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Abstract Mutation in the DNMT3B DNA methyltrans-
ferase gene is a common cause of |CF (immunodeficiency,
centromeric heterochromatin, facial anomalies) immuno-
deficiency syndrome and leads to hypomethylation of
satellites 2 and 3 in pericentric heterochromatin. This hy-
pomethylation is associated with centromeric deconden-
sation and chromosomal rearrangements, suggesting that
these satellite repeats have an important structural role. In
addition, the satellite regions may have functional rolesin
modifying gene expression. The extent of satellite hy-
pomethylation in ICF cells is unknown because methyl-
ation status has only been determined with restriction en-
zymes that cut infrequently at these loci. We have there-
fore developed a bisulfite conversion-based method to de-
termine the detailed cytosine methylation patterns at satel-
lite 2 sequences in a quantitative manner for normal and
ICF samples. From our sequence analysis of unmodified
DNA, the internal repeat region analyzed for methylation
contains an average of 17 CpG sites. The average level of
methylation in norma lymphaoblasts and fibroblasts is
69% compared with 20% in such cells from ICF patients

DDBJEMBL/GenBank accession nos. AF361703-AF361743

K.M.A. Hassan - SM. Gartler - R.S. Hansen (0J)
Department of Medicine, University of Washington,
Seattle, WA 98195, USA

T. Norwood
Department of Pathology, University of Washington,
Sesttle, WA 98195, USA

G. Gimelli
Laboratorio de Citogenetica, Istituto G. Gaslini, Genova, Italy

S.M. Gartler
Department of Genetics, University of Washington,
Sesttle, WA 98195, USA

Present address:

R. Scott Hansen

Department of Genetics, Box 357360, University of Washington,
Seattle, WA 98195-7360, USA,

e-mail: supreme@u.washington.edu,

Tel.: +1-206-543-4184 or +1-206-543-1619, Fax: +1-206-543-0754

with DNMT3B mutations and 29% in normal sperm. Al-
though the mean satellite 2 methylation values for these
groups do not overlap, there is considerable overlap at the
level of individual DNA strands. Our analysis has also re-
vealed a pattern of methylation specificity, suggesting that
some CpGs in the repeat are more prone to methylation
than other sites. Variation in satellite 2 methylation anong
lymphablasts from different | CF patients has prompted us
to determine the frequency of cytogenetic abnormalities
in these cells. Although our data suggest that some degree
of hypomethylation is necessary for pericentromeric de-
condensation, factors other than DNA methylation appear
to play a magjor role in this phenomenon. Another such
factor may be altered replication timing because we have
discovered that the hypomethylation of satellite 2 in ICF
cultures is associated with advanced replication.

Introduction

MT3B DNA methyltransferase deficiencies lead to a se-
lective loss of methylation in certain heterochromatic re-
gions in both humans (Hansen et al. 1999; Okano et al.
1999; Xu et a. 1999) and mice (Okano et al. 1999). The
mutant forms of the enzyme that underlie human ICF (im-
munodeficiency, centromeric heterochromatin, facial anom-
alies) immunodeficiency syndrome are associated with
hypomethylation of satellites 2 and 3 at pericentromeric
heterochromatin (Hansen et al. 1999; Okano et al. 1999;
Wijmenga et al. 2000; Xu et a. 1999) and in heterochro-
matic regions of the Y and inactive X chromosomes
(Hansen et al. 2000).

Pericentromeric satellite hypomethylation in ICF syn-
drome appears to promote the decondensation and other
cytogenetic abnormalities that are characteristic of the
disorder. Satellite hypomethylation may also play arolein
higher order gene regulation (Hansen et al. 2000; Xu et al.
1999). The only satellite methylation data currently avail-
able are those based on nonquantitative restriction en-
zyme analyses of a small number of sites. Satellite 2 se-
guences are mainly concentrated in megabase-sized re-



gions near the centromeres of chromosomes 1 and 16. The
higher order satellite 2 repeat unit is larger than 1 kb and
is comprised of basic repeats of 23-26 bp containing fre-
quent GGAAT and ATC sequences, and a less abundant
sequence that is methylateable, viz., CGAAT (Jeanpierre
1994). In atypica 1.3-kb repeat unit of satellite 2, for ex-
ample, there are about 69 CpGs, but only one or two
BstBI sites, the usual restriction enzyme chosen to ana-
lyze satellite 2 methylation. Less than 3% of the CpGs,
therefore, can be analyzed for methylation with this
method.

Given the importance of satellite methylation, we have
developed a method to examine satellite 2 methylation in
more detail in normal and ICF DNASs. The assay is based
on the bisulfite conversion method that allows every CpG
and other cytosines to be analyzed for methylation (From-
mer et al. 1992). We examined methylation in an internal
satellite 2 repeat of about 330 bp in which over 75% of
satellite 2 CpGs should be represented. We have found
that 63%—87% of the CpGs are methylated in normal cul-
tured fibroblasts and lymphoblasts, whereas only 12%-—
31% are methylated in ICF cells with mutations in the
DNMT3B gene. The ICF methylation levels are compara-
ble with those observed in normal sperm cells (~28%).
Although the mean methylation values for ICF versus
normal somatic cells do not overlap, there is considerable
overlap at the level of individual DNA strands in that 5%
of ICF DNA strands have methylation levels around the
mean of normals and vice versa. This compositional het-
erogeneity in methylation density could reflect a pattern
of variation along the repeat array or heterogeneity be-
tween arrays on different chromosomes. We have also
found methylation heterogeneity within individual clones
in that certain conserved CpG sites are methylated at
higher frequencies than other sites.

