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Three novel ZBTB24 mutations identified in Japanese
and Cape Verdean type 2 ICF syndrome patients
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Immunodeficiency, centromeric instability and facial anomalies (ICF) syndrome is a rare autosomal recessive disorder that
shows DNA hypomethylation at pericentromeric satellite-2 and -3 repeats in chromosomes 1, 9 and 16. ICF syndrome is
classified into two groups: type 1 (ICF1) patients have mutations in the DNMT3B gene and about half of type 2 (ICF2) patients
have mutations in the ZBTB24 gene. Besides satellite-2 and -3 repeats, a-satellite repeats are also hypomethylated in ICF2. In
this study, we report three novel ZBTB24 mutations in ICF2. A Japanese patient was homozygous for a missense mutation
(C383Y), and a Cape Verdean patient was compound heterozygous for a nonsense mutation (K263X) and a frame-shift mutation
(C327W fsX54). In addition, the second Japanese patient was homozygous for a previously reported nonsense mutation
(R320X). The C383Y mutation abolished a C2H2 maotif in one of the eight zinc-finger domains, and the other three mutations
caused a complete or large loss of the zinc-finger domains. Our immunofluorescence analysis revealed that mouse Zbtb24
proteins possessing a mutation corresponding to either C383Y or R320X are mislocalized from pericentrometic
heterochromatin, suggesting the importance of the zinc-finger domains in proper intranuclear localization of this protein. We
further revealed that the proper localization of wild-type Zbtb24 protein does not require DNA methylation.
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INTRODUCTION

Immunodeficiency, centromeric instability and facial anomalies (ICF)
syndrome (MIM 242860) is an extremely rare autosomal recessive
disorder accompanied by recurrent infectious diseases. The immuno-
deficiency phenotype is characterized by reduction in the number
of circulating memory B cells and in various types of serum
immunoglobulin.»? The centromeric instability is manifested
by undercondensation of the pericentromeric heterochromatin of
chromosomes 1, 9 and 16, and multiradial chromosome
configurations involving these regions.> The cytological defects are
associated with DNA hypomethylation of satellite-2 and -3 repeats at
the pericentromeric heterochromatin regions.*'! Facial anomalies
distinctive for ICF syndrome patients include hypertelorism, low-set
ears, epicanthic folds and macroglossia.

About half of ICF syndrome patients are classified as type 1 (ICF1),
which shows DNA hypomethylation of only satellite-2 and -3 repeats,
and the other half are classified as type 2 (ICF2), which shows
hypomethylation of a-satellite repeats, in addition to satellite-2 and -3

repeats at the centromeric regions of all chromosomes.® ICF1 is
caused by mutations in the DNMT3B gene, which encodes one of the
two de novo DNA methyltransferases.9’ll On the other hand,
although about half of ICF2 patients possess mutations in the
ZBTB24 gene,'>!? the gene(s) responsible for the other half of ICF2
patients is still unknown. The ZBTB24 protein has a BR-C, ttk and
bab (BTB) domain, and an AT-hook domain in its N-terminal region
and eight C2H2-type zinc-finger domains in its C-terminal region,
but the molecular function of this protein remains elusive. The other
members of the BTB-zinc-finger domain family include Kaiso/
ZBTB33, which recognizes methylated DNA by its zinc-finger
domains'* and the B-cell lymphoma 6 transcription factor (also
called ZBTB27), which is required for differentiation of naive B cells
into memory B cells in germinal centers.!> Thus, ZBTB24 might
function in regulation of DNA methylation and/or transcription.

In this study, we identified three novel ZBTB24 mutations, all of
which affected the zinc-finger domains of the protein, in Japanese and
Cape Verdean ICF2 patients. Moreover, we show that mutations
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corresponding to C383Y and R320X of ICF2 patients cause mis-
localization of the mouse Zbtb24 protein fused with enhanced green
fluorescent protein (EGFP) in the nucleus, thus providing evidence
for the importance of the zinc-finger domains in heterochromatin
targeting.

MATERIALS AND METHODS

Patient samples

Three ICF2 patients were studied. Two of them were Japanese males
(P6 and P7) and the last one was a Cape Verdean female (P8). Research
protocols and consent forms were reviewed and approved by the ethical
committee of each University/Medical Center/Hospital. Genomic DNA was
isolated from peripheral blood leukocytes of the patients by a standard method.

