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Article

Clustering of multiple specific genes and gene-rich
R-bands around SC-35 domains: evidence for local

euchromatic neighborhoods

Lindsay S. Shopland, Carol V. Johnson, Meg Byron, John McNeil, and Jeanne B. Lawrence

Department of Cell Biology, University of Massachusetts Medical School, Worcester, MA 01655

domains (referred to here as SC-35 domains) that are

concentrated in mRNA metabolic factors. Here, we
show that multiple specific genes cluster around a common
SC-35 domain, which contains multiple mRNAs. Nonsyn-
tenic genes are capable of associating with a common
domain, but domain “choice” appears random, even for
two coordinately expressed genes. Active genes widely
separated on different chromosome arms associate with the
same domain frequently, assorting randomly into the 3—4
subregions of the chromosome periphery that contact a
domain. Most importantly, visualization of six individual
chromosome bands showed that large genomic segments
(~5 Mb) have striking differences in organization relative

Typically, eukaryotic nuclei contain 10-30 prominent

to domains. Certain bands showed extensive contact, often
aligning with or encircling an SC-35 domain, whereas oth-
ers did not. All three gene-rich reverse bands showed
this more than the gene-poor Giemsa dark bands, and
morphometric analyses demonstrated statistically signifi-
cant differences. Similarly, late-replicating DNA generally
avoids SC-35 domains. These findings suggest a functional
rationale for gene clustering in chromosomal bands, which
relates to nuclear clustering of genes with SC-35 domains.
Rather than random reservoirs of splicing factors, or factors
accumulated on an individual highly active gene, we pro-
pose a model of SC-35 domains as functional centers for a
multitude of clustered genes, forming local euchromatic
“neighborhoods.”

Introduction

Here, we investigate whether there is higher level organiza-
tion of the genome such that specific protein-encoding
genes cluster together at common nuclear structures. Inter-
phase nuclei contain 15-30 prominent “speckles” (0.5-3
pm in diameter), the SC-35 domains, which are enriched
in numerous mRNA metabolic factors (for review see Moen
etal,, 1995). Select active genes have been shown to position
at the edge of an SC-35 domain with high consistency, and
their transcripts are often within that domain (Xing et al.,
1995; Smith et al., 1999; Shopland et al., 2002). This arrange-
ment could be interpreted simply as factors accumulated on
nascent transcripts of a single highly active gene (Huang
and Spector, 1996). However, an important and unresolved
alternative is that SC-35 domains are structures around
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which multiple, specific genes cluster in a cell type—specific
arrangement (Johnson et al., 2000; Moen et al., 2003).
This would indicate a higher level organization of protein-
coding genes, in some ways similar to the clustering of IDNA
loci at the nucleolus. The clustering of mRNA-encoding
genes into specific euchromatic “neighborhoods” has not
been demonstrated to date, and would have significant impli-
cations for the organization of genes and chromosomes
throughout the nucleus, as well as for sequences within the
chromosome territory.

Previously, we have determined the distribution of 21 spe-
cific active genes relative to SC-35 domains in a large cell
population, and of these, 10 loci show a highly nonrandom
positioning at the edge of an SC-35 domain, whereas the
remaining active (and all inactive) genes do not (Smith et
al., 1999; Shopland et al., 2002). These observations imply
that a substandal fraction of all active mRNA-encoding
genes might be similarly positioned. However, the associa-
tion of multiple specific genes with a common domain has

Abbreviations used in this paper: ACTB, B-actin; COL1AI, collagen
type 1, al; COL1A2, collagen type 1, a2; G-band, Giemsa dark band;
R-band, reverse band.

Supplemental Material can be found at:
http://iwww.jcb.org/cgi/content/full/jch.200303131/DC1
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Figure 1. COL1AT and COLTA2 genes associate
with a single, common domain. (A) WI-38 diploid
fibroblasts were hybridized with differently labeled
genomic probes of COL1AT (red) and COLTA2
gene (green) and stained for SC-35 (blue). One ho-
mologue of each gene is simultaneously associ-
ated with the same SC-35 domain in the cell
shown. (B) Transcripts from the COL1AT (green)
and COLTAZ (red) genes, detected with differen-
tially labeled cDNA probes, intermingle within an
SC-35 domain (blue). Overlap between the three
colors appears white. (C) Three-dimensional de-
convolution shows intermingling COLTAT (green)
and COL1A2 (red) transcripts in two focal planes.
Regions of colocalization appear yellow. To view
a three-dimensional reconstruction of this stack,
see supplemental material (available at http://
www.jcb.org/cgi/content/full/jcb.200303131/DC1).
Bars, 5 pm.
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not been directly demonstrated, nor has the organization of
individual chromosome segments or bands been investigated
in this way. There is evidence that SC-35 domains occupy a
more interior, largely euchromatic region of the nucleus
(Carter et al., 1993; Ferreira et al., 1997; Sadoni et al.,
1999), and that proteins associated with active chromatin
may be around SC-35 domains (Hendzel et al., 1998), al-
though their interiors likely do not contain DNA (Carter et
al., 1993; Thiry, 1993; Belmont and Bruce, 1994; Hendzel
et al., 1998). Labeling of transcription sites en masse by
short pulses of Br-UTP reveals thousands of small foci
throughout the nucleus, with a subset at the edges of SC-35
domains (Wei et al., 1999); however, these observations do
not address whether multiple specific genes or specific chro-
mosome segments cluster or align with individual SC-35 do-
mains.

