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Homologous Association of Oppositely
Imprinted Chromosomal Domains

Janine M. LaSalle and Marc Lalande*

Human chromosome 15g11-g13 encompasses the Prader-Willi syndrome (PWS) and the
Angelman syndrome (AS) loci, which are subject to parental imprinting, a process that
marks the parental origin of certain chromosomal subregions. A temporal and spatial
association between maternal and paternal chromosomes 15 was observed in human T
lymphocytes by three-dimensional fluorescence in situ hybridization. This association
occurred specifically at the imprinted 15911-g13 regions only during the late S phase of
the cell cycle. Cells from PWS and AS patients were deficient in association, which
suggests that normal imprinting involves mutual recognition and preferential association

of maternal and paternal chromosomes 15.

Parental imprinting is an epigenetic pro-
cess that distinguishes the parental origin of
certain chromosomal subregions in higher
eukaryotes, resulting in allele-specific dif-
ferences in methylation, transcription, and
replication (1-3). In humans, imprinting is
evident from the phenotypically distinct ge-
netic disorders PWS and AS, which result
from the lack of a paternal or maternal
contribution to the chromosome 15q11-13
region, respectively (4). One manifestation
of imprinting is allele-specific replication.
For most loci examined in the PWS-AS
region, paternal alleles replicate earlier than
maternal alleles (3, 5). There is, however, a
small region between the y-aminobutyric
acid receptor B3 (GABRB3) and o5
(GABRAS) subunit genes, where the oppo-
site pattern of allele-specific replication
timing is observed (6). This organization of
replication timing domains is perturbed in
cells of individuals with PWS and AS,
which suggests that association and trans-
regulation between the maternal and pater-
nal chromosomes is required for the normal
pattern of imprinting in chromosome
15q11-q13. Trans interactions between ho-
mologous chromosomes are important for
normal development in Drosophila, where it
has been shown that transvection depends
on homologous pairing (7). Homologous
pairing has been defined as the preferential
association of homologous chromosomes in
meiotic and somatic eukaryotic cells (8).
The possibility of association between
homologous chromosomes 15 was directly
examined here by confocal laser scanning
microscopy and three-dimensional fluores-
cence in situ hybridization (3D FISH) with
the use of a chromosome 15 centromeric
probe (D15Z1) and a control chromosome
12 centromeric probe (D12Z3) (Fig. 1A).
Nuclei were optically sectioned and dis-
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tances were measured between the x, y, and
z coordinates at the center of each hybrid-
ization signal (9). The distances measured
between heterologous D15Z1 and D1273
signals are randomly distributed in a linear
swarm between 0.2 pm to 12 pm in normal
cycling lymphocytes. The distances be-
tween homologous D1273 signals fell with-
in the random distribution, but D15Z1 in-
terhomolog distances were slightly less than
expected for a random distribution (10).
This small difference in chromosome 15
homologous distances relative to those be-
tween other centromeres has been observed
previously and ascribed to the role of the
chromosome 15p arms in organizing the
nucleolus (11). As temporal and spatial re-
positioning of chromosomes occurs during
the cell cycle (12), an additional possibility
is that homologous association is a transient
event that may be difficult to detect in the
total cell population.
Fluorescence-activated cell sorting was
therefore used to fractionate lymphocytes
into four stages of the cell cycle before 3D
FISH. Heterologous distances in each cell
cycle stage fell within a linear swarm ex-
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pected for a random distribution from min-
imum (0.2 wm pixel resolution) to maxi-
mum nuclear diameter (13) (Fig. 1B).
These results demonstrate that chromosome
15 centomeric signals are closer together
than expected from random in the late S
phase, but not in other cell cycle stages. In
contrast, distances between chromosome 12
centromeric signals are randomly distributed
in all cell cycle stages. A distance of 2.0
wm was selected to define a close association
between two signals (14). In the late S
phase, 16 nuclei (32%) had interhomolog
distances =<2.0 wm at D15Z1 loci, whereas
only 2% of nuclei had interhomolog dis-
tances within this range at D1273.