Our examination of the relationship between the char-
acteristic centromeric decondensation in ICF and the ex-
tent of satellite 2 hypomethylation suggests that some de-
gree of satellite 2 hypomethylation appears to be neces-
sary for centromeric decondensation, but other factors
play a significant role. Altered replication timing may be
such afactor, for we have found that satellite 2 sequences
in ICF cells replicate earlier than normal, consistent with
other observations of a correlation between hypomethyl-
ation and advance replication. Advanced satellite replica-
tion may thus have arolein promoting the abnormal chro-
matin structure of these regionsin ICF cells.

Materials and methods
Cells and culture conditions

Cells from six patients with classical features of ICF syndrome
were examined in this study. These patients have been described
previously (Gimelli et al. 1993; Hansen et al. 1999, 2000; Wij-
menga et a. 2000) and include four with known mutations in
DNMT3B (PT1 male, PT3 female, PT4 female, and PT5 male), and
two that apparently lack DNMT3B mutations (PT10 female and
PT12 male). Both lymphoblasts (LB) and fibroblasts (FB) werein-
cluded in the study. Lymphoblastoid cellsincluded those from PT1
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(PT1 LB), PT4 (PT4 LB or GM08714), PT5 (PT5 LB), PT10
(PT10 LB), and PT12 (PT12 LB); fibroblasts included those from
PT3 (PT3 FB) and PT4 (PT4 FB or GM08747). Lymphoblasts
from PT4's father (F4 LB or GM08729) and mother (M4 LB or
GMO08728) were also used in this study. ICF family cell lines
GMO08714, GM08747, GM08728, and GM08729 were obtained
from Coriell Cell Repositories. Other normal lymphoblasts and fi-
broblasts were as described previously (Hansen et al. 2000). Nor-
mal sperm cells were obtained as discarded material from an in
vitro fertilization laboratory. Clonal human-hamster somatic cell
hybrids HD14A1 and 14IC3, derived from fusion of PT4 LB and
CHO-YH21 cells, were as described previously (Hansen et al.
1999, 2000). Cells were cultured as described previously (Hansen
et a. 1988, 1998).

Genomic DNA isolation and bisulfite modification

Genomic DNA from fibroblasts, lymphoblasts, and hybrid cells
were purified by the proteinase K/phenol method as described pre-
viously (Hansen et al. 1998). DNA from sperm was isolated by the
Puregene DNA isolation kit (Gentra Systems, Minneapolis, Minn.)
according to the manufacturer’s instructions. Conversion of un-
methylated cytosine to uracil by sodium bisulfite (Frommer et al.
1992) was essentially as described previously (Stoger et a. 1997).
Duplicate samples of approximately 50-500 ng genomic DNA
were used for bisulfite conversion.

Polymerase chain reaction amplification of satellite 2 sequences

To amplify a~400 bp region of satellite DNA from the unmodified
DNA, primers sat2—-384U (5'-ATGGAAATGAAAGGGGTCAT-
CATCT-3') and sat2—781L (5'-ATTCGAGTCCATTCGATGA-
TTCCAT-3') were designed from the satellite 2 sequence with
accession no. gi1220362. Approximately 200 ng genomic DNA
was used in a 100-pl reaction with 200 uM dNTPs, 2.5 mM
MgCl,, 0.5 uM each primer, and 1.25 U Taq polymerase; the poly-
merase chain reaction (PCR) was performed under the following
conditions in a PTC-200, MJ Research thermal cycler (Waltham,
Mass.): 95°C for 5 min for one cycle, and then 95°C for 1 min,
60°C for 1 min, 72°C for 2 min, for 30 cycles, followed by 72°C
for 7 min for one cycle. To amplify the same region from the up-
per strand of bisulfite-converted DNA, primer sequences were de-
signed such that they contained several guanines and few cy-
tosines, and CpG dinucleotides were synthesized as degenerate
(CIT) in order to amplify both methylated and unmethylated se-
quences. The first round of PCR was performed with primers
st2biup-1f, 5'-TTGAATGGAAATGAAAGGGGTTATTA-3 (nt
380405, @i1220362), and st2biup-2r, 5'-C[G/A]AATCCAT-
TC[G/A]JATAATTCCATTCC-3' (nt 754—778, gi1220362), and the
reaction mixture contained 50 ng bisulfite-converted DNA (10 pul)
in a 100-pl reaction, dNTPs, MgCl,; primers and Taq polymerase
were added as described above, and the PCR was performed in a
PTC-200, MJ Research thermal cycler at 95°C for 5 min for one
cycle, then 95°C for 1 min, 60°C for 1 min, 72°C for 2 min, for
7 cycles, followed by 95°C for 1 min, 58°C for 1 min, 72°C for
2 min for 13 cycles, and finally, 72°C for 7 min for one cycle. The
PCR product was purified by using the Qiaquick PCR purification
Kit (Qiagen, Valencia, Calif.) to remove primers and then eluted in
a 100-pl volume.

Serial dilutions of the primary amplification product were used
for the second round PCR with the primers st2biup-3f, 5'-TG-
GAAATGAAAGGGGTTATTATTTA-3 (nt 385-409, gi1220362),
and st2biup-4r, 5-AATTCCATTCCATTCCATTC[G/A]ATA-3
(nt 741-764, gi1220362), in a 100-ul reaction as described for the
first round but with the following thermocycler parameters: 95°C
for 5 min for one cycle, then 95°C for 1 min, 62°C for 1 min, 72°C
for 2 min, for 25 cycles, followed by 72°C for 7 min for one cycle.
It was found that 2 pl of a 200-fold dilution of the first round PCR
product gave the best amplification in the second round PCR, and
this dilution was used for all samples.
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Cloning and sequencing of the PCR products

The PCR products were purified by the Qiaquick PCR purification
kit and ligated in vector pCR2.1 (TA-cloning Kit, Invitrogen,
Carlsbad, Cadlif.), and the ligation product was electroporated into
DH10B Escherichia coli (GIBCO/BRL, Life Technologies, Grand
Island, N.Y.) by standard protocols. Generally, 30%—70% of the
randomly selected white colonies had satellite 2-derived inserts.
The inserts were amplified by vector primers M13-F3 and M13-R4
(Hansen et al. 1999). For both modified and unmodified DNA, in-
serts of 100 bp to 1.3 kb were obtained, and sequences of the in-
serts matching the expected size of ~380 bp were determined di-
rectly from the PCR product as described previously (Hansen et al.
1999).