Southern blotting

Genomic DNA of 500ng was digested with BstBI (New England Biolabs,
Beverly, MA, USA) for 12h at 65°C (to study satellite-2) or with Hhal
(Nippon Gene, Tokyo, Japan) for 12h at 37 °C (to study a-satellite). The two
restriction enzymes are both sensitive to cytosine methylation at their
recognition sites. The digested DNA fragments were separated by electro-
phoresis using 1% agarose gel and transferred to Hybond XL nylon
membranes (GE Healthcare, Little Chalfont, UK) in 0.4N NaOH. The
membranes were hybridized with either a 32P-labeled satellite-2 probe
(5'-TCGAGTCCATTCGATGAT-3') (for the BstBI digests) or a 32P-labeled
a-satellite  probe (5'-ATGTGTGCATTCAACTCACAGAGTTGAAC-3')1¢
(for the Hhal digests). Hybridization was carried out for 24h at 42°C in
6 x saline sodium citrate, 5x Denhardt’s solution and 0.1% SDS. After
hybridization, the membranes were washed in 6 x saline sodium citrate and
0.1% SDS three times at room temperature, followed by autoradiography.

Mutation search

Mutations were identified in ICF2 patients by sequencing the PCR products
together covering all the exons and exon/intron boundaries of the DNMT3B
and ZBTB24 genes. The PCR primer sequences are listed in Supplementary
Table 1. PCR was performed using KOD—plus (TOYOBO, Osaka, Japan) under
the following conditions: 35 cycles of 98 °C for 105, 60 °C for 30s and 68 °C
for 30s. The PCR products were purified using QIAquick Gel Extraction Kit

Table 1 Immunological data of the three ICF2 patients

(Qiagen, Hilden, Germany). The sequencing reaction was performed using
BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City,
CA, USA) with either of the two PCR primers and analyzed on 3130xl Genetic
Analyzer (Applied Biosystems).

Plasmids and cell lines

Mouse Zbtb24 and Dnmt3b cDNAs containing the entire coding regions were
cloned into pEGFP Cl plasmid vector (Clontech, Mountain View, CA, USA).
Mutations corresponding to those found in two Japanese ICF2 patients were
introduced into the mouse Zbth24 ¢cDNA using PCR primers carrying the
mutations. NIH3T3 mouse fibroblast cells were obtained from American Type
Culture Collection (Manassas, VA, USA) and maintained in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich, St Louis, MO, USA) supplemented
with 10% fetal bovine serum and penicillin/streptomycin at 37 °C under 5%
CO,. Wild-type mouse embryonic stem (ES) cells (J1) and Dnmtl/Dnmt3a/
Dnmt3b triple-knockout (TKO) ES cells!” were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 15% fetal bovine serum, 1 x
MEM nonessential amino-acid solution (Life Technologies, Carlsbad, CA,
USA), 0.1 mm B-mercaptoethanol, 500 U ml ~! leukemia inhibiting factor (LIF)
and penicillin/streptomycin on irradiated mouse embryonic fibroblasts at
37 °C under 5% CO,. Cells were transfected with the wild-type EGFP-Zbtb24,
two mutant EGFP-Zbtb24, C382Y and R319X, and wild-type EGFP-Dnmt3b
expression plasmids using FuGENE HD transfection reagent (Promega,
Madison, WI, USA) according to the manufacturer’s protocol.

Immunofluorescence analysis

After 48h of transfection, the cells grown on glass slides were fixed with 4%
formaldehyde at room temperature for 30 min, permeabilized by 0.1% Triton
X at 4°C for 3min and blocked by 1 x Block Ace (DS Pharma Biomedical,
Osaka, Japan) at room temperature for 1h. Fixed cells were incubated with an
anti-HP 1o mouse monoclonal antibody (MAB3584; Merck Millipore, Billerica,
MA, USA; 1:1000 dilution) for 1h at room temperature. Then the cells were
incubated with Alexa Fluor 594 goat anti-mouse IgG (H+L) antibody
(A11005; Life Technologies; 1:1000 dilution) for 1h at room temperature.
Nuclei were visualized by SlowFadeR Gold Antifade Reagent with DAPI (Life
Technologies). Fluorescent images were taken using LSM510 confocal laser
scanning microscopy (Carl Zeiss, Oberkochen, Germany).