To determine if the transient association
of D15Z1 signals was simply a result of the
participation of 15p arms in nucleolar orga-
nization or the result of a more specific
interaction, we also analyzed genomic
probes from 15q by 3D FISH (15) (Fig. 2).
A specific probe from the proximal long
arm (D13S104, q12-q13) of chromosome
13 was used as a control for another chro-
mosome involved in nucleolar organization
and was hybridized together with GABRB-
3/A5 from 15q11-13. The average heterol-
ogous distances between the chromosome
13 and 15 probes were less than those be-
tween DI15Z1 and D12Z3 (compare the
slopes determined by the plus signs in Figs.
1B and 2B). In the late S phase, however,
58% of the nuclei exhibited GABRB3/A5
interhomolog distances =2.0 pm. In con-
trast, only 22% of the nuclei exhibited the
same close association of D13S104 ho-
mologs. These results suggest that there is a
specific association of chromosome 15 ho-
mologs in addition to their acrocentric ef-
fect on nucleolar organization.

The marked increase in the number of
nuclei with closely associated 15q11-13 loci
(GABRB3/A5, Fig. 2B) relative to the cen-
tromeric region (D15Z1, Fig. 1B) suggests

Table 1. Determination of the closest region of association by comparison of interhomolog distances of
different chromosome 15 loci. Probe order (and band localization) from centromeric proximal to distal is
as follows: D1521-D15S128 (g11-13)-D155113 (gq11-13)-GABRB3/A5 (g11-13)-D15S46 (g25-26). For
these analyses, measurements were directly compared on a per nucleus basis to avoid minor differences
in nuclei size and shape between sample sets in different experiments. For each data set of 50 late S
phase nuclei, we selected nuclei in which either homologous distance was =2.0 um. Interhomolog
distances of both probes within each nucleus were compared. The numbers of nuclei with the green
interhomolog distance less than the red interhomolog distance and vice versa are indicated.

Probe combination

Nuclei with interhomolog
distances =2.0 pm

Conclusion
Green Red Green = red Red = green

GABRB3/A5 D1521 20* 6 GABRB3/A5 < D15Z1
GABRBG/A5 D15546 25* 5 GABRBS3/A5 < D15S46
D158128 GABRBS3/A5 17 18 D15S128 = GABRB3/A5
GABRBS3/A5 D155113 10 13 GABRB3/A5 = D15S113
D155113 D15S46 24* 6 D15S113 < D15S46
D155128 D1521 17* 1 D15S128 < D151
D15S46 D151 7 17 D1521 < D15S46

*To whom correspondence should be addressed.

*Values are statistically significant as determined by a x test.
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that the closest interaction between ho-
mologs involves the imprinted region of
chromosome 15. To determine if the im-
printed region was closer than the nonim-
printed region, we performed dual hybrid-
izations with several chromosome 15
probe combinations, including centromer-
ic D15Z1, three probes from q11-13, and a
control probe from the nonimprinted telo-
meric end of chromosome 15 (Table 1).
The imprinted 15q11-13 region was closer

than both the centromere and the nonim-
printed control, but the three loci within
15q11-13 were equivalently associated
(Table 1 and Fig. 2A). These results sug-
gest that specific homologous association
occurs at the imprinted 15q11-13 regions.

