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Changes in DNA methylation status are not only im-
portant for regulating gene expression but are also
suggested to induce chromosome instability. To re-
veal the correlation of DNA methylation status in het-
erochromatin regions with tumor histology and with
chromosome alterations, DNA methylation status was
examined by Southern blot analysis, and numerical
and structural chromosome alterations, including the
formation of der(16)t(1;16)/der(1;16), were exam-
ined by fluorescence in situ hybridization at the two
loci in the pericentromeric satellite 2 regions of chro-
mosomes 16 and 1 in 39 human breast carcinomas.
DNA hypomethylation at the D16Z3 and the D1Z1 loci
was detected in 31% (12 of 39) and 36% (12 of 33) of
carcinomas, respectively, and mostly concurred.
DNA hypomethylation was more frequent in the car-
cinoma group of more aggressive histological types
or grade 3 than in the carcinoma of less aggressive
histological types or grades 1 and 2, and tended to be
more frequent in carcinomas with =4 copies of chro-
mosomes 16 and/or 1 than in carcinomas with =3
copies of any of these chromosomes. The frequency
of DNA hypomethylation at the D16Z3 and the D171
loci was 45% (10 of 22) and 53% (9 of 17) in carcino-
mas without der(16)t(1;16)/der(1;16), formation, but
only 12% (2 of 17) and 19% (3 of 16) in carcinoma
with der(16)t(1;16)/der(1;16), respectively (P = 0.036
and 0.070). The 16q breakage was almost equally de-
tected between carcinoma groups with and without
the DNA hypomethylation. DNA hypomethylation in
the satellite 2 regions was suggested to be associated
with the accumulation of a large number of numerical
chromosome alterations and involved in the develop-
ment of breast carcinomas of aggressive histological
features. On the contrary, chromosome instability in-

duced by mechanisms other than DNA hypomethyla-
tion in heterochromatin regions might cause the forma-
tion of der(16)t(1;16)/der(1;16) and less aggressive
breast carcinomas. (Am J Pathol 2002, 161:859-866)

CpG islands are regions of the genome with a high den-
sity of CpG dinucleotides. These regions are frequently
gene-associated and occur throughout the genome. In
cancer, abnormal hypermethylation of the CpG islands in
the promoter regions of some genes is linked to changes
in gene silencing, especially in tumor-suppressor genes,
eg, WT2 (H16), p16/CDKN2A/INK4A, E-cadherin (ECDH1),
and hMILH1.1-1°

Hypomethyaltion of other regions of the genome, in-
cluding pericentromeric heterochromatin, constitutes an-
other methylation abnormality associated with cancer.
One can often find both changes in the same tumors,
suggesting that hypermethylation events at specific
genes and hypomethylation of pericentromeric hetero-
chromatin can occur concurrently.

Pericentromeric heterochromatin regions are abun-
dant in chromosomes 16 and 1 and contain satellite 2
sequences, noncoding repetitive DNA.'" In the analyses
of Drosophila, Arabidopsis, and Homo sapiens, CpG
dinucleotides and genes have been found to be relatively
common in these heterochromatin regions.'?'* The CpG
dinucleotides in the satellite 2 sequences are normally
heavily methylated, but DNA hypomethylation in the het-
erochromatin regions has been reported to occur in can-
cers of the breast, ovary, and liver'®~'® and has been
linked in some cases to genomic and chromosomal in-
stability. =" In lymphoblastoid cell lines or cancer cell
lines, DNA uncoiling and rearrangements at the hetero-
chromatin regions in chromosomes 16 and 1 are shown
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to be induced by DNA hypomethylation in these re-
gions 224

In breast cancer, numerical and structural alterations
of chromosomes 16 and 1 occur frequently, eg, aneuso-
mies, 16q loss, and der(16)t(1;16)/der(1;16).2°27 These
chromosome alterations are associated with histological
features of breast carcinomas. Chromosome 16 aneuso-
mies are frequently detected in high-grade (grade 3)
carcinomas, whereas chromosome 16 disomy and
der(16)t(1;16)/der(1;16) formation are usually detected in
low-grade (grade 1) or intermediate-grade (grade 2) car-
cinomas and certain lower grade histological types, eg,
papillary or tubular-type invasive ductal carcinoma (IDC)
and invasive lobular carcinoma (ILC).%” These structural
abnormalities involving chromosomes 16 and/or 1 are
frequently generated by DNA rearrangements flanking
the pericentromeric satellite 2 regions of 16g and 1g.25727
We speculated that alterations in the DNA methylation
status in these regions might play a role in the generation
of numerical and structural alterations of chromosomes
16 and 1 in breast carcinomas. To validate this specula-
tion, we studied the correlation between DNA methylation
status in two satellite 2 regions, D16Z3 and D1Z1, de-
tected by Southern blot analysis and numerical and
structural alterations of chromosomes 16 and 1 detected
by fluorescence in situ hybridization (FISH) in 43 breast
tumors.