We begin this work by addressing whether individual SC-
35 domains associate with multiple specific genes and multi-
ple RNAs, and then expand the work to examine some ge-
nomic features that might relate to a clustered organization
of genes with these domains. Localized clustering of genes in
nuclei may be largely dependent on chromosomal context.
Most importantly, genes have long been known to cluster
more in chromosomal reverse bands (R-bands) rather than
in Giemsa dark bands (G-bands; Goldman et al., 1984).
However the reason for this fundamental aspect of chromo-
some organization remains obscure. The distribution of
genes also must be affected in some way by the restriction of
a chromosome’s DNA into a relatively discrete chromosome
territory (Cremer and Cremer, 2001). Our findings suggest
that individual SC-35 domains are situated in local regions
of euchromatin, and that these specific associations relate to
features of chromosome sequence organization.

Results
Two different genes can associate with a common SC-35
domain containing multiple mRNAs

First, we directly tested the hypothesis that SC-35 domains
are structures around which multiple, specific genes cluster
by examining whether two nonsyntenic genes, collagen type
I, al (COLIAI; chromosome 17) and collagen type I, a2

(COL1A2; chromosome 7), can simultaneously associate
with the same SC-35 domain. Individually, each of these loci
is known to associate with an SC-35 domain at high frequen-
cies (98 and 87% of loci in diploid fibroblasts, respectively;
Table I), and these are significantly greater than predicted or
empirically observed random interactions (Xing et al., 1995;
Shopland et al., 2002). We performed three-color analyses of
these two genes and SC-35 in diploid fibroblasts. Results
show that COLIAI and COLIA2 position at the edge of the
same SC-35 domain in a significant subset of cells (~10%;
Fig. 1 A, Table I, and see following section).

Are the COLIAI and COLIA2 genes associated with one
common or two closely abutting structures? These genes,
which are restricted to the SC-35 domain edge, both produce
transcripts that accumulate within the domain interior (Xing
et al., 1995; Shopland et al., 2002). We found that their
transcripts can intermingle within the same SC-35 domain
(Fig. 1 B), demonstrating that they occupy a common struc-
ture. This was also observed for COLIA2 and B-actin
(ACTB) transcripts (Fig. 2 B, see following section). Three-
dimensional deconvolution to remove out of focus light fur-
ther confirmed these observations (Fig. 1 C; see also Video 1,
available at hetp://www.jcb.org/cgi/content/full/jcb.200303131/
DC1). These data provide direct evidence that SC-35 do-
mains are structures around which multiple mRNA-encod-
ing genes cluster, and which contain multiple mRNAs. The
COLIAI and COLIA2 genes provide the most rigorous test
of our hypothesis because they produce very highly expressed
and heavily spliced nuclear RNA accumulations (Smith et al.,
1999), which could be thought more likely to generate the
appearance of a “domain” from an individual gene (Huang
and Spector, 1996). However, these findings directly demon-
strate that even in these cases, there are multiple genes clus-
tered with each individual domain.

Domain “choice” is random: coordinately expressed
type 1 collagen genes do not preferentially associate
with the same SC-35 domain

Might the association of COLIAI and COLIA2 with the
same SC-35 domain be related to their tightly coordinated
expression (Karsenty and Park, 1995), or does their co-asso-
ciation frequency fit the expectation for two domain-associ-
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Table I. Frequencies at which two different genes/RNAs associate with a common SC-35 domain

RNA 1 RNA 2 Predicted random Number of Percentage of cells
(location, % domain- (location, % domain- co-association cells scored with co-associated
associated loci) associated loci) (% cells)® signals"
COL1A1 COLTA2 12 £3.6 666 7.9+ 40
(17921.3, 99%) (7921.3, 87%)

Col1A1 ACTB 12 =35 439 11.3 =47
(17G21.3, 99%) (7p12-p15, 89%)

COL1TA1 LMNA 9.6 +2.8 270 7.7 2.6
(17921.3, 99%) (1921.3, 70%)

COLTA2 ACTB 11 £35 214 28.7 £ 8.4

(7q21.3, 87%) (7p12-p15, 89%)

*Derivation for each pair of genes/RNAs is described in Materials and methods.
PCells with >1 pair of different, associated RNAs. Means = SD are reported.

LMNA, lamin A/C.

ating genes that randomly “choose” one of the 15-30 do-
mains? To answer this, we further examined the frequency
of co-association of these and other unrelated genes scored
in a large sample of cells. To facilitate scoring, COLIAI and
COLIA2 transcripts were detected in two different colors.
Because COLIAI RNA is virtually 100% coincident with its
associated SC-35 domain, it can substitute as a marker for
the SC-35 domain associated with the COLIAI gene. Scor-
ing indicated that the COLIAI and COLIA2 RNA co-asso-
ciation frequency (7.9% of cells) falls within the range of the
frequency calculated for random domain choice (Materials
and methods; Table I). Next, we determined the frequency
of co-association between COL1A1 and transcripts from two
other active genes unrelated to collagens, ACTB and lamin
A/C (Fig. 2 A). These comparisons again indicate similar
frequencies of co-association and random domain choice
(Table I). Although domain choice is apparently random be-
cause both of these genes are localized to one of the 15-30
SC-35 domains, in the context of the entire nucleus, they
are not necessarily randomly distributed with respect to each
other, and have a closer structural association than expressed
genes that localize to distinct compartments. Smith et al.
(1999) previously showed that certain transcripts essentially
never localize to the same domain or compartment.