Use of a50:50 mixture of methylated and unmethylated control
DNAs revealed no bias in the conversion, amplification, or recov-
ery of clones derived from methylated versus unmethylated se-
quences. Although non-CpG methylation was observed at much
higher frequencies at satellite 2 (5% of conserved cytosine posi-
tions) than at single copy loci (Hansen et al. 2000; Stoger et al.
1997), it appeared to result from nonconversion in most cases, asit
occurred in runs and with a similar frequency to clones derived
from unmethylated control DNASs. Clones with 10 or more uncon-
verted non-CpG cytosines were found in both normal and ICF
samples (10 of 387 clones) and were removed from methylation
analyses.

Determination of the frequency of methylated CpG dinucleotides
at the conserved sites

Sequences were determined for 41 independent clones of satellite
2 amplimers from unmodified genomic DNA (DDBJEMBL/Gen-
Bank accession nos. AF361703-AF361743) and were aigned by
using the Multiple Alignment Program (MAP; http://dot.imgen.
bem.tme.edu:9331/multi-align/multi-align.html). Boxshade (http://
www.ch.embnet.org/software/BOX_form.html) was then used to
create a consensus sequence for satellite 2 in unmodified genomic
DNA. To determine the methylation patterns at conserved CpG
sites for each DNA sample, bisulfite-modified sequences were
aligned to the consensus sequence that had been converted by
word processing (search and replace) to the methylated bisulfite-
converted equivalent. The number of CpGs at conserved positions
was compared with the total number of potentially methylateable
sites at these positions (CpG + TpG) and this frequency was ex-
pressed as a percentage.

Karyotyping and replication timing

Lymphoblast cultures were routinely cultivated in RPMI plus 15%
heat-inactivated fetal bovine serum. For the preparation of meta-
phases for analyses of centromeric decondensation, cultures were
harvested, washed, and set up at cell concentrations of 1-2x10%/ml
in folate-deficient RPMI plus 15% fetal bovine serum. Some 36 h
later, fluorodeoxyuridine (FudR) was added to a concentration of
2x10“mM, and at 48 h, cultures were harvested by a standard pro-
tocol widely used in cytogenetic laboratories for lymphocyte cul-
tures (Brown and Lawce 1997). Some preparations were G-banded
as described by Seabright (1971).

Replication time analysis

Replication time was determined by analysis of newly replicated
DNA, labeled with bromodeoxyuridine and derived from cells
sorted into specific cell cycle stages by flow cytometry as previ-
ously described (Hansen et al. 1993, 1996, 1997). The BrdU-la-
beled DNA was isolated with an anti-BrdU antibody, and these
newly-replicated DNA fractions were then analyzed for the pres-
ence of specific loci by semi-quantitative PCR. The sequence
tagged site primers used included sat2—384U:781L for satellite 2
sequences and mto8000—8024:mto8369-8345 (Hansen et al. 1997)

for mitochondrial sequences. Amplification conditions were simi-
lar to those described previously (Hansen et al. 1997), with an an-
nealing temperature of 60°C for sat2—384U:781L.

Results

Southern analysis of satellite 2 hypomethylation
in ICF cells

Satellite 2 DNA was one of the early repetitive sequences
discovered in humans (Prosser et a. 1986). Megabase-
sized pericentromeric regions of chromosomes 1 and 16
contain most of these sequences; the higher order satellite
2 repeat units are larger than 1 kb and are composed of ba-
sic repeats of 23-26 bp that contain the common GGAAT
and ATC sequences, and a less abundant sequence that is
methylateable, viz., CGAAT (Jeanpierre 1994). Although
the GC content (~40%) of these sequences is lower than
that found in CpG islands (>50%), the proportion of CpGs
present is similar to the statistically expected value based
on the C and G proportions, a characteristic usualy re-
stricted to CpG islands.

To characterize initialy the methylation status of satel-
lite 2 sequences in cells from normal individuals and ICF
patients, we digested DNAs with methylation-sensitive
restriction enzymes and analyzed the products by South-
ern blot hybridization. As shown in Fig.1, normal DNAS
and those from unaffected parents of |CF patients show a
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Fig.1 Southern blot analysis of satellite 2 methylation in ICF and
other cell types. Chromosomal DNA was digested by BstBl and
hybridized with a satellite 2 PCR probe (sat2—384U:781L). Pa-
tients PT1, PT3, PT4, and PT5 are ICF cases with known muta-
tions in the DNMT3B gene. F4 and M4 are the father and mother,
respectively, of PT4. PT12 is an ICF case with no apparent muta-
tion in the DNMT3B gene. Norm Cells from phenotypically normal
individuals, LB lymphoblasts, FB fibroblasts



considerable amount of resistance to BstBI digestion, in-
dicating hypermethylation of TTCGAA sequences, whereas
DNAs from the ICF patients are extensively digested, in-
dicating hypomethylation. The PT12 ICF cells appeared
to differ somewhat from the cells of other | CF patients be-
cause, athough their satellite 2 DNA was markedly more
digested by BstBI than DNA from normal cells, it was not
as heavily digested as other ICF DNASs and was therefore
somewhat more methylated. This finding is of interest
because PT12, although clearly possessing the phenotypic
and cytogenetic characteristics of ICF syndrome (Wijmenga
et al. 2000; G. Gimelli, unpublished), differed from the
other patients in that no mutations were found in the
DNMT3B gene (Wijmenga et al. 2000). All the other ICF
cases were extensively demethylated at satellite 2 and had
known mutations in the DNMT3B gene that would be ex-
pected to affect DNA methyltransferase activity because
of their nature and location (Hansen et a. 1999; Wijmenga
et a. 2000).