Materials and Methods

Tissue Samples

Primary breast tumors and nontumor breast tissues were
obtained from 43 women who underwent biopsy or mas-
tectomy at the National Cancer Center Hospital, Tokyo,
for treatment and/or diagnosis of breast tumors. Re-
sected tissue specimens were processed routinely for
pathological diagnosis. Histological typing and grading
were performed according to the criteria described by
Sato and colleagues®® and by Elston.?® Thirty-nine tu-
mors were diagnosed as carcinomas: 31 IDCs compris-
ing 12 papillotubular-type (or papillary and tubular
types), 9 solid tubular-type (or solid type), 10 scirrhous-
type (or strand type), 5 intraductal carcinomas, 1 IDC
with a predominantly intraductal component, and 2 ILCs.
As for histological grade, 7 were grade 1, 15 were grade
2, and 17 were grade 3. Four were diagnosed to be
benign tumors: three benign phyllodes tumors and one
fibroadenoma.

DNA Probes

Two satellite 2 sequence clones, pHuR195 and pUC1.77,
localized at the D16Z3 locus on 16g11.2%° and at the
D1Z1 locus on 1123 respectively, were used as DNA
probes. These DNA probes were 3?P-labeled using a
random primer kit (Boehringer, Mannheim, Germany) for
Southern blot analysis. The DNA clones used as probes
for FISH were pHUR195, pUC1.77, a pSE16-2 clone com-
posed of an a-satellite repetitive sequence localized at

the D16Z2 locus on 16cen,®? and a cCJ52-105 clone
localized at the D16S754 locus on 16g24.3.%2 These four
DNA probes were labeled with biotin or digoxigenin using
a nick translation kit (Boehringer) and precipitated in
ethanol with 20 wg each of salmon testis DNA (Sigma, St.
Louis, MO) and Escherichia coli tRNA (Sigma).

CpG Methylation in Satellite 2 Regions of
Chromosomes 16 and 1

A part of fresh tumor tissue was embedded in an OCT
compound (Miles Inc., Elkhart, IN), and the predominant
(>50%) distribution of tumor cells was confirmed micro-
scopically on frozen sections. Carcinomas with marked
proliferation of fibroblasts or inflammatory cells were not
included in the analysis. In invasive carcinomas, invasive
components were examined, whereas predominantly in-
traductal carcinoma and intraductal carcinoma, intraduc-
tal components were examined. From these tumor tissue
samples and corresponding nontumor breast tissues,
high-molecular weight DNA was extracted as described
previously.®* The DNA methylation status was examined
by digesting the tumor and nontumor DNA with Mspl
(Takara, Kyoto, Japan), which cuts the sequence CCGG
regardless of the methylation of internal cytosine, or by
digesting these DNAs with Hpall (Takara), which cuts the
CCGG when the internal cytosine is not methylated but
does not cut the CCGG when the internal cytosine is
methylated. In parallel, the methylation status was also
examined by digesting tumor and nontumor DNA with
BstBl (New England Biolabs, Beverly, MA), which cuts
the sequence TTCGAA when the internal cytosine is not
methylated but does not cut that sequence when the
internal cytosine is methylated.''® A 5-ug DNA was
digested for 24 hours with 100 U of the restriction en-
zyme, electrophoresed, transferred to nitrocellulose fil-
ters, and hybridized to *2P-labeled DNA probes in a
hybridization solution (50% formamide, 5X Denhardt's
solution; 0.1 mol/L piperazine-N,N’-bis[2-ethanesulfonic
acid], 5 mmol/L ethylenediaminetetraacetic acid/0.1%
sodium dodecyl sulfate, 0.65 mol/L sodium chloride) for
12 to 18 hours, and washed at 65°C for 30 minutes in
0.1X standard saline citrate (SSC) (1X SSC being 0.15
mol/L NaCl and 0.015 mol/L sodium citrate), and 0.1%
sodium dodecy! sulfate.®* The signals of hybridization
were detected by autoradiography.