If the imprinted region is involved in the
interaction between homologs, then alter-
ations in the normal biparental contribu-
tion of 15q11-13 would be predicted to
affect the association. We therefore ana-
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Fig. 1. Detection of chromosome 15 association in the late S phase. (A) A 3D look-through projection
image of a field of spatially intact nuclei (total DNA pseudocolored in blue) simultaneously hybridized with
a chromosome 15 centromeric probe (D15Z1, green spots) and a chromosome 12 centromeric probe
(D12Z3, red spots). The scale bar represents 5 um. Two signals are detected for each probe in each
nucleus, but some require a rotation of the projection angle to distinguish two signals that lie in the same
xy plane but have different z coordinates. This is demonstrated by rotation of one nucleus (indicated by
the arrow) downward 20°, 40°, and 60°. For this nucleus, the two green D15Z1 signals appear to be
together at 20°, but separate at other rotation angles. (B) Two homologous distances [green-green and
red-red, 4.2 and 10.6 wm, respectively, for the nucleus in (A)] and four heterologous distances (green-red)
were determined in a data set of 50 nuclei, as described previously for meiotic pairing in yeast (22). These
six distances from each nucleus were entered in a row of six columns (two homologous distances and
four randomly distributed heterologous distances), each column was independently sorted in ascending
order, and each new row was given an ascending but arbitrary nucleus number (x axis). To enrich cell
cycle stages, before 3D FISH analysis we sorted normal lymphocytes into the following phases: G,, early
S, late S, and G,, (9). Heterologous distances (+) are random and form the linear swarm expected for a
random distribution. D12Z3 homologous distances (closed squares) fall within this random distribution in
all fractions, whereas D15Z1 (open circles) distances fall below the linear curve only in the late S phase.
Arrows point to the number of nuclei with interhomolog distances <2.0 um for D15Z1 (open arrows) and
D12Z83 (closed arrows). With the use of a t test based on range, the number of nuclei with D15Z1
interhomolog distances =2.0 um was significantly outside the heterologous range within 99% confi-
dence levels (P < 0.01) for the G,, early S, and G, fractions, but within 99.9% confidence levels (P <
0.001) for the late S phase fractions. A similar result was obtained in experiments with cell cycle—
fractionated B lymphoblasts transformed by human Epstein-Barr virus (70).

726 SCIENCE ¢ VOL.272 + 3 MAY 1996

lyzed chromosome 15 interhomolog dis-
tances in lymphocytes from a PWS patient
with two maternal copies of chromosome
15 and from an AS patient with two pater-
nal chromosomes 15 (Fig. 3). Homologous
D15Z1 distances were within the random
distribution in all stages of the cell cycle in
both the PWS (Fig. 3A) and AS (Fig. 3B)
samples. Late S phase nuclei from these two
patients exhibited different distributions of
D15Z1 interhomolog distances compared to
those of a normal individual (Fig. 1B). In
addition, cells from patients with maternal
or paternal deletion of 15q11-13 displayed
no D15Z1 association in the late S phase
compared to the same analysis in a second
normal individual (Table 2).

We also investigated the possibility of
association at a second imprinted locus.
HI9 is a maternally expressed imprinted
gene on human chromosome 11pl15, a re-
gion that contains at least two oppositely
imprinted genes (2). Analysis of the HI9
probe together with D15S128 (15q11-13)

Table 2. Analysis of chromosome 15 association
in PWS and AS patients with 15g11-13 deletions.
Late S phase lymphocytes from a second normal
individual, a PWS patient with a paternal deletion
of the entire 15g11-13 region (8), and an AS pa-
tient with maternal deletion of 15g11-13 were an-
alyzed in duplicate experiments (Exp. 1 and Exp.
2) for D15Z1 and D12Z3 distances. The number
of nuclei with interprobe distances <2.0 pm was
extracted from the graphical analysis of 50 nuclei
and is compared to the random range of heterol-
ogous distances for significance. To ensure the
sensitivity and reproducibility of this analysis, each
experiment was repeated and a mixing experi-
ment was performed with the use of nuclei from
normal individuals and patients in a 1:1 ratio.
Slides (including Exp. 2 samples) were coded and
analyzed in a blinded fashion to ensure a lack of
investigator bias in results. The number of nuclei
with D156Z1 interhomolog distances <2.0 pm in
the mixed samples was about half the difference
between those of normal individuals (av. normal)
and those of patients (av. paternal del. or av. ma-
ternal del.) such that {[(av. normal — av. pat. del.)/
2] + av. pat. del., 13.5 expected, 13 observed;
[(@v. normal — av. mat. del.)/2] + av. mat. del., 14
expected , 15 observed].

