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Distinct and shared three-dimensional chromosome
organization patterns in lymphocytes, monoclonal gammopathy
of undetermined signiﬁcance and multiple myeloma
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Multiple myeloma (MM) is a malignant plasma cell proliferative disorder, which accounts for 1% of all cancers and
10% of all hematologic malignancies.1,2 MM is almost
always preceded by an asymptomatic premalignant stage
known as monoclonal gammopathy of undetermined signiﬁcance (MGUS).3 The risk of progression from MGUS to
symptomatic MM is 1% per year.4,5
The pathogenesis of MM and MGUS is a complex process
that includes the progressive occurrence of multiple structural
chromosomal changes.1 These alterations involve a combination of gains and losses of whole chromosomes, nonrandom
chromosomal translocations and point mutations.6 One of the
common abnormalities is hyperdiploidy, which is associated
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with the odd numbered chromosomes including 3, 5, 7, 9, 11,
15, 19 and 21.7,8 Translocations involving the immunoglobulin
heavy-chain (IgH) locus are predominately found in the nonhyperdiploid group.8 The most common translocations involve
the following chromosomes: t(11;14)(q13;q32), t(4;14)(p16;q32)
and t(14;16)(q32;q23)1 at the following frequencies; 20%, 15–
20% and 5% of the cases, respectively.9
Previous studies revealed the consistent association of speciﬁc chromosomal abnormalities with speciﬁc types of cancer,
supporting the hypothesis that these nonrandom structural
chromosomal abnormalities are the cause of malignant transformation in a particular cancer type.10 Advances in molecular cytogenetics have provided knowledge about chromatin
organization in interphase nuclei at molecular resolution.11 It
was proposed for a long time that neighboring chromosomes/
gene loci may engage in translocations more frequently than
chromosomes/loci that are found at larger distances to each
other.12 In fact, studies by several groups indicated that neighborhood relationships appear critical for translocations to
occur.10,13–20 Changes in the spatial position of chromosomes
may also predispose chromosomes in close proximity to
translocations that are typical of certain cancer types.10,15,21
Chromosome territories (CTs) were ﬁrst postulated by
Theodor Boveri.22,23 His pivotal work was recently translated
and annotated by Henri Harris.24 Interphase chromosomes
are organized in a nonrandom fashion within the threedimensional (3D) nuclear space.21,25–28 The organization of
chromatin and chromosomes in the nucleus inﬂuences gene
expression and nuclear function.27,29,30 Several studies
indicate that interphase positioning of CTs may not only
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The consistent appearance of specific chromosomal translocations in multiple myeloma has suggested that the positioning of
chromosomes in the interphase nucleus might play a role in the occurrence of particular chromosomal rearrangements associated with malignant transformation. Using fluorescence in situ hybridization, we have determined the positions of selected
chromosome pairs (18 and 19, 9 and 22, 4 and 14, 14 and 16, 11 and 14) in interphase nuclei of myeloma cells compared to
normal lymphocytes of treatment-na€ıve patients. All chromosome pairs were arranged in a nonrandom pattern. Chromosomes
commonly involved in myeloma-associated translocations (4 and 14, 14 and 16, 11 and 14) were found in close spatial proximity, and this is correlated with the occurrence of overlapping chromosome territories. The spatial distribution of chromosomes may increase the possibility of chromosomal translocations in multiple myeloma.
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What’s new?
The positioning of chromosomes in the interphase nucleus might play a role in the occurrence of chromosomal rearrangements associated with malignant transformation. Here, the authors examined the nuclei of myeloma cells and control lymphocytes from treatment-na€ıve patients using conventional 3D imaging and super-resolution microscopy. Common and distinct
chromosome positions were found in lymphocytes and myeloma cells with respect to neighborhood relationships and tendency to overlap. Chromosomes commonly involved in myeloma-associated translocations were found in close spatial proximity,
which correlated with the occurrence of overlapping chromosome territories. The spatial distribution of chromosomes may
increase the possibility of translocations in multiple myeloma.