Bisulfite conversion analysis
of satellite 2 hypomethylation in ICF cells

Although it is apparent from the results shown in Fig.1
that satellite 2 DNA sequencesin our |CF patients are hy-
pomethylated, it is not clear what the levels and patterns
of methylation arein either normal or |CF samples. To de-
termine these levels and patterns, we have developed
methods for analyzing the detailed cytosine methylation
patterns at satellite 2 by using bisulfite conversion (From-
mer et a. 1992). This method involves the sequencing of
clones derived from genomic DNA whose unmethylated,
but not methylated, cytosines are converted to uracils by
bisulfite-catalyzed deamination. Following conversion,
sequences corresponding to either the upper or lower
DNA strand are amplified by PCR; the products are then
size-fractionated and cloned, and the sequences of indi-
vidual clones determined. Unmethylated cytosines are re-
placed by thymines in the PCR reaction, whereas methyl-
ated cytosines remain unaltered. Thus, this method allows
the determination of strand-specific cytosine methylation
patterns at specific loci on a single chromosome, and the
frequency of those patternsin a cell population.

The satellite 2 region amplified for analysis is about
400 bp and is part of an internal repeat that is present in
three copies in the higher-order 1.3-kb repeat. An exam-
ple of the bisulfite methylation analysisis shown in Fig. 2,
where the top line of sequence is a portion of an unmodi-
fied strand from the reference sequence gi1220362. Be-
low this line is the sequence predicted to result from the
bisulfite conversion method if non-CpG cytosines (indi-
cated by asterisks above) are unmethylated and therefore
converted to thymines, and CpG cytosines are methylated
and unaltered. In the converted strands from genomic
DNA, many unconverted CpGs were found in normal DNA
(FB4) that corresponded to CpGs in the reference se-
guence, whereas the converted strands from ICF (PT4 FB)
and sperm (A47) DNAs had mostly TpGs at these sites.
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BISULFITE METHYLATION ANALYSIS OF HUMAN SATELLITE 2

Reference Sequence (g|1220362 nucleotldes 574-61 7)

CpG number 9 10
c ccc CG c ce [ole]

AATCATCGCATAGAATCGAATGGAATTATCATCGAATGGAATCG

AATTATCGTATAGAATCGAATGGAATTATTATCGAATGGAATCG

unconv.
conv.-meth.

Normal Fibroblast Converted Clones

FB4 2-6 AATTATTGTATA - - - TEGAATGGAATTATTATTGAATGGAATTG
FB4 1-2 AATTATCGTATAGAATCGAATGGAATTATTATTGAATGGAATTG
FB4  2-3 AATTATTGTATAGAATTGAATGGAATTATTATTGAATGGAATCG
FB4 2-14  AATTATCGTATAGAATCGAATGGAATTATTATCGAATGGAATTG
FB4 1-1 AATTATCGTATAGAATCGAATGGAATTATTAACGAATGGATTTG

ICF Fibroblast Converted Clones

PT4 FB 10 AATTATTGTATAGAATTGAATGGAATTATTATTAAATGGAATTG
PT4 FB 13 AATTATTGTATAGAATTGAATGGAATTATTATTAAATGGAATTG
PT4 FB 14 AATTATTGTATAGAATTGAATGGAATTAATATTGAATGGATTTG
PT4 FB 25 AATTATTGTATAGAATTGAA-GGAATTATTATTGAATGGAATTG
PT4 FB 19 AATTATTGTAAAGAATTGAATGCAATTATTATAGAATGGAATTG

Normal Sperm Converted Clones

A47 2-22 AATTATTGTATAGAATTGAATGGAATTATTATTGAATGGAATTA
A47 2-21 AATTATTGTATAGAATTGAATGGAATTATTATTGAATGGAATCG
A47 1-3 AATTATCGTTTAGAATTGAATGGAATTATTATTGAATGGAATCG
A47 2-14 AATTATTGTATAGAATTGAATGGAATTATTATCGAATGGAATGG
A47 2-17 AACTATCGTATAGAATCGAATGGAATTATTATCGAATGGAATTG

Fig.2 Examples of bisulfite methylation analysis of human satel-
lite 2. A reference satellite 2 sequence, gi1220362, is aligned with
the PCR-amplified sequences derived from the upper strand of the
satellite 2 repeat region after bisulfite modification. The sequences
correspond to a representative portion of the analyzed region of the
repeat of ~330 bp. The top sequence line contains bases 574617
of the unmodified reference sequence (unconv.), with numbers
above corresponding to conserved CpG sites in the region ana-
lyzed. Asterisks Non-CpG cytosines in the unmodified consensus
sequence. The next line of sequence is that which would result
from bisulfite conversion of the reference sequence if all the CpG
sites were methylated (conv.-meth.). Sequences from bisulfite-con-
verted samples are shown from five independent clones for each
sample, including those derived from FB4 normal fibroblasts, PT4
ICF fibroblasts, and A47 normal sperm. Positions corresponding to
conserved cytosines in the unmodified consensus sequence are un-
derlined, and positions corresponding to conserved CpG sites are
in bold

Although the presence of CpGs in the resulting clone in-
dicate sites that were methylated in the unconverted DNA
(mCpGs), TpGs could either represent a preexisting TpG
variant or an unmethylated CpG that was converted to
TpG following bisulfite modification. At least 19 clones
were analyzed for each DNA sample.

