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Abstract

Specific chromosomal translocations are hallmarks of many human leukemias. The basis for these translocation events is poorly

understood, but it has been assumed that spatial positioning of genes in the nucleus of hematopoietic cells is a contributing factor. Analysis

of the nuclear 3D position of the gene MLL, frequently involved in chromosomal translocations and five of its translocation partners (AF4,

AF6, AF9, ENL and ELL), and two control loci revealed a characteristic radial distribution pattern in all hematopoietic cells studied. Genes

in areas of high local gene density were found positioned towards the nuclear center, whereas genes in regions of low gene density were

detected closer to the nuclear periphery. The gene density within a 2 Mbp window was found to be a better predictor for the relative

positioning of a genomic locus within the cell nucleus than the gene density of entire chromosomes. Analysis of the position of MLL,

AF4, AF6 and AF9 in cell lines carrying chromosomal translocations involving these genes revealed that the position of the normal genes

was different from that of the fusion genes, and this was again consistent with the changes in local gene density within a 2 Mbp window.

Thus, alterations in gene density directly at translocation junctions could explain the change in the position of affected genes in leukemia

cells.

D 2005 Elsevier Inc. All rights reserved.
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Introduction

Chromosomal aberrations are found in all types of human

cancer. Specific recurring chromosome aberrations, such as

certain translocations, are often associated with a particular

type of leukemia, lymphoma or sarcoma and may be a cause

of cellular transformation [1]. However, the molecular

mechanisms of a translocation event are generally unknown.

Most chromosomal translocations are the result of reciprocal

exchange of large chromosomal segments, typically between

two different chromosomes. After a double strand break
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event in each participating chromosome, derivative chromo-

somes are generated by fusion. This can result in chimeric

genes at the fusion points that code for hybrid proteins with

altered functions, which might cause malignant transforma-

tion [2]. One such gene is MLL (mixed-lineage leukemia or

myeloid-lymphoid leukemia), which can be fused to one of

approximately 60 possible other genes. The respective

translocation partner is characteristic for the type of leukemia

[3]. The MLL gene was initially identified and cloned in

1991 from translocations that involved chromosome band

11q23 [4]. The most common translocation partners of MLL

seen in human leukemia are AF4, AF6, AF9, AF10, ENL

and ELL, located on chromosome bands 4q23, 6q27, 9p23,

10p12, 19p13.3 and 19p13.1, respectively. Translocations
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t(4;11), and t(11;19)(q23;p13.3) are found primarily in acute

lymphoblastic leukemia and t(6;11), t(9;11), t(10;11) and

t(11;19)(q23;p13.1) predominantly in acute myeloblastic

leukemia. The propensity of the MLL gene to rearrange, and

the diversity of the partner genes that fuse toMLL, has made

it difficult to postulate a common mechanism to explain the

pathogenic role of the fusion transcripts. Although there are

models attempting to explain how MLL recombines

molecularly with its translocation partner genes [5], it is

virtually unknown how recombination occurs in the context

of chromosome organization in the cell nucleus. The

neighborhood of certain chromosomes or genes could very

well affect the probability of a reciprocal exchange, and it

has been suggested that the respective genes are spatially

close in the hematopoietic precursor cells, where the

translocation occurs [6].

While the determinants of the spatial localization of genes

in the nucleus are still a matter of investigation, several

features have emerged. An initial study reported that genes are

preferentially located at the periphery of chromosome

territories [7]. Subsequent analyses confirmed this observation

and revealed additional features such as differential intra-

chromosomal gene positioning within one gene family [8].

In some special cases of highly expressed genomic

segments, genes were even observed to extend away from

chromosome territories [9–11]. Furthermore, gene specific

positioning was detected with regard to the orientation

towards the nuclear interior [7,12]. However, more recently,

it was also reported that certain genes are not necessarily

located at the periphery of chromosomes or the surface of

subchromosomal domains [13].

Gene density and chromosome size were described to be

factors that determine the localization of entire chromosomes

within the nucleus [14–19]. It is unknown, however, in how

far gene density of smaller chromosome regions also

correlates with their positioning in relation to the nuclear

radius. It is tempting to hypothesize that, for the proper

prediction of the localization of individual genes and loci, one

might have to consider not only the gene density of entire

chromosomes, the gene density of chromosomal arms or

chromosomal subdomains, but also the DNA composition in

the immediate chromosomal neighborhood of genes or the

local environment.MLL and its various translocation partners

provide a unique system to study such a model and the effects

of a change in local gene density caused by the translocation

on the 3D position of a locus within the nucleus.

We now demonstrate that MLL as well as genes, which

frequently fuse to MLL, localize in defined radial zones in

the 3D space of the interphase nucleus of hematopoietic

cells. These localizations are tissue-specific but species-

independent. Upon reciprocal translocation, partner genes

change 3D localization in a reproducible and predictable

fashion. Analyses of global and local gene densities allowed

us to postulate a model in which the gene density within a

region of about 2 Mbp surrounding a locus determines the

3D localization of genes.
Materials and methods

Cells and tissue culture

Primary human bone marrow cells (CD34+ and CD33+)

were purchased from AllCells Inc. (Berkeley, CA).