Japanese patients

Cape Verdean patient

Immunological data P6 P7 Normal range P8 Normal range

IgG (mgdl—1) 1088 108 570-1700 815 570-1700

IgG1 (mgdl—1) 457 50.8 320-748 ND 320-748

1gG2 (mg dI~1) 41 34 208-754 ND 208-754

1gG3 (mgdl—1) 420 38.1 6.6-88.3 ND 6.6-88.3

1gG4 (mgdl—1) 6 16.7 4.8-108 ND 4.8-108

IgA (mgdl—1) 29 69 110-410 128 110-410

IgM (mgdi—1) 16 16 33-190 18 33-190

IgE (IUmI-1) <25 <5.0 <170 ND <170

T cell ND 99% 66-89% ND 1000-3900 cells per mm3
TCD3+ 90% 97% 58-84% 2624 cells per mm3 1000-3900 cells per mm3
TCD4A™ 65% 25% 25-54% 1120 cells per mm3 560-2700 cells per mm?3
TCD8+ 22% 76% 23-56% 1536 cells per mm?3 330-1400 cells per mm?3
CD4+/CD8* 3 0.32 0.4-2.3 ND 0.4-2.3

B cell ND 1% 4-13% 352 cells per mm3 270-860 cells per mm?3
B CD20+ 13% ND 7-30% ND 70-660 cells per mm3
B CD27+ 0.34% ND >15% 2% >15%

PHA* (c.p.m.) 23200 3150 20500-56 800 ND 20500-56 800
Control (c.p.m.) 120 103 127-456 ND 127-456

NK cell activity (%) 5 8 18-40 ND 18-40

Abbreviations: c.p.m, counts per minute; ND, not determined; NK, natural killer; PHA, phytohaemagglutinin
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RESULTS

Clinical characteristics

Pé6: A 5-year-old Japanese boy born in 2003 from nonconsanguineous
parents. His birth weight was 2880¢g, height was 51.0cm and
occipitofrontal circumference was 32.7cm. He had craniofacial
features including macrocephaly, hypertelorism, epicanthal folds,
midface flatness, low nasal root, long and flat philtrum, and thick
lips (upper lips < lower lips). He had a thin habitus with slender
arms, knock-knee and slightly irregular toes. He had hypoplastic
primary teeth and bilateral hydronephrosis. His developmental
quotient was 80, with delayed motor development and apparently
normal mental development. He showed short stature because of
hypopituitarism resulting from compression by Rathke’s cleft cyst,
which was treated with replacement of human growth hormone and
thyroid hormone. He had skin abnormalities including eruption of
blisters at the onset of fever and freckle formation by exposure to
sunlight with no butterfly erythema. He suffered from refractory
diarrhea and recurrent respiratory tract infections. He finally died of
fatal viral infection at the age of 7. His serum IgG2, IgA and IgM
levels were decreased and the IgG3 level was increased (Table 1). The
number of T cells and B cells were in the normal range, but CD27+
memory B cells were hardly detectable (Table 1). The activity of
natural killer cell was low. The lymphocyte blastoid transformation
test using phytohaemagglutinin was in the normal range. He did not
produce antibodies in response to vaccines or pathogens. A cytoge-
netic analysis revealed that 7% (2/30 cells) of peripheral blood
leukocytes had a large deletion of the long arm of chromosome 1,
designated as del(1)(q21) (Figure la).