Effects of the chromosome territory: genes distantly
located on different arms of a chromosome frequently
co-associate with the same domain

To further explore parameters that might influence the asso-
ciation of two genes with a common SC-35 domain, we
tested whether two genes on the same chromosome associate

with the same domain more often than genes on different
chromosomes. Alternatively, syntenic genes might be re-
stricted to different neighborhoods within the chromosome
territory, and thus rarely or never co-associate with a do-
main. To discriminate between these two possibilities, we
determined the co-association frequency of ACTB and
COLIA2 on chromosome 7p and 7q, respectively, and sepa-
rated by >70 Mb. Because genes as little as 1 Mb apart are
separated by an average of 1 wm in nuclei, genes on separate
chromosome arms can be quite distant (Lawrence et al.,
1990; Trask et al., 1991). As shown in Table I and Fig. 2 B,
ACTB and COL1A2 co-associate with the same SC-35 do-
main in ~28% of cells, three times more frequently than do
pairs of genes from different chromosomes (e.g., ACTB and
COLIAI; Table I, Fig. 2 B). In addition, when the entire
chromosome 7 territory (~30% of which is gene sequence)
is detected with a whole chromosome paint, only 3—4 subre-
gions of the territory contact SC-35 domains, whereas the
vast majority of the chromosome is not in direct contact
with these compartments (Fig. 2 C). This suggests that SC-
35 domain co-association is specific for a small subset of
chromosome 7 loci.

Recently, there has been much interest in the possible en-
richment of genes at the chromosome territory surface. Our
data indicate that the chromosome territory surface consists
of functionally distinct subregions that contact the high con-
centration of metabolic factors in an SC-35 domain (Fig. 2
C) and contain specific genes. Moreover, the finding that
ACTB and COLI1A2 co-associate in 28% of cells (Table I)
suggests that these distantly linked genes distribute ran-
domly to one of the 3—4 domain-associated regions of the

Figure 2. Transcripts from multiple genes can
associate with the same SC-35 domain. (A) One
focus of lamin A/C RNA (red) associates with the
edge of an accumulation of COLTAT transcripts
(green), which serves as a marker for an SC-35
domain. (B) Triple labeling also shows that
transcripts from ACTB (green) and COLTA2Z (red)
accumulate within the same SC-35 domain (blue).
(C) Chromosome 7 territories detected with a whole
chromosome paint (red) contact 3-4 SC-35 domains
(green) per nucleus. Bars, 5 pm.
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Figure 3. Specificity of chromosome band probes. Probes from indicated bands were hybridized to spreads of human metaphase chromo-
somes (stained with DAPI, blue) of peripheral blood lymphocytes to assess their specificity. (A) 7p21, 17¢g21 (both green), and 17922-24 (red);
(B) 3p14 (red), 7921 (green), and 19q13.3 (green); (C) 6p21.3 (red). Probes for 7p21 and 7q21 weakly detected additional bands, but 7p21
DNA was identified in interphase based on signal size, intensity, and cohybridization of the neighboring ACTB locus. Signals from 721 probe
were not evaluated in interphase nuclei. (D-J) Enlarged views of single chromosomes, shown to scale, hybridized with different band probes
as indicated and compared with DAPI bands (blue or white) indicates that they are largely either R- or G- band DNA. In D, the COLTAT gene
(red) is cohybridized with 17g21 (green), showing that this gene maps to the telomeric end of this band, proximal to 17q22-24 (E). Bars, 5 pm.

chromosome 7 territory surface. This indicates that their
wide separation on different arms of the chromosome does
not constrain them to any one of these particular subregions.

Nuclear organization of individual chromosome bands:
R-bands are more intimately associated with SC-35
domains than are G-bands

Our data indicating that synteny can favor the association of
specific genes with a common SC-35 domain led us to spec-
ulate that even closer chromosomal “linkage” might further
correlate with domain co-association. Interestingly, genes are
clustered along the chromosome and are enriched in certain
cytogenetic bands (R-bands). Therefore, we tested whether
individual chromosome bands show differences in their rela-
tionship to SC-35 domains, and whether gene-rich R-bands
in particular tend to show more association with these struc-

tures than gene-poor G-bands. We developed an approach

to detect specific chromosome bands in interphase nuclei
relative to SC-35 domains (see Materials and methods).
Probes generated from specific cytogenetic bands microdis-
sected from metaphase chromosomes (Guan et al., 1993)
were selected based on gene density (Table II). The chosen
R-band probes were from 6p21.3, 17921, and 19q13.3;
G-band probes were from 3pl4 and 7p21; and one probe,
from 17q22-24, contained ~1/3 R-band and 2/3 G-band
material (Fig. 3). Two of these bands, 17q21 and 17q22-24,
were also chosen because they are adjacent to one another
and flank the COLIAI gene, which maps to the telomeric
end of 17q21 (Fig. 3 D), near its junction with 17q22-24.
Visualization of these chromosome bands showed striking
differences in their morphological organization relative to
the SC-35 domains, demonstrating that different genomic
segments have clearly distinct structural relationships to
these compartments. Although we observed differences be-

Table Il. Frequency of contacts between SC-35 domains and R- and G-bands

Band (type) Estimated gene density ~ Number of  Percentage of bands contacting 0, 1,  Percentage of bands Percentage of
(# of genes/Mb)? bands scored or =2 SC-35 domains surroundingonehalf  bands contacting
or more of a domain nuclear periphery®
0 1 =2
3p14 (G) 1.1 209 39 49 12 3 34
7p21 (G) 1.5 184 37 52 11 2 44
17q22-24 (G/R/G) 3.9 208 17 48 34 13 26
17921 (R) 10.1 193 1 34 63 24 11
6p21 (R) 15.4 172 10 68 21 15 41
19q13.3 (R) 12.5 228 8 62 30 12 36

*Based on human genome map of known genes (http://genome.ucsc.edu).
PNuclear periphery defined by DAPI staining.
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Figure 4. Differential distribution of R- and G-band DNA with respect to SC-35 domains in interphase nuclei. (A and B) Probe of R-band
17921 DNA (red in A, white in B) hybridized to WI-38 fibroblasts shows two highly extended homologues, each with different morphologies.
The left homologue contacts four SC-35 domains (green). The right band surrounds half of one SC-35 domain and also contacts another.