be tissue-speciﬁc, but is subject to changes during
differentiation.21,28,31–33
Fluorescence in situ hybridization on 3D preserved nuclei
(3D-FISH) allows visualization of chromosomes as volume
structures, providing detailed information about chromosomal positioning relative to nuclear structure.34–36 The combination of 3D-FISH, 3D-microscopy and image reconstruction is
an effective way to analyze the spatial arrangement of chromosomes in the nucleus.37 The conventional, widely used
epiﬂuorescence light microscopy has a resolution limited by
the diffraction limit of the objective lens. The development of
super-resolution ﬂuorescence microscopy techniques, such as
structured illumination microscopy (SIM), stimulated emission depletion (STED) and single molecule localization
approaches (SMLM), have provided a great improvement in
spatial resolution beyond the diffraction barrier.38–41 These
methods yield the ability of accurate measurement of subcellular structures at the nanometer scale in all three
dimensions.35,41,42
In this study, we have used 3D-FISH with ﬂuorescentlabeled whole chromosome-speciﬁc paints and examined
whether we could (1) determine the 3D arrangement of interphase CTs in myeloma nuclei of treatment-na€ıve patients; (2)
identify distinct characteristics of CTs in myeloma nuclei compared to control lymphocytes; and (3) elucidate possible interaction(s) between CTs in interphase nuclei, especially of myeloma
cells, using 3D-SIM and quantitative measurement techniques.

Materials and Methods
Patients

The pilot study population consisted of 20 treatment-na€ıve
patients, which where subdivided into two groups: MM
(N 5 10) and MGUS (N 5 10) (Table 1). Diagnosis criteria
were based on the International Myeloma Working Group
(IMWG).43 Control lymphocytes were examined from the
same patients. Ethics approval was obtained from CancerCare
Manitoba Research Resource Impact Committee and Research
Ethics Board on human studies of University of Manitoba,
Manitoba, Canada (Ethics Reference No. H2010:170).
Isolation of lymphocytes and myeloma cells

White blood cells were isolated as previously described.44
Brieﬂy, 10 ml peripheral blood from each patient was

collected in EDTA-treated tubes. Mononuclear cells were
separated using Ficoll–Paque (GE Healthcare Life Sciences,
Quebec, Canada) by a 30 min centrifugation at 200g. The
buffy coat was washed with 10 ml of a 13 phosphate buffered
saline (PBS) solution.
Fluorescence in situ hybridization
Pretreatment of interphase nuclei. Cells were subsequently

placed onto slides. The slides were equilibrated in 2 3 salinesodium citrate (SSC) buffer solution for 10 minutes at room
temperature (RT). The slides were incubated with 100 lg/ml
ribonuclease A (RNase A) at 378C for 1 hr and washed three
times in 2 3 SSC for 5 min each while shaking at RT followed by 10-min pepsin/HCl treatment at 378C. The slides
were washed twice in 1 3 PBS for 5 min each and then once
in 50 mM MgCl2 in 1 3 PBS for 5 min while shaking before
incubated in 1% formaldehyde/50 mM MgCl2 in 1 3 PBS
for 10 min. Slides were washed once in 1 3 PBS for 5 min
while. The denaturation of slides was performed in 70%
deionized formamide in 2 3 SSC (pH 7.0) at 708C for 2 min
and then transferred immediately to a series of cold ethanol
(70%, 90% and 100% ethanol).
Chromosome paints and labeling

Whole human chromosome-speciﬁc paints for chromosome
4, 9, 11, 14, 16, 18, 19 and 22 were purchased from Applied
Spectral Imaging Ltd (Carlsbad, CA). Cy3-labeled and FITClabeled whole chromosome painting probes were used for
hybridization, simultaneously. The probe were mixed and
then denatured at 85–908C for 7 min followed by a 30 min
incubation at 378C. The pre-annealed probe was applied to
the denatured nuclei. Slides were sealed with rubber cement
and incubated in a humidiﬁed chamber at 378C. After overnight hybridization, the slides were washed three times in
50%formamide/2 3 SSC (5 min each, at 458C), twice in 0.1%
Tween-20/4xSSC (5 min each, at 458C) and once in 1 3 SSC
(2 min, at 458C) while shaking. The slides were counterstained with 40 ,6-diamidino-2-phenylindole (DAPI) (0.1 lg/
ml) and incubated in the dark for 3 min. Excess DAPI was
removed with ddH2O. The slides were then mounted in
ﬂuorescence-antifade solution (Vector Laboratories, Burlington, Ontario, Canada), using high performance cover glasses
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Clinical characteristic