P7: A 39-year-old Japanese man born in 1971 from consanguineous
parents. His birth weight was 2600 g. He showed dysmorphic facial
features including micrognathia and hypertelorism. He showed a
delay in language development and had a learning disability. He had
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Figure 1 Chromosome abnormalities observed in the two Japanese ICF2
patients, P6 and P7. (a) Giemza-stained mitotic chromosomes of peripheral
blood leukocytes from P6. About 7% of the cells lacked the long arm of
chromosome 1 (arrow). (b) Representative mitotic chromosome spreads of
P7. Multiradial configurations with multiple p and g arms derived from
chromosomes 1 and 16 were observed (arrows).
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recurrent pneumonia and sinusitis and was on intravenous immu-
noglobulin therapy. At the age of 39, he had ingravescence of tremor,
articulation disorder and left hemiplegia. He also showed involuntary
movements of the right lower limb and left toes, choreoathetotic
movement of the right upper limb, ambulation difficulty, increased
tendon reflex, Babinski’s reflex and vesicorectal disorders accompa-
nied by incontinence without sensory impairment. The brain
magnetic resonance imaging showed cortical atrophy. His intelligence
quotient was 47. He had progressive multifocal leukoencephalopathy
due to John Cunningham virus infection and died at the age of 41.
His serum levels of IgG, 1gGl, 1gG2, IgA and IgM were decreased
(Table 1). The number of T cells was in the normal range, but that of
B cells was decreased (Table 1). The natural killer cell activity and
lymphocyte blastoid transformation count were also decreased. A
cytogenetic analysis revealed multiradial chromosome configurations
with multiple p and q arms from chromosomes 1 and 16 (Figure 1b).

P8: A 16-year-old Cape Verdean girl born in 1996 from non-
consanguineous parents.'® She had characteristic facial features
including epicanthic folds. She had recurrent thrush caused by
candida infection in the first year of life. Her initial speech was
delayed. She had recurrent ear, nose and throat infections and had a
secondary hearing impairment. She suffered from recurrent bacterial
pulmonary infections that caused bronchiectasis and atelectasis. She
had been on intravenous immunoglobulin therapy since she was 10
years old. She had a lobotomy (left lower lobe) at the age of 12 because
of the severe bronchiectasis. She had mental retardation (intelligence
quotient <70) and did not acquire reading at the age of 16. Her serum
IgG and IgA levels before intravenous immunoglobulin treatment were
in the normal range, but the IgM level was decreased (Table 1). The
number of T cells was in the normal range, but that of CD27 %"
memory B cells was decreased (Table 1). She had low antibody titers
against tetanus (0.32 TUml '), no antibody against pneumococcus and
no IgM blood group isohemagglutinin. T cells proliferated normally in
response to phytohaemagglutinin and tetanic toxin. A cytogenetic
analysis of peripheral blood leukocytes showed that 8% of the cells had
whole-arm deletions and/or breaks in chromosomes 1 and 16. Multi-
branched chromosomes were also observed.!8

DNA methylation status at satellites

We examined the DNA methylation status of the satellite-2 and
a-satellite repeats in the three ICF syndrome patients by Southern
blot analysis using methylation-sensitive restriction enzymes. When
satellite-2 was examined, the genomic DNAs from the three patients,
as well as an ICF1 patient (P3),'° gave multiple low-molecular-weight
bands, indicating that this repeat was hypomethylated (Figure 2a). By
contrast, the DNAs from the mother of P6 and a normal control
individual (N) were resistant to the digestion. When o-satellite was
examined, the DNAs from all patients gave low-molecular-weight
bands, whereas those from an ICF1 patient (P3) and a normal control
(N) were resistant to the digestion (Figure 2b). Therefore, the three
patients P6, P7 and P8 showed a DNA methylation pattern diagnostic
of ICF2.

Identification of ZBTB24 mutations

Sequencing of the PCR products from the three patients revealed no
mutation in all coding exons of the DNMT3B gene, further suppor-
ting that these patients are ICF2. We therefore looked for mutations
in the ZBTB24 gene, which was recently reported as a candidate gene
for about a half of ICF2 patients. We found a total of four mutations,
three of which were novel (Table 2 and Figure 3ab). P6 was
homozygous for a G-to-A substitution (c.1148G>A) causing an