(C and D) Two 6p21.3 R-bands (red, white) each have a thin string of DNA extending from the more compact, main body of the band. In one
case (top band), the extended region almost completely surrounds an SC-35 domain (green). (E) A tetraploid nucleus hybridized to detect
17921 DNA (green) shows all four bands contacting multiple SC-35 domains (blue). The COLTAT gene (red, right inset) is located at the tip of
a DNA extension that contacts an SC-35 domain at a single point, in contrast to another homologue (left inset). (F and G) The G-band probe
for 3p14 (red in F, white in G) shows two bands minimally contacting SC-35 domains (green). (H and 1) Similar to other G-bands, probe for 7p21
(red, white) was detected in focal planes other than those containing SC-35 domains (green), which thus appear out of focus. (J) Hybridization to
detect 17q22-24 DNA (red) and the adjacent COLTAT gene (green) shows that although some of these bands can extensively contact the
SC-35 domain (blue) associated with COLTAT (top inset), others are clearly separated (bottom inset). (K) Three-dimensional deconvolution
and reconstruction of 1721 R-band signal (red) and surrounding SC-35 domains (green) shows that this band extends significantly in the X-Y
plane (left), but when viewed along the Z-axis (right), appears largely restricted to the planes containing SC-35 domains. (L) A three-dimensional
reconstruction as in K shows an example of a G-band, 3p14 (red), located above and separated from the nearest SC-35 domain (green). For

rotational movies of K and L, see supplemental material (available at http:/Avww.jcb.org/cgi/content/full/jcb.200303131/DC1). Bars, 5 um.

tween all bands examined, in general, the organization of the
R-bands relative to SC-35 domains was significantly differ-
ent from that of the G-bands (Fig. 4). The vast majority of
R-bands examined contact domains either at a single point
(Fig. 4 E, right inset) or by extending for a considerable dis-
tance along the domain edge (Fig. 4 A, left; Fig. 4 E, left in-
set). In contrast, the G-bands most often contact domains at
a single poing, if ac all (Fig. 4, F-I).

The observed morphological differences between the two
band types are difficult to fully capture by measurement of a
single parameter; however, several morphometric criteria
were scored in order to provide some quantitative assess-
ment (Table IT and Table III). For example, the differences
in the intimacy of contact with a domain are demonstrated
by the observations that substantially more of the R-bands
were found surrounding more than half of an SC-35 domain

(Fig. 4 A, right; Fig. 4 C, top; Table II). In addition, the
numbers of domains contacted by each band are much
greater for the R-bands than the G-bands. Chi square analy-
ses indicated that this difference is statistically significant
(P =2 X 10"*for 6p21.3 vs. 3p14, P = 2 X 107 for mean
of two G-bands versus mean of three R-bands; Table II; un-
published data). In contrast, a correlation between band
type and contact with the nuclear periphery was not ob-
served (Table II). Also consistent with band-type differences
in SC-35 domain contact, the probe for 17q22-24, which
contains 2/3 G-band and 1/3 R-band DNA, displayed inter-
mediate levels of association. In addition, morphometric
analyses indicated that the length of SC-35 domain edges
contacted by the R-bands is significantly greater than by the
G-bands (P < 0.001 by two-tailed 7 test; Table III). The to-
tal amount of DNA in each band probe, determined by
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Table Ill. Length of SC-35 domain edges contacted by R- and G-bands

Band (type) Number of cells

Percentage of SC-35
domain perimeters

Total band
perimeter/cell (um)

Relative
DNA content

contacted?
3p14 (G) 23 25+04 0.8 = 0.1 14 £ 1
7p21 (G) 29 1.5 0.2 1.0 £ 0.1 23 £ 1
17q22-24 (G/R/G) 20 4.1 £0.5 1.4 £0.1 22 1
17921 (R) 27 7.8 £0.7 1.0 £ 0.1 40 = 3
6p21 (R) 39 4.7 0.4 0.9 = 0.1 18 £1
19q13.3 (R) 28 5.7 £0.5 0.8 £ 0.1 20+ 1

*Perimeter measurements for all domains in a given nucleus were summed and a mean of all nuclei was determined. Measurements = SE are reported.

measuring the relative lengths of each band probe signal on
multiple metaphase chromosomes, indicated that all but one
band (17q22-24) contain similar amounts of DNA (Table
III). Thus, DNA content does not account for the differ-
ences observed between the two band types.

The clear statistically significant differences between the
R- and G-bands examined suggest that SC-35 domains are
more frequently, and probably more specifically, contacted
by R-band rather than G-band DNA. At the very least, even
if G-band contacts primarily represent random associations
between domains and fairly large portions of the genome,
then R-bands of similar genomic sizes must contact more
specifically (see following two sections). Irrespective of other
properties of these R-bands that may accompany this more
intimate contact with SC-35 domains, these findings show
that specific segments of the genome, corresponding to spe-
cific gene-rich R bands, have preferential association with
nuclear domains enriched in RNA metabolic factors.