Chinese muntjac fibroblasts, isolated from tissue of a

stillbirth Chinese muntjac fawn provided by the University

of Bielefeld, Department of Animal Behavior, were

prepared by Dr. M. Scheuermann and propagated as

described elsewhere [20]. The female Indian muntjac cells

were a gift of Dr. Roger A. Schulz, UT Southwestern

Medical Center, Dallas. The male human dermal fibro-

blasts (HDF) derived from foreskin and the muntjac

fibroblasts were grown in Dulbecco’s modified Eagles

medium (DMEM) containing 10% (v/v) fetal calf serum

(FCS), 1.0 mg/l-glucose, 2 mM l-glutamine and 100 U/

ml penicillin/100 Al/ml streptomycin. Jurkat T cells (clone

E6-1), MonoMac6, MV4–11, NALM6, Raji, SKW6.4,

THP-1, 11365 (B lymphoblastoid cell line, Cytogenetics

laboratory, University of Chicago) and U-937 cells were

grown in 90% RPMI 1640, 10% FBS, 100 U/ml

penicillin/100 Ag/ml streptomycin. RS4;11 cells were

grown in Iscove’s modified Dulbecco’s medium, 10%

FBS, 100 U/ml penicillin/100 Ag/ml streptomycin. All

cells were cultured at 37-C and 5% CO2. In all cell lines

with the translocations affecting MLL, the translocation

was verified by FISH (data not shown). For 3D-FISH

analysis, fibroblasts were grown on glass slides to 80%

confluency. Prior to paraformaldehyde (PFA) fixation to

preserve the 3D nuclear structure, suspension cells were

resuspended in 37-C warm PBS to 0.5–1 million/ml. 0.5

ml cell suspension was placed on poly-l-lysine a coated

Poly-Prep Slidesi slide (Sigma). For 5 to 10 min, the

cells were allowed to attach to the surface, while a Press-

to-Seali silicon isolator (20 mm diameter, 1.0 mm deep,

Molecular Probes) prevented the suspension to disperse on

the slide.

3D fixation

In order to preserve the three-dimensional structure of

interphase cell nuclei, the specimen was fixed and permea-

bilized according to protocols reported elsewhere [7,21].

After a wash in PBS, cells were fixed in 4% PFA/PBS for 12

min. Permeabilization to facilitate probe penetration was

achieved by incubation of the specimen with 0.5% (w/v)

saponin/0.5% (v/v) Triton X-100/PBS for 20 min followed

by three washes with PBS. After equilibration in 20%

glycerol/PBS for 30–60 min, specimens were subjected to

three cycles of freeze-thawing (primary cells were frozen

only once to minimize cell loss). Specimens were stored at

�80-C. Slides were thawed at room temperature then

washed three times in PBS and incubated in 0.1 M HCl

for 5–15 min (optimized for each cell type) followed by a

final wash in PBS prior to denaturation.
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FISH probes

Human BAC clones were purchased from BACPAC

Resources Center (Oakland, CA) and Invitrogen (Carlsbad,

CA). Various loci and genes were detected by fluorescence

in situ hybridization (FISH) using the following genomic

probes: for the human cell lines MonoMac6, MV4–11,

RS4;11 and THP-1, the MLL probe from Vysis was utilized

that delineates the split of MLL. In cell lines with normal

MLL, the clone RP11-770J1 was used to detect the entire

gene; AF4: CTD-2505N20 and CTD-2574C18; AF9: CTD-

2177K11 and CTD-3005E18; ENL: RP11-819E16, ELL;

19468 and 29473 (gift of Dr. M. Thirman, University of

Chicago, IL). CASP8 and -CASP10: BAC cl.43 (gift of Dr.

J. Lahti, St. Judes-Hospital in Memphis), STS Marker

D2S163: RP11-53G6.

Genomic DNA of cattle BAC clones with the ID number

0809B10 (MLL), 0494F04 (AF4) and 1086D03 (AF9) were

isolated from the INRA bovine BAC library using relevant

bovine-specific primers for each gene considered as

previously described [22]. Genomic clones were labeled

by nick translation with derivative nucleotides biotin-16-

dUTP, digoxigenin-11dUTP, estradiol-15-dUTP (all Roche)

or DNP-11-dUTP (PerkinElmer).

Fluorescence in situ hybridization

Preparation of metaphase chromosome spreads and

hybridization to these samples were performed as

described elsewhere [21]; 3D-FISH was performed as

previously described [7]. 200 ng of gene-specific-labeled

probe for FISH on metaphase cells and 600 ng probe for

3D-FISH were precipitated with 5 Ag of human Cot-1

DNA (on human specimen) or 5 Ag of cattle Cot-1 DNA

(Bovine hybloc, Applied Genetics Labs, Foster City, CA)

together with 10 Ag of sonified Chinese muntjac DNA

(on muntjac specimen). The probes were resolubilized in

12 Al hybridization buffer (50% deionized formamide/

10% dextran/2� SSC). When custom-made probes were

combined with a commercial probe, the precipitated DNA

was resuspended with 3.2 Al of the commercial probe

and 8.4 Al of the LSI/WCP hybridization buffer (Vysis).