The pattern of the tumor DNA digested by Hpall was
defined as normal level methylation, or normomethyla-
tion, when the pattern was the same as that of Hpall-
digested nontumor DNA, and as hypomethylation when
the pattern was similar to that of Mspl-digested nontumor
DNA3* (Figure 1A). The ratio of the intensity of signal of a
Hpall-digested 8.0-kb DNA fragment from tumor tissue
was compared with the intensity of signal of the corre-
sponding Mspl-digested 8.0-kb DNA derived from the
nontumor tissue.3* The equality of DNA amount between
lanes was confirmed by referring to the intensity of the
DNA smear that was electrophoresed in agarose gel and
was stained with ethidium bromide (Sigma). The quanti-
tative analysis was performed with a NIH Image software
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Figure 1. Detection of DNA hypomethylation at satellite 2 regions in chro-
mosomes 16 and 1 in breast carcinomas using Southern blot analysis. A:
Mspl/Hpall digestion analysis at the D76Z3 locus. Nontumor DNA (N) and
tumor DNA (T) were digested completely with Mspl (M) or Hpall (H).
Nontumor DNA was fragmented by Mspl that is resistant to DNA methylation
but was not cut well with Hpall that is sensitive to DNA methylation. In cases
153 and 154, the signal intensities of an 8.0-kb fragment (arrow) in Hpall-
digested tumor DNA were almost the same as those of the 8.0-kb fragment in
Mspl-digested nontumor DNA, and the tumor DNA was assessed as hypom-
ethylated. In cases 230 and 232, the 8.0-kb fragment in Hpall-digested tumor
DNA is not visible and shows the same signal pattern as Hpall-digested
nontumor DNA; it was assessed as normomethylated. B: BsBI digestion
analysis at the D16Z3 locus. In cases 155 and 156, the signal intensity of a
shorter (=4 kb) DNA fragment (arrow) in tumor DNA (T) was much higher
(>10-fold) than that of the DNA fragment in nontumor DNA (N). As internal
control, the intensity of a longer (>4 kb) DNA fragment (arrowhead) was
compared between tumor and nontumor DNA. BsfBI could cut the tumor
DNA extensively because of hypomethylation in tumor DNA. In cases 230
and 232, the signal intensity of the shorter DNA fragments was similar
between tumor DNA and nontumor DNA, assessed as normomethylated. C:
BsBI digestion analysis at the D121 locus. In cases 123 and 131, the signal
intensity of a shorter (=6 kb) DNA fragment (arrow) in tumor DNA (T) was
much higher (>10-fold) than that in nontumor DNA (N), and the tumor DNA
was assessed as hypomethylated. As internal control, the intensity of a longer
(>6 kb) DNA fragment (arrowhead) was compared between tumor and
nontumor DNA. In cases 41 and 91, the signal intensity of the shorter DNA
fragments was similar between tumor DNA and nontumor DNA, assessed as
normomethylated.

version 1.62 (National Institutes of Health, Bethesda, MD)
to the digitized images acquired from the autoradiograms
using a Scantouch 210 scanner (Nikon, Tokyo, Japan).
When the ratio was =0.1, the tumor DNA was defined as
hypomethylated. When the ratio was <0.1, the tumor was
defined as normomethylated.
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BstBl-digested tumor DNA was categorized as nor-
momethylated when the pattern was the same as that of
BstBI-digested nontumor DNA. For the D16Z3 locus, by
modifying the criteria by Qu and colleagues, '® the tumor
was categorized as hypomethylated when the intensity of
signals that were 4 kb or shorter in tumor DNA was
stronger than that of signals in nontumor DNA (Figure
1B). The intensity of signal of a 3.2-kb hybridizing frag-
ment (a), representing =4-kb DNA fragments, in tumor
DNA was compared with that of the 3.2-kb hybridizing
fragment (b) in nontumor DNA. As internal control, the
intensity of signal of a 5.5-kb hybridizing fragment, rep-
resenting >4-kb DNA fragments, was compared be-
tween tumor DNA (c) and nontumor tissue DNA (d) using
the NIH Image software. The ratio was calculated by the
formula: (a/b)/(c/d) = ad/bc. When the ratio was >10.0,
the tumor DNA was defined as hypomethylated.