The relationship between band morphology and SC-35
domain associations
Because gene-dense R-bands are likely more active than
G-bands, they may also be more decondensed (Li et al.,
1998). This, in turn, may be related to the extent of SC-35
domain contact. To examine this possibility, we quantita-
tively estimated the relative compaction of each band by
measuring the perimeters of each band signal, which approx-
imates surface area (Table III). Results indicate that R- and
G-bands with similar DNA content can have similar perime-
ters (e.g., 6p21 [R] and 7p21 [G], P = 0.03 by two-tailed
t test), but very different degrees of contact with SC-35 do-
mains (P = 2 X 107%; Table III). Thus, the extent of SC-35
domain contact is not simply a function of the nuclear size of
a given band. However, this may be a contributing factor.
For example, band 17921 is much less compact than the
other R-bands examined (P < 107 by two-tailed # test) and
has greater SC-35 domain contact. The difference in com-
paction even among R-bands may be related to the identities
and activities of the genes in each band, as previously sug-
gested (Volpi et al., 2000). Finally, we note that although we
did not see a strong correlation between band type and con-
densation state, we do not rule out that there may be differ-
ences in the average condensation of R- and G-bands more
generally (Croft et al., 1999).

Even for an R-band that shows a high degree of decon-
densation within the nucleus (e.g., 17q21), SC-35 domain
association may well be primarily specific rather than a ran-

dom interaction. If the increased associations of the R-bands
with SC-35 domains in general are simply due to their
greater distension in the nucleus, it would be expected that
their distribution would be random relative to the 3-D dis-
tribution of SC-35 domains. However, three-dimensional
analysis of specific bands indicated just the opposite. Previ-
ous findings showed that SC-35 domains essentially lie in a
single focal plane, restricted to the bottom third of the nu-
clear volume in both cultured fibroblasts and myoblasts
(Carter et al., 1993). Three-dimensional reconstructions
showed that the R-bands probed here are largely restricted to
the same focal plane containing SC-35 domains, in contrast
to the G-bands studied (Fig. 4, H, K, and L; Video 2 and
Video 3, available at http://www.jcb.org/cgi/content/full/
jcb.200303131/DC1). This preferential positioning within
the three-dimensional nuclear volume of the specific R-bands
versus the G-bands strongly suggests specificity for associa-
tions with the SC-35 domains.

Individual genes may drive specific associations
between chromosome bands and SC-35 domains

The data presented suggest that the R-band contacts with
SC-35 domains are not simply nonspecific consequences of
large portions of the genome distributed randomly through-
out the nucleus. Providing still more direct evidence of this,
certain genes have been shown to nonrandomly associate
with SC-35 domains, such that at least a portion of the con-
tact between a given band and a domain is likely specified by
particular genes within that band. These loci may either
have an affinity for SC-35 domains or initially nucleate the
domain by drawing a critical mass of metabolic factors
(Huang and Spector, 1996; Xing, et al., 1995). Indeed, the
R-band 17q21 analyzed here contains COLIAI, which is
virtually 100% associated with SC-35 domains, and there-
fore, this point of band contact must be highly specific.

We examined whether the flanking regions of COLIAI
are consistently domain associated, or whether COLIAI can
contact SC-35 domains independently, indicating that this
locus is sufficient to drive the association. By direct compar-
isons of 17q21, COLIAI, and SC-35 in triple-label experi-
ments, we found that the region of this band containing
COLIAI can contact an SC-35 domain at what appears to
be a single point (20% of bands). Hence, nearby flanking
sequences are not required for contact. Interestingly, half of
these discrete contacts extend considerably (>0.5 pwm) from
the main body of the band (Fig. 4 E, right inset). The fre-
quency of COLIAI found in these extended regions indi-
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Figure 5. Differential organization of
early- and later-replicating DNA relative
to SC-35 domains. (A) An early S-phase
nucleus pulse labeled with BrdU (green)
shows the typical pattern of hundreds of
small early-replication foci throughout the
nuclear interior, excluding the nucleolus.
All SC-35 domains (red) are contacted
by multiple early-replicating foci, which
correspond to gene-rich DNA. Nuclei in
mid (B) and late (C) S-phase are identified
by replication sites of gene-poor DNA at
the nuclear periphery or in large clumps
that are more interior but on different focal
planes than SC-35 domains. Arrows indi-
cate SC-35 domains enlarged in insets.

cates further specificity and organization. The COLIAI
gene signal, ~0.3 wm in diameter, represents ~~0.8% of the
17921 band perimeter (~40 pwm; Table III), and yet its fre-
quency in extended band structures is at least 10-fold higher
(10%). In fact, this is an underestimate of specificity be-
cause it does not include the potential localization of a gene
to the band interior. Thus, 17q21 DNA may be nonran-
domly organized to present COLIAI on the extreme reaches
of its surface.

We hypothesize that a highly expressed and spliced gene
such as COLIAI might have a dominant influence in deter-
mining the close association of its chromosomal neighbor-
hood with the domain of mRNA metabolic factors. In sup-
port of this, our analysis of these triple-labeled cells further
showed that 80% of the 17921 bands extensively contact the
SC-35 domain associated with COLI1AI, rather than con-
tacting at a single point (Fig. 4 E, left inset). Hence, close
linkage to certain genes may favor SC-35 domain associa-
tions. These linked sites may be enriched for genes that have
been shown to nonrandomly associate with SC-35 domains,
but at frequencies (>70%) lower than that of COLIAI
(Smith, et al., 1999). In support of a linkage effect, the adja-
cent band probe, 17q22-24, was also found extensively con-
tacting the SC-35 domain associated with COLIAI (Fig. 4
], top band), though not as frequently (40% of bands) as the
region surrounding COLIAI in 17q21.