Hybridization was performed at 37-C for 48 h (3D-

FISH). Washes and detection of hybridized probe were

performed as previously described [23] with a final

washing stringency of 2� SSC/pH 7.0. To prevent

unspecific antibody binding, the slide was blocked for

20 min with a blocking buffer (4� SSC/4% (w/v) BSA).

Biotinylated probes were detected using 5 Ag/ml Cy5-

streptavidin (Jackson ImmunoResearch Laboratories, West

Grove, PA), digoxigenin-labeled probes with mouse-anti-

digoxigenin-Cy3 or -Cy5 antibody (Jackson Immuno-

Research Laboratories), and DNP-labeled probes were

detected with 4 Ag/ml rabbit-anti-DNP and 3 Ag/ml goat-

anti-rabbit-IgG-F(abV)2-flourescein isothiocyanate (FITC)

or -Cy5. Following incubation at 37-C for 45 min, slides
were washed at 42-C in 4� SSC/0.05% (v/v) Tween-20.

Coverslips were mounted using Vectashield with DAPI

(Vector, Burlingame, CA). The probes were tested by

FISH on metaphase chromosomes prior to hybridization

on 3D preserved specimens.

Imaging

Microscopic images of metaphase chromosomes were

acquired with a cooled CCD camera system Model SenSys

Series 200 from Photometrics LTD (Tucson, AZ) mounted

on an epifluorescence microscope (Axioplan, Carl Zeiss,

Oberkochen, Germany). IPLab software was used to capture

the images and to export them in .tif format. The images

were further enhanced using the computer program Adobe

Photoshop 6.0.1.

For the acquisition of confocal image stacks, a Leica

SP2 AOBS spectral laser scanning confocal microscope

was used, which was operated with the software LCS

2.5v1347. The Leica DMIRE2 (inverted) microscope was

equipped for conventional epifluorescence (50 W Hg) and

DIC optics. The images were captured with a 63� NA 1.4

oil immersion lens. For simultaneous four-color detection,

the following laser lines were used: 488 nm (FITC), 543

nm (Cy3), 633 nm (Cy5) and 405 nm (DAPI and DIC).

The signals of DNA counterstain and up to 4 different

genomic loci were recorded in separate channels. The

pinhole for all scans was kept constant at 1 Airy. All 3D

image stacks of fixed cells were acquired with steps

between 0.2 Am and 0.5 Am in z-directions. Preferably, the

same step increments were used for each experimental

series. The image resolution was 512 � 512 pixels. If two

or more fluorochromes were imaged, the modus ‘‘sequen-

tial scan’’ was used. The detection spectrum of the

fluorochromes was adjusted to have as little overlap as

possible. In the majority of the scans, the color order

during acquisition was the following: Cy3, FITC, Cy5,

DAPI including DIC. To improve the signal to noise ratio,

all images were averaged 6 or 8 times. To delineate the

shape of the nucleus and the cell, a differential interference

contrast (DIC) image was acquired.

Image processing and 3D analysis

3D surface reconstruction of gene signals were

performed using the computer program Amira 3.1

(Eurostart Services, Düsseldorf, Germany). Distances

between gene signals to the nuclear surface and to the

nuclear center were calculated with the help of the 3D

computational tools described [24]. Briefly, after import-

ing the confocal image stacks into Amira 3.1, the

coordinates of the nuclear surface and of each gene

signal were exported into separate files (IV format),

which were used for calculations within the software

application. The IV-file contained all x , y and z

coordinates of the created surface points of either a gene
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signal or the nucleus. To assess the position of, e.g. a

gene in a nucleus, 3 IV-files were created, one for the

nuclear counterstain and two for each gene signal. The

position of a gene signal in the 3D space was sufficiently

described by the position of its geometric center. An

algorithm was designed to calculate the x, y and z

coordinates of its geometric center for the IV-file. For the

details of the calculation, see [24]. The geometric center

of the nucleus was chosen as the reference point. In order

to compare different signals recorded in different experi-

ments and in nuclei of different cells, a mathematically

defined method was developed, which allowed assess-

ment of the position of genes in the nucleus relative to

the nuclear periphery and the nuclear center. The nuclear

radius (which was summed up as the distance of the

signal to the nuclear center plus the distance to the

nuclear periphery) was divided into 5 equal parts

resulting in 5 shells of identical depth (Supplementary

Fig. 1). To determine the distance between a gene and

the nuclear surface, the program identified the nearest

surface point to geometric center of the gene. Due to the

difference in geometry of fibroblast nuclei (oval and flat),

the shell analysis method used for hematopoietic cells

could not be applied to fibroblasts. Therefore, in

fibroblasts, the distances of the genes to the geometric

center of the nucleus were compared.
1 Searches of the Mitelman Database of Chromosome Aberrations in

Cancer revealed that t(2;11)(q33;q23) has only been described once in the

analysis of tumors of the nasal cavity and paranasal sinuses [25]. So far, a

t(2;11)(q35;q23) has not been described anywhere.
Results

Genes in hematopoietic cells have a highly characteristic

spatial position

The spatial analysis of gene loci was performed in three-

dimensionally preserved cell specimen after co-visualization

by FISH, and the subsequent analysis of confocal images

utilizing dedicated software applications was as described in

the Materials and methods section. The topology of MLL

was analyzed in different hematopoietic cell types: primary

CD34+ and CD33+ cells isolated from human bone marrow

obtained from normal individuals, the 11365 cell line

representing cells with a normal karyotype, and Nalm-6,

SKW6.4, as well as Jurkat cells all with an abnormal

karyotype but a normal chromosome 11. In contrast, Raji

and U937 cells have various abnormalities with either

deletion or inversions of chromosome 11 but not involving

the MLL gene. An example of a rendered nucleus after 3D-

FISH is illustrated in Fig. 1A, and the location of the 5

concentric shells is shown in Fig. 1B. The analysis revealed

that MLL is generally located in the second outer shell of the

nucleus in all tested cell types (Fig. 1C), and the nuclear

distribution appeared independent of the constitution of

chromosome 11.