For the D1Z1 locus, the tumor was categorized as
hypomethylated when the ratio of the intensity of a 3.5-kb
hybridizing fragment (a), representing =6-kb fragments,
in tumor DNA to the intensity of the 3.5-kb hybridizing
fragment (b) in nontumor DNA was >10.0 according to
the calculation above. As internal control, the intensity of
signal of an 8.0-kb hybridizing fragment, representing
>6-kb DNA fragments, was compared between tumor
DNA (c) and nontumor tissue DNA (d) (Figure 1C).

FISH

Fresh tumor tissue was imprinted on glass slides for FISH
analysis. Two-color FISH analyses were performed using
combinations of D71622 (biotin) and D127 (digoxigenin),
D16Z3 (digoxigenin) and D771 (biotin), and D716Z3
(digoxigenin) and D16S154 (biotin).®® Briefly, the cell
samples on glass slides were digested with 0.5 wg/ml of
proteinase K (Merck, Darmstadt, Germany), fixed with
paraformaldehyde, and denatured in 70% formamide/2X
SSC at 75°C for 2 minutes. A total of 1 ug of two DNA
probes at an appropriate ratio was mixed with 2.5 pg of
Cot-1 DNA (Life Technologies, Inc., Grand Island, NY),
denatured at 70°C, mixed with an equal volume of 2X
SSC/20% dextran sulfate, incubated at 37°C for 15 min-
utes, and hybridized with the samples on glass slides at
37°C for 12to 16 hours. After a serial wash in 2, 1%, and
4% SSC, the slides were reacted with avidin-fluorescein
isothiocyanate and anti-digoxigenin rhodamine (Boeh-
ringer), washed, stained with 4,6-diamidino-2-phenylin-
dole, and mounted with an antifade solution. Using a
BX50-34-FLA-1 fluorescence microscope (Nikon), the
fluorescent signals of 100 to 400 nuclei were counted
separately by two observers (HT and TT).

The numerical alterations of chromosomes 16 and 1
and the breakage of 16q were assessed as follows. The
total numbers of each of the D121, D1622, D16Z3, and
D16S154 signals in 100 to 200 interphase tumor cell
nuclei were counted independently by the two observers.
Although the number of signals at the D127 and D1622
only shows disomy or aneusomies of 1g12 and 16cen,
respectively, we regarded that these numbers repre-
sented primarily the numbers of chromosomes 1 and 16.
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The mean signal counts of chromosomes 16 and 1 in
individual tumors were calculated by dividing the total
counts of D16Z2 signals and those of D121 signals, re-
spectively, by the total number of counted nuclei. The
mean copy score, which was regarded to represent the
mean number of chromosome 16 or chromosome 1 per
tumor cell, was defined as 1, 2, 3, 4, 5, and =6 when the
mean D121 or D16Z2 signal count was =1.4, 1.5 to 2.4,
2510 3.4,35104.4,451t0 5.4, and =5.5, respectively.
The mean copy score of 2 was assessed to be disomy,
and other mean copy scores were assessed as aneu-
somy. The proximal breakage of chromosome 16qg was
defined as a difference of one or more per cell in the
mean copy scores between the D1622 and the D16Z3
loci.?” The distal 16q breakage was defined as a differ-
ence of one or more per cell in the mean copy scores
between the D16Z3 and the D16S154 loci.?”

In a previous study, 10 adjacent normal tissue speci-
mens were used as a control, and mean and SD were
16.2 and 3.33 for D1622-D1Z1 co-localization, and 18.5
and 3.89 for D1623-D1Z1 co-localization per 100 nuclei.
In 10 lymphocyte specimens from peripheral blood,
mean and SD were 13.3 and 2.98 for D1622-D1Z1 co-
localization, and 11.2 and 2.49 for D16Z3-D1Z1 co-local-
ization per 100 nuclei. Therefore, tumors in which the
percentage of co-localized signals was greater than the
mean of control specimens plus 3 SD (24% for the former
co-localization and 30% for the latter co-localization)
were judged as having a cell clone with der(16)t(1;16)/
der(1;16).%°

We included a lymphocyte specimen as a control in
each assay and confirmed the efficiency of hybridization
of probes and that the percentage of D1622-D1Z1 or
D16Z3-D1Z1 co-localization was under the cutoff value.
On the other hand, the co-localization was detected in
=50% of tumor cells in all tumors that were judged to
have der(16)t(1;16)/der(1;16) formation clonally.