Our findings suggest that SC-35 domains are contacted
more by specific gene-rich R-bands because they are en-
riched with certain domain-associating sequences, and that
these loci may further affect the organization of closely
linked sequences. Differences between R-bands may also re-
flect differences in the propensity of specific genes within a
given R-band to associate with SC-35 domains.

SC-35 domains are rarely contacted by later-replicating
(G-band) DNA, and are typically surrounded by a
subset of early-replicating (R-band) DNA

Because we were practically limited in the number of specific
R- and G-bands we could examine directly, we expanded
our analyses to obtain a general overview of the genome’s
gene-rich and gene-poor DNA. When cells are pulse labeled
with halogenated dNTPs during S-phase, gene-rich early-
replicating DNA, typically in R-bands, is detected in hun-

dreds of small foci throughout the nuclear interior (Fig. 5 A,
green), whereas the gene-poor middle- and late-replicating
DNA (most G-bands) correspond respectively to similar
small foci at the nucleolar and nuclear periphery (Fig. 5 B,
green) and to ~30 larger patches at the periphery and in the
interior (Fig. 5 C, green; Ferreira et al., 1997). We found
that SC-35 domains are rarely contacted by the two later-
replicating classes of DNA (Fig. 5, B and C), even those sig-
nals within the nuclear interior. In contrast, SC-35 domains
are typically surrounded by early-replicating DNA foci (Fig.
5 A, insets), though these foci do not exclusively localize
around SC-35 domain peripheries. This is consistent with
our findings that only a portion of any given R-band directly
abuts SC-35 domains, and the fact that even early-replicat-
ing R-band DNA is substantially comprised of intergenic se-
quences and nonexpressed genes. In addition, some active
genes are consistently expressed in the nucleoplasm between
the SC-35 domains (Smith et al., 1999).

Using morphometric analysis, we compared the lengths of
contact between SC-35 domains and differentially labeled
early- versus middle- and late-replicating DNA (see Materi-
als and methods). Measurements indicate that approxi-
mately eightfold more of SC-35 domain perimeters per nu-
cleus are contacted by early- rather than later-replicating
DNA (the latter included patterns depicted in Fig. 5, B and
C; see Materials and methods and Table IV). Because G-
and R-bands make up approximately equal amounts of the
genome, the observed differences in early- and later-replicat-
ing DNA contacts are not due to differences in their abun-
dance, but rather to their specific partitioning within the nu-
cleus and in relation to SC-35 domains.

Table IV. Amount of SC-35 domain edges contacted by early and
later replicating DNA

Replication Number of Mean percentage of SC-35
timing of DNA  cells measured  domain perimeters contacted®
Early S-phase 41 24 £7

Later S-phase® 65 3x3

*Sum of all SC-35 domain perimeters per cell + SD.
PIncludes replication patterns depicted in Fig. 5, B and C.
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Figure 6. Data presented here support model 2 (center)

right. (Model 1) mRNA metabolic factors, including SC-35

(green), accumulate on transcripts (yellow) of a single highly
active gene (red, top left) or genomic clusters of genes (bottom
left). This model requires no structural organization of genes
relative to the large concentrations of splicing factors, which

MODEL 1: Dispersed factors
3 accumulating on abundant
rather than model 1 (left), and are further summarized at far transcripts

MODEL 2: Genomi Specialized sub-regions of
territory peripheries

relative to factor-rich domai ch

merely reflect the distribution of transcripts on different
genes. (Model 2) Multiple genes (center top) cluster at the
periphery of a single large accumulation of mMRNA metabolic
factors. R-band DNA (light blue), which is gene rich, is more
intimately associated with these SC-35 domains than gene-
poor G-band DNA (dark blue, bottom center). (Right) Each
chromosome territory (aqua) associates with three or four SC-35

.

domains, indicating specialized regions at the chromosome territory periphery. These contain domain-associated genes that can even come
from different chromosome arms. An SC-35 domain can also associate with genes from different chromosomes. Because domain choice for
individual genes is often random, the relative positions of their respective chromosomes also may be highly variable.

Discussion

This paper provides evidence for a fundamental and new
concept relating nuclear and chromosome organization:
genes cluster around individual SC-35 domains, and this or-
ganization is related to the clustering of genes into chromo-
somal bands. Our collective findings support a hierarchy of
nuclear compartments in which early-replicating DNA and
SC-35 domains are circumscribed to the broad nuclear inte-
rior, specific chromosome R-bands preferentially align with
individual SC-35 domains, and each aligned band contains
specific active genes that cluster at the immediate edge of the
factor-rich domain. Thus, the region immediately surround-
ing the SC-35 domains may be considered a euchromatic
neighborhood of multiple genes, many of which are linked
on the same chromosome.

The number of genes associated with a given SC-35 do-
main may be quite large, indicating a complex organization.
The four pairs of specific genes examined here each associate
with a common SC-35 domain, with their transcripts inter-
mixing in the domain interior. Although only a limited
number of genes in the genome (21/~30,000) have been
surveyed for localization with respect to SC-35, half of these
loci are nonrandomly domain associated. The clustering of
multiple specific genes and extensions of R-band DNA
around the periphery of SC-35 domains is clearly reflective
of organization around a structure, rather than of factors
simply collected on the transcripts of a highly expressed gene
(summarized in Fig. 6). This is consistent with our earlier
suggestion that each SC-35 domain corresponds at the ultra-
structural level to a cluster of interchromatin granules sur-
rounded by perichromatin fibrils, which represent nascent
transcripts of individual genes (Xing et al., 1995). Indeed,
the extensive intermingling of two different RNAs within a
common SC-35 domain strongly suggests that these are not
simply two very close, large perichromatin fibrils.