When the satellite 2 clones are analyzed solely for their
mCpG content, the ICF cases are clearly seen to be sig-
nificantly less methylated than normal (P<0.01). A simple
graph (Fig.3) depicting the mean number of mCpGs/
clone with the standard deviation shows that the ICF cells
with known DNMT3B mutations have about one-third the
methylation levels of normal cells, with no overlap be-
tween the two groups. The values for normal sperm are
similar to those for the DNMT3B mutant fibroblasts and
lymphaoblasts. HD14A1 and 141C3, two hybrid cell cul-
tures resulting from fusion between PT4 lymphoblasts
and CHO cells (Hansen et al. 1999), show values signifi-
cantly higher than that of PT4 lymphoblasts (P<0.05), in-
dicating de novo methylation of the satellite 2 repeat had
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Fig.3 Average satellite 2 methylation levels in various normal
and ICF cells. The average CpGs/clone for bisulfite-modified and
unmodified DNAs are depicted in bar graph form and are aso
shown numerically at the top of the bars. The value for UNMOD
clones should represent the maximal value for average CpG
methylation because they were derived from the unmodified ge-
nomic DNA of FB4. All other clones were derived from bisulfite-
modified DNAs. FB4, FB3 Normal female fibroblasts, LB1, LB3
normal male lymphoblasts, F4 LB lymphoblasts from father of
PT4. ICF cases include PT1, PT2, PT3, PT4, PT5, PT10, and
PT12. HD14A1, 141C3 Human-hamster hybrids produced by fu-
sion of PT4 ICF lymphoblasts with Chinese hamster ovary cells,
AA47, 59 normal sperm cells

occurred, presumably by the action of the hamster ho-
molog of MT3p.

PT12, an ICF patient for whom no DNMT3B mutation
has been found, has a methylation level much closer to
that of normal individuals than to those of the other ICF pa-
tients. Although PT10 is another ICF patient apparently
lacking DNMT3B mutations, methylation levels in PT10
lymphoblasts are as low as in cells with known mutations.
The PT5 ICF patient is a compound heterozygote in whom
one alele is a missense mutation in the catalytic domain
and the other should be anull allele because of an early stop
mutation (Wijmenga et a. 2000), although satellite methyl-
ation levels in PT5 lymphoblasts are similar to, or even
higher than, those in PT1 or PT4 ICF lymphoblasts that
have only missense mutations. Our analysis of DNMT3B
transcription in PT5 lymphoblasts, however, suggests that
the predicted null alele is apparently subject to nonsense-
associated altered splicing (Maguat 2001), in which the stop
mutation is by-passed. Reverse transcription/PCR (RT-PCR)
analysis under standard PCR conditions reveals that the cat-
alytic domain is expressed by both alleles as seen by the
heterozyous expression of a common polymorphism (data
not shown). RT-PCR under “long” PCR conditions, how-
ever, results in normally spliced, full-length transcripts that
are only derived from the missense alele (data not shown).
Much of the satellite 2 methylation in PT5 cells might have
resulted, therefore, from the expression of the unmutated

ICF Cells

catalytic domain of the alternatively spliced “null” allele
that has spliced out this mutation. This conclusion has yet to
be verified, however, because DNMT3B expression levels
are not strong enough for us to obtain good Northern blot
information on variant transcript size, and our initia at-
tempts at finding abnormal splice junctions by RT-PCR
scanning have been unsuccessful.

Although there is no overlap in the mean values for
mCpGs/clone between normal and DNMT3B ICF cells
(Fig.3), there is considerable overlap in the distributions
of individual clone values among these groups (Fig. 4B, C).
For example, about 5% of the clones from normal cultures
have methylation values near the mean of the DNMT3B
mutant | CF cases and a similar percentage of mutant |CF
clones have values near the normal mean. Normal sperm
clones have a distribution similar to DNMT3B ICF lym-
phoblasts (Fig.4A). Because the repeats are not perfect,
one possible explanation for the marked variation in the
frequency of methylated sites per clone is that it reflects
the variation in frequency of CpGs per clone prior to mod-
ification by bisulfite treatment. Such variation in CpG fre-
guency was not found, however, among 41 unmodified
clones derived from normal (FB4) DNA where the CpGs
per clone was always greater than 13 (Fig.4A) compared
with as low as four in modified clones (Fig.4B). The
marked variation in CpGs per clone in modified se-
guences thus reflects a heterogeneity between repeats in
the level of methylated CpG.

The PT12 non-DNMT3B ICF distribution overlapped
considerably with that of normal cells, whereas the PT10
non-DNMT3B ICF distribution was similar to the
DNMT3B ICF distributions (Fig.4D). The de novo methyl-
ation of satellites from PT4 ICF lymphoblasts following
somatic cell fusion to hamster cells (Fig.3) results from
an increased number of clones with higher methylation
values, although the distribution remains wide (Fig. 4E).
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Methylation site specificity in satellite 2 sequences

Because the bisulfite methylation analysis alows for the
determination of all methylated CpG sites, we examined
whether there is any tendency for some sites to be prefer-
entially more (or less) methylated than other sites. One
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problem with such an analysis is the uncertainty, as dis-
cussed above, in the assignment of bisulfite-converted
TpGs as deriving from either unmethylated CpGs or from
preexisting TpGs. Because this uncertainty results from
sequence heterogeneity in satellite 2 repeats, we attempted
to determine the common TpG and CpG distributions in
the unmodified satellite sequences by amplifying, cloning,
and sequencing the same region of ~330 bp in unmodified
DNA from a normal fibroblast culture (FB4). A consen-
Sus sequence containing 18 conserved CpG sites was pro-
duced from 41 clones (Fig.5); 35 clones have more than
90% identity to the consensus, five clones have between
73% and 88% identity, and one clone has 57% identity.
The clones apparently derive from different repeat loci,
because only two of the 41 sequences are fully identical.
Such variability in satellite 2 repeats has been reported
earlier (Jeanpierre 1994). Also similar to previous reports,
the disassembly of our consensus sequence into internal
repeats yielded fifteen 22-mers to 26-mers that are highly
similar to each other (Fig.5).