Comparative analysis of the positions of MLL and its

potential translocation partner genes was performed in the

cell line 11365 (Fig. 2) and in a subset of CD34-positive and
CD33-positive cells (MLL, AF4, AF9, not shown). In all

three cell types, the same nuclear distribution pattern was

observed. In 11365 cells, MLL, AF4, AF6, AF9, ENL, ELL

and two control loci (D2S163, CASP8/CASP10) were

analyzed in 5 different experiments (Fig. 2A). The control

loci were chosen from chromosome 2 since the subbands

2q33 and 2q35 have not been reported to translocate with

MLL or 11q23 in leukemia.1 Statistical analysis revealed

that each gene and chromosomal locus showed a character-

istic distribution pattern in the interphase nucleus, with the

locus D2S163 on 2q35 located in the most exterior and the

genes ENL and ELL on 19p13 in the most interior nuclear

shell. Interestingly, the mean distance of the three most

common translocation partners, AF6, AF9 and AF4, to the

nuclear surface was remarkably similar. While they tended

to localize to a position more peripheral than MLL, the

median position for all three genes clustered at the border of

shells one and two.

The 3D position of genes is conserved across different

species

To determine whether these characteristic gene positions

were specific for cell type and/or species, we extended the

analysis to human fibroblasts and fibroblasts from two

closely related species of deer, Muntiacus muntjak and

Muntiacus reevesi. Indian muntjac which has the lowest

number of chromosomes known in mammals (2n = 6/7), and

Chinese muntjac (2n = 46), are distant enough from humans

but sufficiently closely related to each other to generalize the

findings. MLL, AF4 and AF9 were detected using fluo-

rescently labeled probes (Fig. 3). In M. muntjak MLL, AF4

and AF9 are on chromosomes 2q36-q38, 1p12-p13 and

3q39, respectively, while, in M. reevesi MLL, AF4 and AF9

are on chromosomes 10, 21 and 19, respectively (Supple-

mental Fig. 2). As outlined in the Materials and methods

section, the distances of the genes to the geometric center of

the nucleus were measured. The distribution pattern in the

fibroblasts of the three species was different from the pattern

found in 11365 cells analyzed in the same way (data not

shown). In all fibroblasts, MLL had the largest median

distance to the nuclear center, whereas AF4 and AF9

displayed a similar but shorter distance. This is in contrast

to the distance of MLL to the nuclear center in 11365 cells,

which was on average the shortest. These results provide

evidence for a difference in the nuclear localization of genes

between hematopoietic cells and fibroblasts on one hand and

for a cell-type specific pattern conserved across mammalian

species on the other hand consistent with previous reports

[15,26].



Fig. 1. MLL has a characteristic 3D localization in various hematopoietic cells. (A) 3D reconstruction of 1 nucleus after 3 color FISH. Surface rendered

MonoMac6 cell nucleus from confocal image stacks of PFA-fixed interphase nuclei using the Amira 3.1 computer program. Blue arrow head: AF9 on

chromosome 9; yellow arrow head: 5VMLL and 3VMLL on chromosome 11; pink arrow head: 5VAF9 and 3VMLL on der(9); aqua arrow head: 5VMLL on der(11).

(B) Schematic display for the analysis of the 3D position of MLL using shells of equal radius division. (C) Analysis of the 3D position of MLL in various cells

and cell lines. Nalm-6, SKW6.4, Raji, Jurkat and U937 are cell lines. CD34+ and CD33+ cells were primary hematopoietic stem cells and myeloid cells,

respectively, (purchased from AllCells, LLC., CA) isolated from bone marrow with a MACS kit, purity of >90%. n = number of analyzed genes. A list of the

analyzed gene signals and cell lines is provided in Supplementary Table 1. An assumed random distribution of genes is shown in the bottom right panel.
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Translocation events can change the 3D localization of

genes

In order to assess the effect of a translocation on the 3D

position of rearranged genes, we analyzed the position of

fusion genes of translocation t(9;11) in the cell lines Mono-

Mac6 (Fig. 4) andTHP-1 andof translocation t(4;11) in the cell

lines MV4–11 and RS4;11 (Fig. 5). In both cell lines with

t(9;11), the normal AF9 gene preferentially localized periph-

eral to the MLL gene, the rearranged AF9/MLL(3V) gene was
distributed in theouter shellscorresponding to thenormalMLL

gene topology, and the MLL (5V) portion on the derivative
chromosome 11 was positioned similar to the normal AF9

gene, while the truncated AF9 gene on the derivative

chromosome 9 in the two lines differed in the shell position

(Figs. 4B and 5A). Notably, the derivative chromosome 9was

differently rearranged in the twomonocytic lines as the der(9)

chromosome in theTHP-1cell linehas anadditional inversion.