With the exception of syntenic genes, all pairs of genes
examined here associate with a common SC-35 domain at
frequencies equal to that expected for genes that preferen-
tially localized to one of the ~15-30 SC-35 domains, but
randomly “choose” a specific domain. Random domain
choice was even observed for two coordinately expressed,
functionally related genes, though it remains possible that
other sets of coregulated genes may preferentially associate

with the same SC-35 domain. In addition, a more defined
three-dimensional organization of genes might occur in cell
nuclei of tissues (Marshall et al., 1996), which are clearly
different structurally from cultured cells. The largely ran-
dom co-association frequencies observed here also have im-
plications for the relative organization of chromosome terri-
tories in the nucleus.

Our analysis of chromosome 7 sequences importantly in-
dicates that there may be specialized subregions on the sur-
face of a chromosome territory that interact with SC-35
domains (Fig. 6, right). These subregions contain specific
genes that are known to associate with SC-35 domains with
high specificity (e.g., COLIAI, COLIA2, ACTB). Our
data suggest that two syntenic, domain-associating genes
(COL1A2 and ACTB) assort randomly into these chromo-
some territory subregions. These genes are in different and
distant cytogenetic bands (>70 Mb apart), further indicat-
ing that sequences from different bands can intermingle
within each subchromosomal region that contacts an SC-
35 domain, though previous reports have suggested that
different bands may be mostly separated from each other
within the chromosome territory (Dietzel et al., 1998; Zink
et al., 1999).

The COLIAI gene was occasionally found at the tip of an
extended piece of band DNA, suggestive of purposeful tar-
geting to a preexisting structure. In contrast, our group and
others have previously hypothesized that genes like COL1AI
might nucleate the formation of SC-35 domains (Moen et
al., 1995; Xing et al., 1995; Huang and Spector, 1996; Mis-
teli et al., 1997). The nuclear organization we have uncov-
ered here, in fact, may be both a cause and a consequence of
gene activity (Melcak et al., 2000), though the precise con-
tribution of each mechanism is unknown.

Our data support the model that SC-35 domain neigh-
borhoods may be nuclear hubs of enhanced mRNA meta-
bolic activity (Carter et al., 1991). Other evidence suggests
that SC-35 domains are more than factor reservoirs or as-
sembly sites, but also may be intimately involved in mRNA
maturation and export (Johnson et al., 2000; Melcak et al.,
2000; Reed and Magni, 2001; Shopland et al., 2002). Al-
though the factors required for mRNA transcription, pro-
cessing, and transport are available throughout much of the
nucleus and are presumably accessible to all active genes,
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concentration of these factors within SC-35 domains may
serve to enhance the expression of the nearest genes. Further,
we hypothesize that the enrichment of genes in chromo-
somal R-bands may have evolved to facilitate gene cluster-
ing in these expression-promoting neighborhoods. The fact
that chromosome bands are often evolutionarily conserved
strongly suggests that this level of organization is important
and functional, but few links to gene function have been
identified or postulated. Based on changes in the conforma-
tion of a highly repetitive, very large exogenous DNA se-
quence, one report has proposed that the close linkage of
genes in R-bands might facilitate chromatin decondensation,
and hence transcription (Tumbar et al., 1999). Our findings
suggest that endogenous bands are specifically organized
around structures replete with metabolic factors, thereby en-
hancing the processing and transport of their products as
well (Johnson et al., 2000; Shopland et al., 2002).

Materials and methods

Cell culture

For interphase cell preparations, WI-38 fetal human diploid fibroblasts
(American Type Culture Collection) were grown on glass coverslips at
37°C in Eagle’s basal medium (Life Technologies) supplemented with 10%
heat-inactivated FCS, and were fixed according to two previously estab-
lished protocols that produced similar results (Johnson et al., 1991; Kurz et
al., 1996). For BrdU labeling, cells were grown in fresh, prewarmed media
containing 30 pg/ml BrdU (Roche) for 15 min, and were washed twice
with prewarmed media before fixation. For metaphase chromosome prep-
arations, phytohemagglutinin-stimulated human peripheral blood lympho-
cytes were grown in BrdU (Sigma-Aldrich) to enhance banding, and in
methotrexate to enhance yields of mitotic cells. Chromosome spreads
were prepared from hypotonically swollen cells according to standard cy-
togenetic methods (Johnson et al., 1991).

FISH
Specific gene probes were generated by nick translating the following plas-
mids with either biotin- or digoxigenin-dUTP (Roche; Johnson et al.,
1991). CG103 contains genomic DNA with the entire COLTAT gene
(Barsh et al., 1984). pHVC1 contains full-length COLTAT cDNA (American
Type Culture Collection). Clone 7404 has genomic DNA containing the
entire COLTA2 sequence (D. Prockop, MCP-Hahnemann School of Medi-
cine, Philadelphia, PA; Korkko et al., 1998). pSTL14 includes full-length
COL1A2 cDNA (D. Rowe, University of Connecticut Health Center, Farm-
ington, CT; Lee et al., 1988). pHFB-A-1 includes a full-length ACTB cDNA
(J. Stein, University of Massachusetts Medical School, Worcester, MA;
Ponte et al., 1984; Ng et al., 1985). A full-length cDNA of lamin A was ob-
tained from H. Worman (Columbia University, New York, NY; Fisher et
al., 1986). Human band-specific probes were purchased from ResGen,
PCR amplified according to manufacturer’s directions but in the absence
of labeled nucleotide, and then nick translated with label as above. Bio-
tinylated chromosome 7 StarFISH paint was obtained from CamBio.
Hybridization to DNA was performed as previously described (Johnson
etal., 1991) or according to manufacturer’s directions (CamBio). To detect
only RNA in fibroblasts, cell denaturation steps were omitted and cells
were hybridized with ¢cDNA probes (Johnson et al., 1991). Hybridized
probes were detected with TRITC- or FITC-sheep anti-digoxigenin antibod-
ies (Jackson ImmunoResearch Laboratories), FITC-avidin (Roche), or Al-
exa® 594-streptavidin (Molecular Probes, Inc.). Where indicated, cells and
chromosomes were counter-stained with 1 pg/ml DAPI (Sigma-Aldrich).