457
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amino-acid substitution at Cys-383 in a zinc-finger domain (C383Y).
His parents were heterozygous for this mutation although they were
not consanguineous. P7 was homozygous for a C-to-T substitution
(c.958C>T) causing a nonsense mutation at codon 320 (R320X).
This mutation was previously reported in ICF2.!> His parents were
consanguineous and the mother was found to be heterozygous for the
mutation. P8 was a compound heterozygote with a nonsense
mutation (c.787A>T) at codon 263 (K263X) and a frame-shift
mutation (c.980_981delGT) at codon 327, generating a termination
codon at 54-codon downstream (C327W fsX54). Besides the missense
mutation identified in P6 (C383Y), only one other missense mutation
was previously reported (c.1222T>G, C408G) (Table 2 and

aPre6 P6M N P7 P& N

P3 P7 N

b P3P6 P7 N P7 P8 N

a-Satellite

Satellite-2

Figure 2 DNA methylation status of the satellite-2 and o-satellite repeats in
peripheral blood leukocytes from the three ICF2 patients. (a) Southern blot
analyses with the satellite-2 probe. Genomic DNAs from P3 (previously
diagnosed as ICF1), P6, P7, P8, the mother of P6 (P6M) and a normal
control (N) was digested with a methylation-sensitive restriction enzyme BstBI
and separated by 1% agarose gel electrophoresis before blotting. (b) Southern
blot analyses with the a-satellite probe. Genomic DNAs from P3, P6, P7, P8
and a normal control (N) was digested with a methylation-sensitive restriction
enzyme Hhal and separated by 1% agarose gel electrophoresis.

Table 2 Genetic data of ICF2 patients

Figure 3a).1220 Interestingly, the affected cysteines are located in the
fourth and fifth C2H2 motifs, respectively, and are highly conserved
among vertebrates (Figure 3c). This strongly suggests the importance
of these motifs for the protein function and/or structure.

Subnuclear localization

To gain insights into the biological function of the zinc-finger
domains of ZBTB24 and also the impact of ICF2 mutations on this
function, we examined the subnuclear localization of the wild-type
and mutant proteins. We used mouse NIH3T3 cells for the analysis
because they have distinct pericentromeric heterochromatin foci seen
as DAPI-dense regions. The transiently overexpressed wild-type
mouse Zbtb24 protein fused with EGFP (EGFP-Zbtb24) showed
colocalization with HPla, a heterochromatin protein, in multiple
DAPI-dense regions (Figure 4a). The EGFP-Dnmt3b fusion protein
also showed heterochromatin localization (Figure 4a). By contrast,
EGFP-Zbtb24 proteins with either of the mutations C382Y and
R319X, equivalent to those identified in P6 (C383Y) and P7
(R320X), failed to show such localization, suggesting the importance
of the zinc-finger domains in heterochromatin targeting. The mutant
proteins showed a rather dispersed distribution in the nuclei
(Figure 4a). Using DNA methylation-deficient Dnmt TKO mouse
ES cells, we further observed that the complete loss of DNA
methylation does not affect heterochromatin localization of the
EGFP-Zbtb24 (wild-type) protein, suggesting that Zbtb24 does not
require DNA methylation for proper localization (Figure 4b).

DISCUSSION

In this report, we identified four ZBTB24 mutations, of which three
were novel, in three ICF2 patients (Table 2 and Figure 3a,b). Three of
the four mutations were nonsense or frame-shift mutations (R320X,
K263X and C327W {sX54). These mutations left the BTB domain and
the AT-hook motif intact, but made the zinc-finger domains partially
or completely lost. Consistent with our finding, the majority of the
ZBTB24 mutations, previously reported in ICF2 patients, were also
nonsense or frame-shift mutations (Table 2 and Figure 3a,b).!213:20:21
The last mutation that we identified altered a highly conserved

Patient ID Origin Consanguineous marriage Gender Birth year Status

Nucleotide change Amino-acid change Reference

P6 Japanese No Male 2003  Died at age 7 c.1148G>A p.C383Y Present study
P7 Japanese Yes Male 1971 Died at age 41 c.958C>T p.R320X Present study
P8 Cape Verdean No Female 1996 16 yearsold (2013) c.787A>T, ¢.980_981delGT p.K263X, p.C327W fsX54 Present study
P1e Turkish Yes Male 2006 4 years old (2011) c.917delA p.N306! fsx4 12
p2a2 Scottish Yes Female 1987  Died at age 13 c.47C>G p.S16X 12
p3e Turkish Yes Female 1983 Died at age 11 c.958C>T p.R320X 12
p52 Turkish Yes Male 1997 13 yearsold (2011) ¢.501dup p.V168S fsX28 12
pead German No Male 1998  Died at age 4 c.833C>G, ¢.1222T>G p.S278X, p.C408G 12
p7ad German No Female 2001 9 yearsold (2011) ¢.833C>G, ¢.1222T>G p.S278X, p.C408G 12
P10? Italian No Male 1981  Adult (2011) c.1369C>T p.R457X 12
p1bd Lebanese Yes Male 1997 NA €.396_397delTA p.H132Q fsX19 21
p2bd Lebanese Yes Male 1998 NA ¢.396_397delTA p.H132Q fsX19 21
p3bd Lebanese Yes Male 2003 NA €.396_397delTA p.H132Q fsX19 21
No ID Moroccan No Male 2003 8 yearsold (2012) c.1222T>G p.C408G 20
P40°¢ Turkish Yes Male 2000 NA c.759C>G p.T253X 13
p55¢ Turkish No Male 2010 NA c.958C>T p.R320X 13