Number of nuclei with
interprobe distances

=2.0 pm
Sample Heterologous
D1521 D12Z3  probes
probe probe (mean =
range)

Normal (Exp. 1) 19* 4 45+3
Normal (Exp. 2) 20* 4 85+25
Pat. del. (Exp. 1) 8 6 65*3
Pat. del. (Exp. 2) 7 3 5+25
Mat. del. (Exp. 1) 9 4 4+25
Mat. del. (Exp. 2) 8 8 7.25+3
Normal + pat. del. 13 1 25 *35
Normal + mat. del.  15* 1 35*2

*P < 0.002 by the t test.
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revealed that interhomolog distances at
both loci were significantly less than heter-
ologous distances in the late S phase (10).
Thus, nonrandom association of homologs
may occur at other imprinted loci in addi-
tion to chromosome 15q11-13.

We have shown that a preferential asso-
ciation occurs between chromosome 15 ho-
mologs at the qll-q13 region in normal
human lymphocytes. Previous evidence for
homologous association in mammalian cells
has generally been contradictory (16), with
most 3D studies showing a random distribu-
tion of homologous chromosomes (12, 17).
Consistent with previous work (12), we ob-
served no significant interhomolog associa-
tion of chromosome 12 in any phase of the
cell cycle. Our observations that the homol-
ogous association was closest at the imprint-
ed 15q11-13 region, that a biparental con-
tribution of 15q11-13 was required, and that
homologous association occurs at a second
imprinted locus strongly suggest a role for
parental imprinting in the preferential asso-
ciation of chromosome 15 homologs.

Imprinted genes appear to be clustered in
chromosomal domains that show allele-specif-
ic differences in transcription, replication tim-
ing, and methylation (1-3), which can be
coordinately regulated by cis-acting enhancers
or “imprinting centers” (18, 19). Our results
imply that transacting elements may also be
involved in the regulation of imprinting as
suggested (6, 20). Allele-specific differences
in transcription, methylation, and replication
may mediate or facilitate trans interactions
between imprinted domains. Uniparental in-
heritance, hemizygous deletion, or mutation
of imprinted 15q11-13 domains could not
only alter normal imprinting in 15q11-13

GABRB3/A5 + D135104 GABRB3/A5 + D155128

GABRB3/A5 + D15Z1

GABRB3/A5 + D15546

(resulting in PWS or AS), but could also
disrupt association.

The homologous association occurs only
in the late S phase, which suggests a tem-
poral as well as a spatial control of parental
imprinting. Even in fractionated late S
phase lymphocytes (progression time, ~3
hours), close associations are not observed
in all cells, which suggests an interaction of
limited duration. The instability of multiple

interstitial interactions may also explain
the incomplete interhomolog association,
consistent with a “kissing model” of chro-
mosome pairing previously proposed for
pairing in yeast (8). Trans sensing of oppo-
sitely imprinted domains at a specific stage
of the cell cycle may thus be crucial for the
maintenance of allele-specific DNA meth-
ylation and transcription during somatic
cell divisions.
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Fig. 3. Determination of chromosome 15 interhomolog distances in PWS and AS patients lacking a
biparental contribution to 15g11-13. (A) The analysis of D15Z1 and D12Z3 in fractionated lymphocytes
from a PWS patient with maternal chromosome 15 disomy (23) was performed as described in Fig. 1B.
A random distribution of D1521 homologous distances is observed in all cell cycle stages. Significance
was determined as in Fig. 1B: G; and early S, P < 0.01; late S and Gy, not significant. (B) Fractionated
lymphocytes from an AS patient with paternal disomy of chromosome 15 (24) also exhibit a random
distribution of homologous D15Z1 distances, unlike that of normal individuals. Late S, P < 0.01; G,, early
S, and Gy, Pis not significant. In data not shown, no significant difference was found between the number
of nuclei exhibiting interhomolog distances =2.0 um in the late S phase nuclei from a paternal disomy at
either acrocentric locus GABRB3/AS or D135104 (6% and 8%, respectively, 5 = 3% random range).
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Fig. 2. Detection of chromosome 15 association with region-specific probes. (A) Representative
projection images of late S phase nuclei hybridized with region-specific probes, demonstrating associ-
ation of 15g11-13. A P1 phage specific for the region between GABRB3 and GABRAS (green signal in
all images) was hybridized with other probes (red signal) as labeled. Projection images were rotated to
best visualize the separation of paired signals. The scale bar represents 5 pum. GABRB3/A5 has a closer
interhomolog distance than D13S104 (a pericentromeric probe from acrocentric chromosome 13, red
signal). Representative images also show that GABRB3/A5 and D15S128 have equivalent association,
GABRBS3/AS is closer than D15Z21, and GABRB3/AS5 is closer than D15S46 ( Table 1). (B) Data from
flow-sorted lymphocytes in which the interhomolog distances of GABRB3/AS5 (open circles) are less
than those of D135104 (closed squares) and of the heterologous distances (+) only in the late S phase.
Arrows point to the number of nuclei with interhomolog distances =2.0 um for GABRBS3/A5 (open