Immunostaining

FISH was coupled with immunofluorescence with anti-SC-35 antibody
(Sigma-Aldrich) as described (Xing et al., 1995). To detect BrdU incorpo-
rated into DNA, cells first were heat denatured as above and then incubated
with either a 1/500 dilution of mouse anti-BrdU (Partec) or 1/20 dilution of
rat anti-BrdU (Harlan Bioproducts for Science) mixed with either 1/1,000
rabbit anti-SRm300 (B. Blencowe, University of Toronto, Toronto, Ontario,
Canada; Blencowe et al., 1994) or 1/500 mouse anti-SC-35 antibodies. Pri-
mary antibodies were detected with the following: FITC-donkey or -goat
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anti-mouse IgG, AMCA-donkey anti-mouse IgG, TRITC-donkey anti-rabbit
I1gG, or TRITC-donkey anti-rat 1gG (all obtained from Jackson Immuno-
Research Laboratories), or Alexa® 488-goat anti-mouse IgG (Molecular
Probes, Inc.). All samples were mounted in Vectashield® (Vector Laborato-
ries).

Microscopic analysis

Cells were examined with a microscope (Axioplan; Carl Zeiss Microlmag-
ing, Inc.) equipped with a filter wheel, triple-bandpass epifluorescence fil-
ter set (Chroma Technology), and a 100X, 1.4 N.A. objective (Carl Zeiss
Microlmaging, Inc.). Digital images were acquired by cameras (Series 200
or Quantix; Photometrics) and MetaMorph® imaging software (Universal
Imaging Corp.). Where indicated, Z-series image stacks were acquired at
0.1-pm intervals using a Ludl stage controller (Hawthorne) and rendered in
3D with MetaMorph’s® remove haze function, which uses a nearest neigh-
bor algorithm, or by exhaustive photon reassignment (Fay et al., 1989;
Carter et al., 1993). For presentation, image contrast was adjusted with
Adobe Photoshop® v.6.0 to scale the most intense and weakest pixels be-
tween 255 and 0. Hence, they do not retain precise quantitative informa-
tion for signal intensity, but the relative locations of signals are maintained.

Images were evaluated either by scoring through the microscope eye-
piece or by measuring digital images. For scoring, cells were randomly se-
lected and evaluated by at least two investigators. Signals were considered
“associated” if they overlapped (appeared yellow) or contacted the edge of
an SC-35 domain or each other, with no visible space between them (jux-
taposed red and green). Given this definition and the resolution limits of
the microscope, the distance between two associated objects is = ~300
nm. For scoring co-associations of RNA signals, those that abutted each
other were also included because COL1A2 RNA was used to demark SC-
35 domains in some experiments, and is restricted to the domain periphery
in some cells (Shopland et al., 2002). Calculations for theoretical frequen-
cies of random domain choice for a given gene relative to another were
made for genes determined previously (Smith et al., 1999) to associate
with any of the SC-35 domains at significantly greater than nonrandom fre-
quencies. The expected frequency of random association for one copy of a
gene (a) with a domain marked by another gene (b) is (1/ng)(f,)(f,), where nq
is the number of domains per cell and f, and f, are the independent fre-
quencies of domain association for each gene. In a cell with two copies of
each gene, this increases fourfold, assuming that the number of cells in
which more than two genes associate with the same domain is negligible,
which is consistent with our observations.

Measurements of chromosome band contact lengths and perimeters
were made in MetaMorph® from two-dimensional images of cells with two
distinct band territories. The focal plane that showed the most contact be-
tween domains and bands was selected for imaging. Because SC-35 do-
mains are largely situated within a single focal plane (Carter et al., 1993),
two-dimensional analyses were sufficient to estimate the degree of SC-35
domain contact. A small fraction of cells (<20%) had DNA signals directly
above or below domains and were not evaluated. For each cell, measure-
ments of SC-35 domain contacts were summed together and normalized to
the sum of all SC-35 domain perimeters in that cell. The average DNA
content of each band probe was determined by length measurements of in-
dividual band signals on metaphase chromosomes relative to a cohybrid-
ized, standard band probe.

Online supplemental material

A three-dimensional rotational movie (Video 1) of the deconvolved and re-
constructed image stack used to generate Fig. 1 C shows the relationship of
COL1AT (green) and COLTA2 (red) transcripts inside an SC-35 domain
(not depicted). Rotational movies (Video 2 and Video 3) of three-dimen-
sional reconstructions shown in Fig. 4 (K and L) illustrate the topological
organization of R-band 17¢21 (red, K) and G-band 3p14 (red, L) relative to
the nearest SC-35 domains (green). Online supplemental material avail-
able at http://www.jcb.org/cgi/content/full/jcb.200303131/DC1.
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