In these unmodified genomic sequences, the average
number of CpGs per clone is 16.7+1.6 S.D. (Fig.3). Be-
cause of the individuality of the repeats, the frequency of
CpGs at conserved sites varies considerably. For example,
eight of the 41 clones had frequencies of greater then 90%
CpG at these sites (one had 100%), and three clones had
frequencies of less than 70%. As expected from the in-
creased rate of mutation at methylated CpGs, most of the
non-CpGs observed at these sites were TpGs and CpAs.
The relative TpG and CpG frequencies at conserved sites
in the unmodified sequences were used to help evaluate
methylation datain bisulfite-converted sequences (Fig. 6A).
The percentages of CpGs at conserved sites relative to
CpG + TpG (sites that could produce TpG in bisulfite-
converted DNA) are mostly greater than 75% (except for
site 1, which is 56%). Twelve of thel8 sites are more than
95% CpG among all the unmodified clones.

In bisulfite-modified DNA from normal fibroblast cul-
tures (FB4 and FB2), the mCpG frequency at a given site
(Fig.6B) indicates that no site is either always methylated
or always unmethylated. A trimodal methylation pattern
is apparent, however, with consistent low points at sites 2,
7,13, 17, and 18 (site 1 is excluded because of high TpG/
CpG degeneracy in unmodified DNA). This pattern can-
not be accounted for by sequence variation, because it is
also seen when the methylation levels are adjusted to ac-
count for variable TpG levels in the unmodified consen-
sus sites (Fig. 6 and data not shown). Thistrimodal pattern
is aso evident in the other cells analyzed, including nor-
mal lymphoblasts, | CF lymphoblasts and fibroblasts, nor-
mal sperm, and | CF-derived hybrids (Fig. 6C, D, and data
not shown). The trimodal pattern is even seen in the two
ICF cases without DNMT3B mutations, PT10 and PT12
(data not shown).

Examination of the sequences surrounding the low
methylation sites did not reveal any obvious patterns that
were different from high methylation sites. Such analyses
included examinations, with different window sizes, of
various single and dinucleotide base compositions. The
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REPEAT NT LOW mCpG

1

. L]
TCATCATCTAATGGAATCGCATGGAA
TCATCATCGAATGGAATCGAATGGAA

1 21
cons.

2

L]
TCATCATCAAATGGAATCGAATGGAA
TCATCATCGAATGGAATCGAATGGAA

site 2
cons.

L] L]
TCATCATCAAATGGAATCTAATGGAA

cons. TCATCATCGAATGGAATCGAATGGAA

3

. L d
TCAT--T-GAACGGAATTGAATGGAA

cons. TCATCATCGAATGGAATCGAATGGAA

4 5

L] L] L]
TCGTCATCGAAT-GAATTGAAT-GCA
TCATCATCGAATGGAATCGAATGGAA

6 7

L]
--ATCATCGAATGGTCTCGAATGGAA
TCATCATCGAATGGAATCGAATGGAA

5 122
cons.

6 146 site 7

cons.

L . L]
TCATCTTCAAATGGAATGGAATGGA-
TCATCATCGAATGGAATCGAATGGAA

8 9

L] L]
~~ATCATCGCATAGAATCGAATGGAA
TCATCATCGAATGGAATCGAATGGAA

7 170
cons.

8 195
cons.

10 11

L]
TTATCATCGAATGGAATCGAATGGAA
TCATCATCGAATGGAATCGAATGGAA

9 219
cons.

12 13

L] L] L] L]
TCAACATCAAACGGAAAARAAACGGAA
TCATCATCGAATGGAATCGAATGGAA

10 245
cons.

site 13

14 15

T--T-ATCGAATGGAATCGAA-GAGA-
TCATCATCGAATGGAATCGAATG-GAA

11 271
cons.

16 17

.
~-ATCATCGAATGGACCCGAATGGAA
TCATCATCGAATGGAATCGAATGGAA

12 293
cons.

L3
TCATC-T--AATGGAATGGAATGGAA
TCATCATCGAATGGAATCGAATGGAA

18

L] L]
T-A--ATC-CATGGAACTCGAATGCAA site 18
TCATCATCGAATGGAA-TCGAATGGAA

13 317
cons.

14 340
cons.

15 363
cons.