Abbreviation: NA, not available.
aIDs in De Greef et al.12

bDs in Chouery et al.2!

¢|Ds in Weemaes et al.13
dThese patients are siblings.
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Figure 3 Mutation analysis of the ZBTB24 gene in ICF2 patients. (a) A schematic representation of the ZBTB24 protein structure and locations of all
reported mutations including those identified in this study (red) (Table 2).12:13.20.21 (b) Sequencing electrophoregrams of the regions containing the
mutations. P6F is the father of P6 and P7M is the mother of P7. Other symbols are as in Figure 2. (c) Amino-acid sequence alignments of the fourth and
fifth zinc-finger domains of the vertebrate ZBTB24 proteins (from 374G to 431E of the human ZBTB24 protein). The two amino-acid substitutions, C383Y
and C408G, altered the highly conserved cysteine in the C2H2 motifs. Asterisks indicate the positions of amino acids conserved across vertebrates. Two

cysteins (red) and two histidines (blue) are highlighted.

cysteine in the C2H2 motif of the fourth zinc-finger domain (C383Y).
Interestingly, the only one missense mutation previously reported
(C408G) affected a highly conserved cysteine in the next zinc-finger
domain (Figure 3c).!»?0 These data highlight the importance of the
zinc-finger domains of ZBTB24 in the pathogenesis of ICF2. However,
the degree of defect in the ZBTB24 protein structure does not appear
to be correlated with the severity of immunodeficiency and other
clinical manifestations.

Because ICF2 patients have hypomethylated centromeric and
pericentromeric repeats, ZBTB24 appears to have a role in the
establishment and/or maintenance of DNA methylation at these
repeats. Consistent with this function, we observed heterochromatic
localization of the wild-type mouse Zbtb24 fusion protein. By
contrast, disruption of the zinc-finger domains by either a missense

mutation (C382Y) or a truncation mutation (R319X) abolished the
heterochromatin targeting. We also found that wild-type mouse
Zbtb24 localizes at heterochromatin even in the absence of DNA
methylation. These results indicate that the zinc-finger domains of
ZBTB24 are important for the proper localization of this protein, and
this localization does not involve methylated DNA. It is possible that
ZBTB24 recognizes its target region through interactions with some
structural components of the chromatin. Although ZBTB24 muta-
tions affect DNA methylation at both centromeric and pericentro-
meric repeats, DNMT3B mutations affect only pericentromeric
repeats. Therefore, ZBTB24 may interact, directly or indirectly, with
a DNA methyltransferase other than DNMT3B. Further studies are
needed to clarify the detailed molecular function of ZBTB24 and the
pathogenesis of ICF2.
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Figure 4 Subnuclear localization of mouse Zbtb24 fusion proteins. (a) Confocal microscopic images of NIH3T3 nuclei overexpressing EGFP-fused mouse
Zbtb24 without (WT) or with ICF2 mutations (C382Y and R319X) (green). EGFP-Dnmt3b was also analyzed (green). Mouse C382Y is equivalent to human
C383Y and mouse R319X is equivalent to human C320X. HP1a (red) was used as a heterochromatin marker and DAPI (blue) was used for DNA staining.
Scale bars, 2um. (b) Confocal microscopic images of WT ES (J1) and Dnmt TKO ES nuclei overexpressing EGFP-fused mouse Zbtb24 (WT). HP1a (red)
was used as a heterochromatin marker and DAPI (blue) was used for DNA staining. Scale bars, 2 um.
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