Statistical Analysis

The correlation of DNA hypomethylation in the satellite 2
regions with other parameters was analyzed by a chi-
square test or Fisher’s exact test.

Results

Hpall/Mspl and BstBI digestion analyses could reveal the
status of DNA methylation at the D76Z3 locus in 43 and
42 tumors, but only BstBI digestion analysis could reveal
the status at the D727 locus in 37 tumors. The concor-
dance between the DNA methylation status acquired by
Mspl/Hpall digestion and that by BstBl digestion was
95% (40 of 42). In four benign tumors, the DNA methyl-
ation status at the D16Z3 or D121 locus was estimated as
a normal level by both of these analyses. DNA hypo-
methylation at the D76Z3 locus was detected in 12 (31%)
of 39 carcinomas by Mspl/Hpall digestion and/or by
BstBI digestion. In two carcinomas, DNA was assessed
as hypomethylated by BstBl but as normomethylated by

Table 1. Correlation of DNA Hypomethylation between the
D171 Locus and the DI16Z3 Locus in Individual
Breast Carcinomas

Number of tumors (%)
Hypomethylation at

Hypomethylation b1623

at D171 Present Absent P value
Present 10 2 <0.0001
Absent 1 20

Mspl/Hpall, and these tumors were regarded to have
DNA hypomethylation.

DNA hypomethylation at the D127 locus was detected
in 12 (836%) of 33 carcinomas. The statuses of DNA
hypomethylation were concordant between the D716Z3
and the D1Z7 loci in 30 (91%) of 33 carcinomas (P <
0.0001) (Table 1).

A strong correlation was seen between DNA hypo-
methylation at each of the two satellite 2 loci and the
histological type of breast carcinoma. DNA hypomethy-
lation at the D16Z3 locus was not detected in the carci-
noma group comprising intraductal/predominantly intra-
ductal carcinomas and papillotubular-type IDC (0 of 18).
On the other hand, DNA hypomethylation at that locus
was detected in 57% (12 of 21) of the carcinomas in the
group comprising solid tubular-type IDC, scirrhous-type
IDC, and ILC (P < 0.0001) (Table 2). Similarly, DNA
hypomethylation at the D727 locus was detected only in
6% (1 of 17) of carcinomas in the former group, but it was
detected in 69% (11 of 16) of carcinomas in the latter
group (P = 0.0002) (Table 2A).

DNA hypomethylation in the satellite 2 regions was
also more frequent in carcinomas of higher histological
grade. DNA hypomethylation at the D71623 and the D121
loci was detected in none of the grade 1 carcinomas but
in 20% and 23% of the grade 2 carcinomas and in 53%
and 57% of the grade 3 carcinomas, respectively (P =
0.019 and P = 0.044) (Table 2B). Clinical stages were not
correlated with DNA methylation status at these loci (Ta-
ble 2C).

The assessments of the FISH results by two observers
were always agreed. FISH analysis for four benign tumors
always revealed 16cen disomy without 16q breakage or
der(16)t(1;16)/der(1;16) formation. Of 39 carcinomas, di-
somy and aneusomy at the D76Z2 locus were detected in
14 (36%) and 25 (64%) and, at the D727 locus, in 7 (18%)
and 32 (82%), respectively (Figure 2). The mean copy
scores were =3 in 23 (59%) and =4 in 16 (41%) at the
D16Z72 locus and =3 in 15 (38%) and =4 in 24 (62%) at
the D171 locus, respectively. The frequency of DNA hy-
pomethylation at the D7623 locus was higher in the group
with mean copy scores of =4 at the D1622 locus (50%)
than in the group with mean copy scores of =3 (17%)
(P = 0.034) (Table 2D). DNA hypomethylation at the
D1673 locus also tended to be higher in the group with
mean copy scores of =4 at the D121 (42%) than in the
group with mean copy scores of =3 (13%) (P = 0.065).
(Table 2E).