Both the pro B-cell line RS4;11 and the monocytic cell

line MV4–11 harbor the translocation t(4;11) leading to an

MLL-AF4 fusion gene. Again, the normal AF4 gene

localized preferentially closer to the nuclear surface than

the normal MLL gene, while the position of the two fusion

genes AF4-MLL and MLL-AF4 on the derivative chromo-



Fig. 2. Comparison of the position of various genes in 3D fixed nuclei of 11365 cells. (A) Analysis of the 3D position of genes using shells as displayed in Fig.

1B. All cells were PFA-fixed, and 3D-FISH was performed. The combination of FISH probes was performed with the MLL clone as a reference. The mean

positions of each gene were normalized to the position of MLL in each experiment and plotted. Values for standard deviation and significance (P value,

Student’s t test). n = number of analyzed genes. (B) Summary of the shell localization of all genes shown in panel A, after normalizing the distances to the

position to MLL in each experiment.
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somes 4 and 11, respectively, occupied shell positions

between the normal AF4 and MLL genes (Figs. 5B and C).

Thus, the intact gene copies were distributed in the same

way as in cells with normal karyotype, while the topologies

of similarly altered genes were very similar. Since hema-

topoietic cell lines of different lineage exhibited the same

distribution pattern for the respective rearranged genes, this

topological feature seemed to be cell-type-independent.

Gene density in the immediate proximity of genes is

associated with their 3D localization

Our findings are not consistent with the model of the

nuclear position of entire chromosomes based on their gene
Fig. 3. Comparison of the 3D positions ofMLL, AF4 and AF9 relative to the

nuclear center in fibroblast nuclei from different species. Distance measure-

ments of MLL to nuclear center in HDF (human dermal fibroblasts), MMV

(Indian muntjac fibroblasts), MRE (Chinese muntjac fibroblasts). Values in

micrometer. n = number of measurements. Values for standard deviation and

significance (P value, Student’s t test). Green =MLL, blue = AF4, red =AF9.
density (see Introduction). Accordingly, we analyzed the

relationship of gene topology and gene density on several

levels of subchromosomal regions. To this end, we assessed

the gene density of whole chromosomes, chromosomal arms

and segments of 0.2, 1, 2, 5, 10, 20 and, when possible, 30

and 40 Mbp surrounding the tested loci on normal and

derivative chromosomes (Supplementary Fig. 3 and data not

shown) for the genes MLL, 5 of its potential translocation

partners as well as two control loci in the cell line 11365

(Fig. 6). As the genes AF4, AF6, AF9 and MLL map on

chromosomes with similar gene density, the more central

positioning of MLL does not fit the view of the role of gene

density of entire chromosomes. The same is true for the

differences observed for pairs of genes between chromo-

somes 2 and 19 (Fig. 6). The best association with the

nuclear shell position was found for the gene density of a

region of 1 Mbp upstream and downstream (2 Mbp

window) of a locus (Fig. 6C).

Association of the 2 Mbp window of gene density was

also strongest, when analyzing translocation breakpoints,

which resulted in the change of nuclear shell positions. Fig.

7 shows the analysis of the t(9;11) translocation in

MonoMac6 cells (panel A) and the analysis of the t(4;11)

translocation in RS4;11 cells (panel B). The gene density

around the loci on der(9) and der(4) was higher than on

der(11), and the locus position changed accordingly. In Fig.

7C, the result of a published analysis of cells with a t(11;22)

translocation involving the genes EWSR1 on chromosome

22q12 and FLI1 on chromosome 11q24, for which a

positional shift of the derivative genes was observed [27],

was analyzed in the same way. The published median

distance of genes to the nuclear center was converted to the

distance to the nuclear periphery. Again, the fused genes

occupied an intermediate shell position, when compared to

the gene copies on normal chromosomes (Fig. 7C). Thus,



Fig. 4. After translocation, the 5VMLL and 5VAF9 regions acquire the 3D positions of each other prior to the translocation in MonoMac6 cells. (A) Change of

size after translocation between chromosome 9 and 11. Purple line indicates relative position of the genes AF9 and MLL. Colored bars to the left of each

chromosome indicated the position of FISH clone allowing to identify each color combination in the interphase nucleus. Blue for 5VAF9, green for 5VMLL, red

for 3VMLL. Blue for normal 9, red/green for normal 11, red/blue for der(9), green for der(11). (B) Distribution of 5VMLL, 3VMLL and AF9 on normal and

derivative chromosomes relative to nuclear surface. Upper panels: positions of genes on normal chromosomes. Lower panels: positions of genes in derivative

chromosomes. Positions were analyzed using shells of equal radius division as described in Supplementary Fig. 1. n = 40 cells were evaluated. The 5V and the

3VMLL probes on the normal chromosomes 11 gave a similar result. The 3VMLL probe, detecting the translocated part of MLL on der(9), maintained the shell

position of the normal MLL gene. The 5VAF9 probe, which detects the part of AF9 on the der(9), showed a shell position similar to 3VMLL on the der(9). The

5VMLL probe, which detects the part of MLL on the der(11), changed shell position to that of AF9 on chromosome 9.
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the gene density in the immediate vicinity of a gene (a

region as small as 2 Mbp) correlates well with its 3D

localization in the interphase nucleus.
Discussion

In an attempt to find principles that determine the nuclear

localization of genes, the spatial position of MLL and five of

its potential translocation partner genes was analyzed in

various human hematopoietic cell lines and primary cells as

well as primary human and muntjac fibroblasts. To be able

to describe the position of a gene in the interphase nuclei
most accurately, all the data obtained for this paper

combined 3D specimen preservation [7], precise 3D image

reconstruction of confocal image stacks and 3D calculation

of distances within the reconstructed nuclei.

