation.

The conditions required to solubilize ATRX from cellular
extracts suggest that it is tightly associated with DNA and/or
chromatin: it has been suggested previously that ATRX may bind
DNA (6). However, the association of ATRX and mHPla in a
two-hybrid assay (10) and colocalization of ATRX with M31
antibodies (against HP1B8) described here offer an alternative,
but not exclusive, explanation for its association with DNA.
Emerging evidence suggests that HP1, a known chromatin-
binding protein, is a structural adapter whose role is to assemble
macromolecular complexes in chromatin. HP1-like proteins
interact with many nuclear proteins, including the lamin B
receptor (an integral protein of the nuclear envelope) compo-
nents of the SWI/SNF complex, the nuclear receptor cofactor
TIF1-a, the product of Su(var)3-7 (a heterochromatic protein of
unknown function), Orcl and Orc2 (two members of the origin
recognition complex), SP100 (a component of PML bodies, nuclear
structures that are disrupted in promyelocytic leukemia), and
transcriptional regulators such as Ikaros (30, 31). Therefore, an
interaction between ATRX and HP1 may be sufficient to
colocalize ATRX within heterochromatin via a protein/protein
interaction. The trap assay suggests that such an interaction
could occur via the N-terminal region of ATRX, and this is
substantiated by the previously described two-hybrid assay (10).

The localization of ATRX to the short arms of acrocentric
chromosomes suggests that, in addition to binding heterochro-
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matic satellites, this protein also binds at, or close to, rDNA
repeats. Preliminary data also suggest that a proportion of
ATRX/heterochromatin may concentrate around, but not
within, the nucleolus in some cells during interphase (T.L.M.,
unpublished data). At present, it is not clear whether ATRX
plays a role in regulating chromatin at pericentromeric hetero-
chromatin or ribosomal arrays or binds these repetitive elements
nonspecifically as a “passenger” protein. It is of interest that, like
the a-globin cluster, where ATRX clearly has an effect on gene
expression, the rDNA repeats are GC-rich and contain a high
density of unmethylated CpG dinucleotides (32).

At present, we do not know whether ATRX plays a direct,
functional role at heterochromatin and rDNA repeats. However, by
binding ATRX, the repeats could provide buffers that regulate the
amount of the protein available to its biologically important sites.
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This may be analogous to previous observations in Drosophila in
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enhance or suppress position effect variegation by varying the
amount of the modifier proteins that are bound (33, 34). Polymor-
phic variation in the numbers of such repeats would provide a
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