arrows) or D135104 (closed arrows). GABRB3/A5 interhomolog distances =2.0 wm were significantly outside the acrocentric heterologous range only in the
late S phase (P < 0.001), whereas D135104 interhomolog distances were not significantly different than the heterologous range. In data not shown, a probe
from D155128 also demonstrated more frequent interhomolog distances =2.0 um than D135104 (54% compared to 20%, 28 *+ 8% random range), whereas
a nonimprinted chromosome 15 control probe (D15S46) did not demonstrate significant association compared to D13S104 (38% compared to 22%, 30 + 14%

random range) in the late S phase fraction.
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Amelioration of Vascular Dysfunctions in
Diabetic Rats by an Oral PKC 3 Inhibitor

Hidehiro Ishii, Michael R. Jirousek, Daisuke Koya,
Chikako Takagi, Pu Xia, Allen Clermont, Sven-Erik Bursell,
Timothy S. Kern, Lawrence M. Ballas, William F. Heath,
Lawrence E. Stramm, Edward P. Feener, George L. King*

The vascular complications of diabetes mellitus have been correlated with enhanced
activation of protein kinase C (PKC). LY333531, a specific inhibitor of the 8 isoform of PKC,
was synthesized and was shown to be a competitive reversible inhibitor of PKC B, and
B,, with a half-maximal inhibitory constant of ~5 nM; this value was one-fiftieth of that
for other PKC isoenzymes and one-thousandth of that for non-PKC kinases. When
administered orally, LY333531 ameliorated the glomerular filtration rate, albumin excre-
tion rate, and retinal circulation in diabetic rats in a dose-responsive manner, in parallel

with its inhibition of PKC activities.

The major causal factor in the develop-
ment of retinopathy and nephropathy in
diabetes mellitus is hyperglycemia (I).
One theory (2) has attributed the adverse
effect of hyperglycemia to the activation
of PKC, a family of serine-threonine ki-
nases that regulate many vascular func-
tions, including contractility, hemody-
namics, and cellular proliferation (3, 4).
PKC activity is increased in the retina,
aorta, heart, and renal glomeruli of diabet-
ic animals, probably because of an increase
in de novo synthesis of diacylglycerol
(DAG), a major endogenous activator of
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PKC (2, 5, 6). Our observation that the
PKC B, isoenzyme is preferentially acti-
vated in the retina, heart, and aorta of
diabetic rats (2) led us to propose that the
abnormal activation of PKC B, may cause
some of the diabetic vascular complica-
tions (5). To test this hypothesis, we syn-
thesized an orally effective PKC inhibitor
that was PKC B selective and evaluated its
ability to ameliorate vascular dysfunctions
in diabetic rats.

On the basis of the structures of known
PKC inhibitors (7, 8), we performed an ex-
tensive screening to identify and optimize a
PKC B-selective inhibitor. A panel of eight
cloned human PKC isoenzymes (., B4, By, 7,
3, &, {, and 1) was used to profile the selec-
tivity of the inhibitor, with DAG used as an
activator (3, 8). The macrocyclic bis(in-
dolyl)maleimide structure (LY333531) was
found to inhibit PKC B selectively (Scheme
1). LY333531 inhibited PKC B, and B, with
a half-maximal inhibitory constant (ICs,) of
4.7 and 5.9 nM, respectively, whereas for oth-
er PKC isoenzymes except m, the IC,, was 250