Of 39 carcinomas, 17 (44%) showed clonal der(16)t(1;
16)/der(1;16) formation. The incidences of DNA hypo-
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Table 2. Correlation of DNA Hypomethylation at the D76Z3 Locus and at the D171 Locus with Histological Features of and

Changes in Chromosomes 16 and 1 in Breast Carcinoma

No. of cases (%)
DNA hypomethylation

Parameters D16Z3 P D1z1 P
A. Histological type
Intraductal/predominantly 0/6 (0) <0.0001 0/6 (0) 0.0002
intraductal carcinoma
IDC, papillotubular type 0/12 (0) :| 1/11(9) :|
IDC, solid tubular type 5/9 (56) 5/7 (71)
IDC, scirrhous type 6/10 (60) :| 5/7 (71) :|
Invasive lobular carcinoma 1/2 (50) 1/2 (50)
B. Histological grade
1 0/7 (0) 0.019 0/6 (0) 0.044
2 3/15 (20) 4/13 (31) =
3 9/17 (53) 8/14 (57) |
C. Clinical stage
| 2/11(18) 7 NS 4/9 (44) NS
Il 7/21(33) 6/18 (33) o
l,1v 3/7 (43) 2/6 (33)
D. Mean copy score at D1622
=3 4/23 (17) 7 0.034 5/18 (28) 7 NS
=4 8/16 (50) 7/15 (47)
E. Mean copy score at D121
=3 2/15(13) 7 0.065 3/12 (25) 7 NS
=4 10/24 (42) 9/21 (43)
F. der(16)t(1;16)/der(1;16) formation
Present 2117 (12) 7 0.036 3/16 (19) 7 0.070
Absent 10/22 (45) | 9/17 (53) |
G. 16q breakages
Detected 9/30 (30) 9/26 (35)
der(16)t(1;16)-positive 2/17 (12) 0.019 3/16 (19) 0.046
der(16)t(1;16)-negative 7/13 (54) :| 6/10 (60) :|
Not detected 3/9 (33) 3/7 (43)

IDC, invasive ductal carcinoma; NS, not significant.

methylation at each of the D727 and D716Z3 loci were
lower in the tumor group with der(16)t(1;16)/der(1;16)
formation than in the group without (P = 0.036 and 0.070)
(Table 2F). Proximal and distal 16q breakages were de-
tected by FISH in 17 (44%) and 21 (54%) carcinomas,
respectively, and these 16q breakages were detected in
30 carcinomas (77%). There was no correlation between
extensive DNA hypomethylation at the satellite 2 loci and
the presence of proximal or distal 16q breakage (Table
2G).

Among the 30 cases with 16q breakages, 17 were
accompanied by der(16)t(1;16)/der(1;16), but the other
13 were not. DNA hypomethylation at the D763 locus
was detected in 7 (54%) of 13 carcinomas with 16q
breakages without der(16)t(1;16)/der(1;16) but in only 2
(12%) of 17 carcinomas with both 16g breakages and
der(16)t(1;16)/der(1;16) (P = 0.019). DNA hypomethyla-
tion at the D1Z7 locus was detected in 6 (60%) of 10
carcinomas with 16q breakages without der(16)t(1;16)/

der(1;16) but in only 3 (19%) of 16 carcinomas with both
169 breakages and der(16)t(1;16)/der(1;16) (P = 0. 046).

Discussion

In the present study, DNA hypomethylation at the D163
and D121 satellite 2 loci in heterochromatin regions was
detected in 28% and 33% of breast carcinomas, respec-
tively, and usually concurred but was not detected in four
benign tumors. DNA hypomethylation at these loci was
correlated with aggressive histological features, ie, solid
tubular-type IDC, scirrhous-type IDC, and grade 3 carci-
nomas. In the carcinomas of less aggressive histological
features, ie, intraductal carcinomas, papillotubular-type
IDC, and grade 1 to 2 carcinomas, the DNA at these
satellite 2 regions was usually normomethylated. DNA
hypomethylation at these loci, therefore, seemed to be
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F

Figure 2. Numerical and structural alterations of chromosomes 16 and 1 in
breast carcinomas detected by FISH. A and B: The two-color FISH visualizes
two or three green signals of the D76Z2 locus and three or four red signals
of the D171 locus per nucleus. One or two signals are co-localized per
nucleus (arrows). C and D: The two-color FISH visualizes one red signal of
the D16Z3 locus and three or four green signals of the D171 locus per
nucleus. E and F: The two-color FISH visualizes one red signal of the D16Z3
locus and one green signal of the D765154 locus (arrows) per nucleus. This
carcinoma was assessed to have the mean copy score of 3 of chromosomes
16 and the score of 4 of chromosome 1 and to carry proximal 16q breakage
and der(16)t(1;16)/der(1;16). The contour of tumor cell nuclei is surrounded
by white lines in B and D. A and C: DAPI-FITC-Texas Red triple-band-pass
filter; B, D, and E: FITC-Texas Red double-band-pass filter; F: FITC filter.

involved only in the genesis of breast carcinomas of
aggressive histological features.