In contrast to the studies which performed the bulk of

their analyses in 2D fixed cells with only a few 3D

experiments to confirm the data [10,11], all analyses in this

work were exclusively performed on 3D fixed nuclei. The

general fixation method for 2D-FISH involves a hypotonic

treatment, methanol-acetic acid dehydrating fixation and

ultimately dropping of the fixed cell material on a slide

resulting in flattened nuclei suitable for 2D analysis. This

hypotonic treatment causes an enlargement of cells and their
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nuclei and the chromatin to be more loosely packed [28,29]

making distance measurements between genes inaccurate.

Another disadvantage of the 2D analysis is the possibility of

misinterpretation of images. Genes that would be located on

top of each other in a spherical nucleus (e.g. of a

hematopoietic cell) can appear to be in close proximity.

To compensate for these problems, Roix et al. analyzed

several thousand cells using a semi-automated high-

throughput image acquisition system to find significant

differences in gene positions [6]. Kozubek and coworkers
Fig. 5. Changes in 3D positions of genes following translocation events. (A)

Following translocation, the 5VMLL and 5VAF9 regions acquire the 3D

positions of each other prior to the translocation in THP-1 cells. Positions of

the 5VMLL, 3VMLL, 5VAF9 and 3VAF9 signals relative to the nuclear surface.

18 cells were analyzed. Some signals for the derivative chromosomes could

not clearly be identified, resulting in fewer measurements. (B) Following

translocation, both the 5VMLL and 5VAF4 regions acquire the 3D position

and distance to the nuclear surface that lies between the location of MLL on

chromosomes 11 and AF4 on chromosome 4 in the B-cell line RS4;11.

Positions of the 3VMLL, 5VMLL, 3VAF4 and 5VAF4 signals relative to the

nuclear surface. P values were calculated with the computer program Excel.

(C) After translocation, both the 5VMLL and 5VAF4 regions acquire the 3D

position of AF4 in the monocytic cell line MV4–11. Position of 5VMLL,

3VMLL, 3VAF4 and 5VAF4, relative to nuclear surface. n = 25 cells were

evaluated. In 10 nuclei, not all the signals for the derivative chromosomes

were identifiable. der = derivative chromosome.
developed a prediction model to interpret the maximum

image of fixed material (after MAA or PFA fixation), which

is the projection of all confocal images acquired for one

nucleus, and calculated the theoretical distribution of loci

[30]. This method allowed the automated analysis of the

FISH-painted nuclei and a high-throughput manner.

We chose the established 4% paraformaldehyde fixation

method to preserve the nucleus’ 3D structure [7,21] with a

few modifications to optimize analysis in different cell lines.

It is the fixation method that has repeatedly been shown to

adequately conserve the chromatin architecture during FISH

[7,31].

The position of genes in the 3D space of the interphase

nucleus was determined with the help of 3D-reconstructed

confocal image stacks and specifically designed computa-

tional tools [24] to determine the distances among genes and

the position relative to the nuclear radius. We expressed the

3D gene positions as percent of the nuclear radius, and

genes were assigned to the volume of concentric shells of

equal volume, analogous to a 2D system that was published

earlier [14,32]. There, the 2D area of the nucleus was

divided into 5 concentric rings of equal area.

The normal gene copies of MLL, AF4, AF6, AF9, ELL

and ENL were found characteristically distributed in nuclear

shells. Their distribution was the same in cells of different

hematopoietic origin. Furthermore, in leukemic cells, where

one gene copy was rearranged, the remaining normal locus

was positioned as in cells with normal karyotype. Most

interestingly, rearranged genes changed their nuclear shell

positions. The same fusion gene (t(9;11) or t(4;11)) in

different cell lines displayed the same topology. Since

hematopoietic cell lines of different lineage exhibit the same

distribution pattern for the respective rearranged genes, this

topological feature seems to be cell-lineage-independent.

There was a difference in the nuclear localization of genes

between hematopoietic cells and fibroblasts, suggesting

tissue-specific differences of gene positioning consistent

with previous reports [26,33]. 3D analysis from human and

two muntjac species revealed a high evolutionary conserva-

tion suggesting that a cell-type-specific gene positioning in

the nucleus is conserved across mammalian species. A high



Fig. 6. Comparison of the gene density of entire chromosomes with the local gene density within 2 Mbp of genes/loci for being predictors for the 3D

nuclear position of genes. Light blue bars are relevant for the control loci, dark green bars for MLL and 5 translocation partners. (A) Gene density of

entire chromosomes. (B) Measured distances of genes/loci to nuclear surface. Values are the normalized median values. (C) Gene density in the 2 Mbp

windows surrounding the genes/loci. Gene density information for the human chromosomes was obtained from the website http://www.ncbi.nlm.nih.gov/

mapview/maps.cgi.
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conservation between species has previously been reported

for intraterritory gene positions between human and mouse

[11,13]. The factors that determine the relative positions of

chromosomes within the nucleus are not fully understood.