TCATCATCGAATGGAATCGAATGGAA
TCATCATCGAATGGAATCGAATGGAA

only obvious correlation was the poly-A region (A,) that
isuniqueto site 13 (Fig. 5), the site that is usually the low-
est in mCpG. Deconstruction of the unmodified consen-
sus sequence into internal repeats also did not revea any

Fig.5 A satellite 2 consensus sequence for the region analyzed for
cytosine methylation. ClustalW 1.8 (http://www.ebi.ac.uk/clustalw/)
was used to align cloned sequences derived from PCR-amplified
genomic DNA (bisulfite-unmodified), and a consensus sequence
was obtained. This sequence was disassembled into 21-bp to 26-bp
internal repeats and compared with a 26-bp consensus internal re-
peat. The starting nucleotide position of each internal repeat is
shown left. Common CpG sites analyzed for methylation are num-
bered above; underlined CpG sites are frequently unmethylated in
both normal and ICF DNAs. A black spot is shown above nu-
cleotides that lie in the internal repeat and that differ from the con-
sensus nucleotide (also in bold); dashes denote gaps in the aign-
ment. A 16-bp motif, 5-ATCGAATGGAATCGAA-3', is under-
lined in the consensus internal repeat; this sequence is frequently
found at sites with higher methylation levels, as ascertained by
MEME analysis (http://meme.sdsc.edu/meme/website/meme.html)

consistent similarities among the low methylation sites
that were not found at other sites (Fig.5). A multiple ex-
pectati on-maximization motif elicitation analysis was per-
formed separately on groups of high and low methylation
sites (http://meme.sdsc.edu/meme/website/meme.html), and
the motif 5'-ATCGAATGGAATCGAA-3' was found to
be common to the high sites (Fig. 5). An additional feature
of the trimodal methylation pattern is that it derives from
a periodic low in methylation at about every 100 bp, i.e,,
within every fourth internal repeat (Fig.5).

The satellite 2 methylation pattern in the human-ham-
ster hybrid HD14A1 (Fig. 6D) is of interest with respect to
the question of de novo methylation site preferences, be-
cause these satellites were derived from hypomethylated
PT4 ICF lymphoblasts and became more methylated in
the hamster background. Assuming that this de novo
methylation is attributable to the action of the hamster
MT3p, the preferential methylation of sites 1-3 and site
12 in these cells supports the idea that there can be re-
giona and/or site preference for MT33 de novo methyl-
ation activity within these sequences.

Centromeric decondensation frequencies
and satellite 2 methylation in ICF cells

Under normal culture conditions, we found that our ICF
lymphoblastoid lines exhibited only alow frequency (~1%
of cells) of centromeric decondensation of chromosome 1
(data not shown). As in previous studies of ICF fibro-
blasts (Maraschio et a. 1989), growing the ICF lym-
phoblasts in folate-deficient medium plus FudR gave
higher yields of pericentromeric decondensation but no
rearrangements (11%—69%). These data, detailed in Table 1,
suggest that pericentromeric decondensation levels
among | CF cases are not strictly correlated with satellite 2
methylation levels. The PT12 example provides good
support for this conclusion because the satellite 2 methyl-
ation level is closer to that of normals than the levelsin
I CF cases with known mutations in DNMT3B (PT1, PT3,
PT4, and PT5), and yet the mean level of pericentromeric
decondensation is similar to that of cases such as PT4 that
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Table 1 Centromeric decondensation of chromosome 1 in lym-
phoblasts. Centromeric decondensation was only observed on
chromosome 1 and never on both homologs; all cells were treated
with FudR

Sample Tota no. No. cellswith % of cellswith

of cells a decondensed a decondensed

chromosome 1 chromosome 1
Control 53 0 0
PT1 73 15 20
PT4 293 33 11
PT5 26 18 69
PT12 196 26 13

have much lower levels of satellite 2 methylation (13%
versus 11%). Although these cases differ in their genetic
bases, the common | CF cytogenetic abnormalitiesin lym-
phoid cells apparently derive from tissue-specific factors
whose function can be altered by partial hypomethylation
of satellites to some threshold level.
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ADVANCED SATELLITE 2
REPLICATION IN ICF CELLS
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Fig.7 Replication timing patterns for satellite 2 sequencesin nor-
mal and ICF cells. Replication of satellite 2 sequences was deter-
mined by exponentia amplification of newly replicated DNA
(384U:781L primer set) in each of six cell cycle fractions (G1,
S1-A4, G2/M). These sequences replicate quite late (4, G2) in
normal cells (FB2 and FB5 normal fibroblasts, LB1 normal lym-
phoblasts) and in M4 ICF carrier lymphoblasts (mother of PT4),
but their replication is advanced (S3, $4) in |CF cases (PT4 |CF fi-
broblasts and lymphoblasts, and PT1, PT5, PT12, and PT10 ICF
lymphoblasts). Mitochondrial DNA replication patterns (Mitoch.)
are also shown as these sequences replicate during all portions of
the cell cycle (Bogenhagen and Clayton 1977), thereby serving as
an interna control for normalization of the cell cycle fractions
(Hansen et al. 1997; Strehl et al. 1997)

Satellite 2 replication time in ICF cells

We considered it possible that alteration of normal repli-
cation timing for the satellite regions might beinvolved in
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the production of cytogenetic abnormalities in ICF cells.
We examined satellite 2 replication time with a standard
method involving the assay of specific sequences in
newly replicated DNA, labeled with bromodeoxyuridine,
from cells that were fractionated by flow cytometry into
different portions of the cell cycle (Hansen et al. 1993,
1997).

Examples of the replication profiles for satellite 2 in
normal and ICF cultures are shown in Fig.7. Mitochon-
drial DNA replication patterns are also shown; these se-
guences replicate throughout the cell cycle (Bogenhagen
and Clayton 1977) and can thereby serve as an internal
control for the normalization of cell cycle fractions
(Hansen et al. 1997; Strehl et al. 1997). Similar to the in-
active X and other heterochromatic regions, satellite 2 DNA
normally replicates late in the cell cycle ($4 and G2/M).
In ICF cells, satellite 2 replication is advanced compared
with that in normal cells (primarily S4 in both lym-
phoblasts and fibroblasts). The degree of advanced repli-
cation appears to correlate only loosely with the level of
satellite hypomethylation. For example, the partialy
methylated PT12 LB satellite 2 sequences replicate later
($4 and G2/M) than the minimally methylated PT1 LB se-
guences (S3 and $4) and at about the same time as the
minimally methylated PT10 LB sequences.