Numerical alterations of chromosome 16 are more fre-
quent in breast carcinomas of grade 3 and of aggressive
histological types than in those of grade 1 to 2 and of
other histological types.?” DNA hypomethylation at the
D16Z3 locus and mean copy scores of =4 of chromo-
some 16 tended to show correlation. Because the inci-
dence of chromosome 16 and 1 aneusomies was much
higher than that of DNA hypomethylation at the D7623 or
the D121 locus, the latter did not seem to always cause
numerical chromosome alterations.

The 16qg breakages, which indicate the loss of 16q
arms, were not correlated with DNA hypomethylation at
the D16Z3 or the D1Z17 locus. However, among the 16q
breakages, those with fusion to 1g only showed an in-

verse correlation with DNA hypomethylation at these loci.
The 16q breakages without der(16)t(1;16)/der(1;16) for-
mation appeared to be frequently accompanied by DNA
hypomethylation. Therefore, the manner of chromosome
breakage and fusion, or rearrangements, seems to be
influenced by, or to have an influence on, the DNA meth-
ylation status in these satellite 2 regions. In Wilms’ tumor,
it is reported that there was a correlation between DNA
hypomethylation at the satellite 2 regions on chromo-
somes 1 and 16 and loss of heterozygosity on 1g and
160.36 Recently, Wong and colleagues®’ also reported
the correlation between the hypomethylation of chromo-
some 1 heterochromatin DNA and 1qg copy gain in hep-
atocellular carcinoma. It is unclear whether these losses
were accompanied by certain chromosome transloca-
tions, eg, der(16)t(1;16)/der(1;16).

In breast carcinomas that have a positive hormone
receptor status and show the presence of hyperprolifera-
tive mammary glands in the background of the breast,
der(16)t(1;16)/der(1;16) occurs frequently. Therefore, high
sensitivity to estrogens of mammary glandular epithelial
cells might induce der(16)t(1;16)/der(1;16)-positive
breast carcinomas. Histologically, these carcinomas
with der(16)t(1;16)/der(1;16) are mostly papillotubular-
type IDC, ILC, intraductal carcinoma, and grade 1to 2
carcinomas.?”

Chromosome instability of different categories might be
involved in the establishment of histological features of
breast carcinomas. One category could be chromosome
alterations that occur in association with DNA hypomethy-
lation in heterochromatin and could make mostly solid tu-
bular-type IDC or scirrhous-type IDC, and grade 3 carcino-
mas. DNA hypomethylation in the heterochromatin satellite
2 regions might induce, or occur in conjunction with, a
larger number of numerical and structural chromosome al-
terations, eg, high-level polysomies of chromosome 16 and
1, and 16q loss without der(16)t(1;16)/der(1;16). Amplifica-
tion of the 179 region including the ERBB2 (HER-2/neu)
locus and loss of heterozygosity on chromosome arms 17p,
179, 79, and 11p might also be present in this pathway
because these alterations are mostly detected in high-
grade carcinomas.?®38° Another category of chromo-
some instability might be chromosome alterations that oc-
cur in association with  DNA damage caused by
estrogens.*"#? This category of chromosome instability
might give rise to der(16)t(1;16)/der(1;16) and a smaller
number of numerical and other structural alterations, and
appeared to cause the genesis of breast carcinomas of less
aggressive histological types and grades.

In conclusion, we could suggest that DNA hypomethy-
lation in the heterochromatin regions of chromosomes 16
and 1 induced, or occurred in association with, numerous
chromosome abnormalities and was involved in the gen-
esis of breast carcinomas of aggressive histological fea-
tures. However, another carcinogenetic pathway medi-
ated by a different type of chromosome instability was
suggested to exist in breast carcinomas of less aggres-
sive histological features. In the latter pathway, DNA hy-
pomethylation in the heterochromatin regions does not
appear to be involved, and DNA damage induced by
other mechanisms might cause the formation of



der(16)t(1;16)/der(1;16) and breast carcinomas of less
aggressive histological features.
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