There seems to be a correlation between the estimated gene

density (number of genes per Mbp) of each chromosome

and its average position within the nucleus. The estimated

gene density of each chromosome has been correlated with

its average position within the nucleus. Chromosomes with

fewer genes are often associated with the nuclear periphery,

while gene-rich chromosomes reside in a more internal

nuclear position [14,19]. While this is true for (proliferating)

spherical nuclei, such as in hematopoietic cell lines, in

quiescent nuclei, chromosomes often appear to be posi-

tioned according to their size [16–18,32]. Controversy

remains over the positioning of chromosomes in non-

spherical nuclei, such as in fibroblasts. Boyle et al. found

chromosomes in proliferating human dermal fibroblasts to

be organized by gene density [19]. In contrast, Bolzer et al.

reported that in fibroblasts chromosomes are positioned by

size, even in proliferating nuclei [17].

The connection between gene density and localization

was also evident in a comparison of the localization of

human chromosomes 18 and 19 and their derivatives

generated by reciprocal translocation. While similar in size,

chromosome 19 is highly gene-dense, whereas chromosome

18 is relatively gene-poor. In nuclei of normal cells, the

chromosome 19 territory had a more internal position than

chromosome 18 [14]. Whether translocation events can

change the positions of chromosomal domains has previ-

ously been tested by analyzing chromosome rearrangements

between or involving human chromosomes 18 and 19

[14,15]. Translocated parts of chromosomes retained the
overall orientation as seen in the normal chromosomes [14].

This suggested that subchromosomal regions determine

their nuclear location [14]. The differences of der(18) and

der(19) were generally less pronounced than those of the

normal chromosomes [15]. However, translocations do not

always change the localization of chromosomal territories.

Parada and coworkers reported that chromosome territories

#12, 14 and 15 clustered in nuclei of normal mouse

splenocytes as well as in a mouse lymphoma cell line, in

which these three chromosomes were involved in two

translocation events [34]. The translocation in this example

did not alter the relative arrangement of the territories to

each other.

A number of analyses found a correlation between the

gene density of certain loci and their localization not only

within the nucleus but also within their chromosomal

territories. This behavior is not found in most non-clustered

loci but sometimes in large regions that presumably contain

active gene clusters such as the MHC cluster on chromo-

some 6 [10], the EDC on chromosome 1 [9] and the MLL

gene on chromosome 11 (own data, data not shown). These

loci have all been shown to be preferentially localized at the

surface or even outside the surface of their territories. By

plotting the gene density in 1 Mbp steps from the p to the q

telomere of these chromosomes, it appeared that these genes

are located in regions of high gene density (data not

shown). During the course of this work, a potential

contradiction between the localization of gene-dense

regions at the surface of chromosomal territories and

towards the center of the nucleus became apparent. This

contradiction can only be solved if one assumes that

actively transcribed and/or gene-dense regions loop out of

territories preferentially towards the center of the nucleus.

 http:\\www.ncbi.nlm.nih.gov 


Fig. 7. Comparison of gene density of entire chromosomes with the local gene density in a 2 Mbp window surrounding the gene as a predictor for changes of

3D localization after translocation events. Dark blue column: chr 11; light blue column: der(11); dark green column: other normal chromosome; light green

column: other derivative chromosome. Left panels: gene density of whole chromosomes. Center panels: gene density in the 2 Mbp window surrounding the

gene. Right panels: measured distances of genes to nuclear surface. (A) Values relevant for the cell line MonoMac6 with t(9;11) involving AF9 and MLL. (B)

Values relevant for the cell line RS4;11 with t(4;11) involving AF4 and MLL. (C) Values relevant for a literature example: translocation t(11;22) involving the

genes EWSR1 on chr 22 and FLI1 on chr 11 of Ewing sarcoma cells. The data were taken from published 2D image analysis [27]. Original data were converted

from distances of signals to nuclear center in percent of total radius to distances of signals to nuclear periphery. Average distance values are displayed. Gene

density information was obtained from the website http://www.ncbi.nlm.nih.gov/mapview/maps.cgi and calculated for the derivative chromosomes. chr =

normal chromosome. der = derivative chromosome. Red lines indicate the general pattern of change between the normal and derivative chromosomes.
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In fact, close inspection of some published results seems to

indicate that this is the case. The majority of images show

genes looping out of territories towards the center of the

nucleus [9–11,13]. What determines the position of a

sequence within the nucleus and what could be the

mechanisms that maintain a gradient of gene density from

the nuclear surface to the nuclear center? Published work

suggests that, at the chromatin level, the more gene-dense

regions of the genome localize to the nuclear interior, and

the more gene-poor chromatin locates at the nuclear

periphery [17,35]. Our work now suggests that the local

gene density of a 2 Mbp window surrounding a gene seems
to be a good predictor for the nuclear position of genes.