Discussion

We have shown that ICF cells with known mutations in
the DNMT3B gene retain about one-third the normal level
of satellite 2 methylation, which is comparable with the
level found in normal sperm. That satellite DNA is hy-
pomethylated in gametes has been known for some time
(Pages and Roizes 1982; Ponzetto-Zimmerman and Wol-
gemuth 1984; Sanford et al. 1984; Sturm and Taylor 1981;
Zhang et al. 1987); athough satellite 2 methylation has
not been reported for human oocytes, sperm and oocyte
methylation levels of mouse repeats are comparable (San-
ford et al. 1984), and human satellites are likely to be sim-
ilar. It is possible, therefore, that the satellite 2 methyl-
ation levels in the ICF cases represent residual methyl-
ation contributed by the gametes to the zygote and that
these I CF cases have null mutations. We suggest that this
explanation is unlikely, as outlined below.

First, a Dnmt3b knockout in the mouse is an embry-
onic lethal (Okano et al. 1999), whereas the DNMT3B
mutations in humans have less severe effects. Second, the
“genome-wide” demethylation known to occur in the
early embryo (Kafri et a. 1992) probably includes the
pericentromeric satellite sequences. If true, this demethyl-
ation in ICF isfollowed by a partial remethylation by the
mutant M T3 (or possibly some other methyltransferase).
Third, the existence of residual activity is supported by
the marked variability in mCpG/clone in ICF (Fig.4),
with over 5% of satellite 2 clones exhibiting normal
methylation values. As pointed out earlier, even though

there is no overlap in the mean number of mMCpGs/clone
between normal and DNMT3B ICF cells, there is consid-
erable overlap at the level of individual clones. This
methylation variability may reflect a limited time period
in early development when MT3B de novo activity is
highest, thus resulting in a large stochastic variability in
methylated CpGs per satellite sequence.

Although the bisulfite methodology is not currently ca-
pable of examining large amplimers, it would be of inter-
est to investigate the larger context of the patterns that we
found in order to determine whether methylation cluster-
ing extends over large satellite regions. Given that there
are probably several thousand higher order repeats per
chromosomal region, does this mean that every chromo-
somal satellite 2 region normally has a few percent of its
repeats with very low levels of methylated CpGs or are
there only a few percent of chromosomes within the cell
population that have low levels of methylated CpGs
throughout the satellite? The latter possibility has several
implications. For example, in normal cells, an ICF-like
satellite could lead to ICF-like chromosomal abnormali-
ties, whereas in ICF cells, a normal-like satellite might
prevent such abnormalities. The same variability is seen
in sperm distributions, in which about 10% of the individ-
ual clones have values well into the normal somatic range.
The hypomethylation of centromeric DNA in gametes is
probably required for synapsis-related decondensation; if
asmall percentage of individual sperm had somatic levels
of methylated satellite 2 DNA, this could interfere with
normal meiosis and lead to segregation errors.

The most distinctive feature of ICF syndrome is the
centromeric decondensation of chromosomes 1, 9, and 16
and the rearrangements involving these regions, which are
present in leukocytes. In other cells, especialy fibro-
blasts, these abnormalities are much reduced in frequency
and sometimes can only be seen under special inducing
conditions, such as low folate concentrations, the addition
of FudR, or the addition of excess thymidine (Maraschio
et a. 1989). As both ICF leukocytes and fibroblasts have
hypomethylated satellites, the rearrangements specific to
leukocytes presumably derive from the differential pres-
ence of afactor that either destabilizes or promotes satel-
lite 2 heterochromatin in one cell type or the other. For ex-
ample, a leukocyte-specific recombinase or nuclease
might recognize the satellites when hypomethylated and
bring about such rearrangements.

The advanced replication that we have observed is
consistent with other observations of hypomethylation-as-
sociated advanced replication (Hansen et al. 1996, 2000;
Selig et al. 1988). Advanced replication of satellite 2
could be responsible for promoting cytogenetic abnormal -
ities and for potential gene-silencing defects caused by al-
teration of these regions. |CF decondensation in chromo-
somes 1, 9, and 16 may reflect a chromatin state that has
not progressed to mitotic condensation because the ad-
vancein replication time has not been compensated for by
a proportional advance in the timing of recondensation
signals following replication. The cell cycle kineticsin fi-



broblasts may be more tolerant of such changes than the
kinetics in leukocytes.

It is aso likely that the normal interphase chromatin
structure of these regions is altered in | CF because of hy-
pomethylation. The advanced satellite replication in ICF
could be a consequence of greater accessibility to replica-
tion factors, and such advances may aso hinder the asso-
ciation of heterochromatic proteins that normally assem-
ble onto late-replicating sequences. One intriguing possi-
bility isthat the advanced replication time in an otherwise
heterochromatic island of pericentromeric satellite may
promote CENP-A deposition and neocentromere forma-
tion (Ahmad and Henikoff 2001; Lo et a. 2001), thus
leading to chromosomal abnormalities.

The processes of mitotic condensation and hetero-
chromatization are probably genetically complex and
MT3B, which actsindirectly through methylation, is prob-
ably only one of a number of factors that control these
processes. Indeed, a Drosophila gene discovered almost
20 years ago specifically affects condensation of cen-
tromeric heterochromatin (Gatti et al. 1983) and, more re-
cently, mutations in the Drosophila replication origin
recognition complex have been shown to produce defects
in replication timing and chromosome condensation
(Loupart et al. 2000). Mutations in such genes could be
the basis of the ICF phenotype exhibited by PT10 or
PT12, which are apparently normal at DNMT3B; alter-
natively, the defect in these cells could be in another
methyltransferase or in a methyltransferase-targeting fac-
tor.
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