However, gene density alone cannot be the determining

factor because of cell-type-specific differences we have

observed. Furthermore, it has been shown that genes change

position after activation or inactivation [36], a process

which does not alter the actual gene content. Nevertheless,

the gene density that surrounds MLL and its translocation

partners correlates remarkably well with their 3D position in

the nucleus. It is likely that the transcriptional activity of

loci contributes to their localization. The more genes are

present in a local region, the higher the potential transcrip-

tional activity could be.

 http:\\www.ncbi.nlm.nih.gov 
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To determine whether this novel method can also be

applied more generally to predict the location of subchro-

mosomal domains, published data on the location of

telomeres were reanalyzed. Weierich et al. reported that

the location of the telomeres was very different between

mouse and human [37]. Mouse telomeres clustered more in

the nuclear periphery than human telomeres. This result

could not have been predicted from the general gene density

of the entire chromosomes from mouse and human since the

median densities are quite similar (red lines in Figs. 8A and

B). However, when the gene densities of only the last 2 Mbp

of each telomere were considered, the median number of

genes present in mouse was much lower (1.5) than in

humans (14.25) (Figs. 8C and D), whereas the mean gene

density of all chromosomes in both species was similar. One

could argue that mouse chromosomes are acrocentric, but

even if only q telomeres are considered, again, many fewer

genes are found in the 2 Mbp window of the q telomeres of

mouse (18 genes) than of humans (34.5 genes). The analysis

therefore demonstrates that local gene densities can allow a

more accurate prediction of 3D localization of not only

genes but also chromosomal domains than the total

chromosomal gene density.

It was speculated that centromeres might be important for

the chromosome position. After centromeric heterochromatin

was disrupted with a DNA interchelator, positioning patterns
Fig. 8. Human and mouse telomeres acquire very different 3D nuclear positions due

of mouse (A) and human (B). Median gene density (red lines) is 9.0 genes/Mbp for m

the terminal 2 Mbp or each telomere in mouse (C) and human (D). The median num

14.3 genes for human.
of chromosomes were lost [38]. It was therefore assumed that

chromosome-specific timing of sister chromatid separation

transmits the position of a chromosome from one cell

generation to the next. If the centromere of chromosome 11

would be the determining factor of its position, 5VMLL in the

der(11) should have maintained the same position as in the

normal chromosome 11, which is clearly not the case. If the

telomeres played a significant role in the position, 3VMLL

should have the same position in der(4) and in normal

chromosome 11, and that is not the case either.

A positional change caused by a translocation event was

not only observed for whole chromosomes. A distinct

change in the position of genes (EWSR1 on chromosome 11

and FLI1 on chromosome 20) was observed after their

reciprocal translocation [27]. Normal EWSR1 had a more

central, FLI1 a more peripheral position. Both fusion genes

took a position intermediate for both normal genes. This

finding was interpreted to be caused by the changed gene

density of the translocated chromosomes. Consistent with

this model, it was found that the two genes ABL1 (on

chromosome 9) and BCR (on chromosome 22) did not

significantly change their position after translocation (for-

mation of the Philadelphia chromosome) because the

position of these genes on the normal chromosomes was

very similar. It was proposed that the radial location of the

fusion gene does not depend on the location of the
to different local gene densities. (A, B) Gene density of entire chromosomes

ouse chromosomes and 7.9 for human chromosomes. (C, D) Gene density in

ber of genes (red lines) found in this window was 1.5 genes for mouse and
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translocation event but that it might be determined by the

final structure of the chimeric chromosomes [27]. Our

analysis now suggests that it is the local gene density

surrounding a gene that determines its 3D localization in the

nucleus.

The MLL gene has a certain probability of localization

relative to the nuclear surface. In addition, during FISH

analysis of peripheral blood and 7 hematopoietic cell

lines, it appeared often at the surface or even outside of

the stainable territory of chromosome 11 (data not shown).

This could be relevant for MLL’s propensity to be a major

translocation hotspot [39,40]. This localization seems to

be characteristic of MLL since a control gene, AF9, had a

more internal localization. The analysis indicated that, in

the majority of the hematopoietic cells, MLL including the

3V chromosomal regions adjacent to MLL is located at

the surface or outside of the stainable chromosome 11

territory.

Although MLL and its translocation partners were found

to have a preferred distance to the nuclear surface, the

position of these genes within the predicted shells was

random. Using angle measurements, no evidence was found

for a clustered or polarized organization of genes (data not

shown). This concurs with the assumption that chromosome

positioning patterns are probabilistic rather than absolute

[41].

The results of this work have the potential to shed a

new light on the mechanism and the effects of reciprocal

translocations. So far, the concept of a reciprocal trans-

location is that two genes get disrupted leading to the loss

or gain of function mutations. If these genes are part of a

signal transduction cascade, the expression and activity of

many other genes can also be influenced. After a change in

position, genes in close proximity of the breakpoint, not

disrupted by the break itself, could also be affected by the

positional change resulting in a change in their expression.

One could speculate that a shift to the nuclear surface

would result in downregulated transcriptional activity and

a shift to the nuclear interior could upregulate the

expression of genes, which could contribute to cellular

transformation.
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