MGUS
patients

MM
patients

Mean age (year)

71.7 6 10.2

63.1 6 8.9

BMPC (%)

6.5 6 2.0

49.2 6 25.0

15.0 6 7.8

23.7 6 27.8

Immunoglobulin isotype (mg/dL)
IgG
IgA

3.4 6 3.9

0.4 6 0.4

IgM

12.7 6 24.9

0.2 6 0.1

Kappa

20.9 6 12.7

323.2 6 540.3

Serum free light chain (mg/l)

Lambda

34.3 6 36.9

509.4 6 1,417.4

Albumin (g/l)

36.1 6 4.0

32.5 6 5.1

M protein (g/l)

11.2 6 10.1

31.0 6 22.6

b2 microglobulin (lg/ml)

2.4 6 0.4

7.7 6 8.2

BMPC indicates bone marrow plasma cells.

(No. 1 1/2, Schott, Mainz, Germany). The slides were sealed
with nail polish and stored at 48C until imaging.
Identification of myeloma cells

We previously identiﬁed myeloma cells based on green ﬂuorescence signals emitted by the ﬂuorescein isothiocyanate
(FITC)–labeled CD138 antibody and on the size and intensity
of the DAPI counterstained nucleus.44,45 In comparison, normal lymphocyte nuclei have a smaller, rounder shape and
emit a brighter DAPI signal than myeloma nuclei. In this
study, we have identiﬁed myeloma and lymphocyte nuclei
based on size and intensity of the DAPI staining.

Microscopy and Image Acquisition
All image processing was performed in MATLAB (MathWorks, Natick, MA) with the DIPimage toolbox.46
Conventional epifluorescence microscopy

Epiluorescence imaging was performed with an AxioImager Z1
microscope (Carl Zeiss Canada, Toronto, Canada) and an AxioCam HR charge-coupled device (Carl Zeiss). A 633/1.40 oil
immersion objective lens (Carl Zeiss) was used with a DAPI ﬁlter,
for nuclear DNA staining detection, a cyanine 3 (Cy3) ﬁlter and a
ﬂuorescein isothiocyanate (FITC) ﬁlter for detection of the whole
chromosome paint signals. All imaging of interphase nuclei used
the same protocol and tricolor beads were used for standardization.47 Eighty z-stacks were acquired at a sampling distance of
Dx 5 Dy 5 102 nm and Dz 5 200 nm for each slice of the stack.
The acquired images were deconvolved using AxioVision 4.8 software (Carl Zeiss) using a constrained iterative algorithm.48
Deconvolved images were exported as TIFF ﬁles for analysis.
Image segmentation and 3D image analysis of
conventional epifluorescence microscopy

The chromosome position was analyzed in two steps. First,
the objects of interest were automatically identiﬁed

(segmentation). Second, the relevant features were measured.
The nucleus was segmented as described by Righolt et al.
(2015) with some minor modiﬁcations for these cells. The
chromosome channels are individually segmented from their
respective images.49 The image is ﬁrst band-ﬁltered with a
difference of Gaussians ﬁlter, the negative values arising from
this ﬁlter are clipped to zero. The product of the original
image and the clipped band-pass ﬁltered image is subsequently thresholded over the nuclear mask with the isodata
algorithm.50 Holes within connected regions are ﬁlled and
the largest connected, detected regions are the detected chromosomes. The relevant volume and distance measures follow
straightforward from these detected regions. The relative
radial position was measured from the center of mass of the
nucleus as described in Kuzyk et al. (2015).51 These measures
were based on the full CT rather than just the center of
mass.51
Super-resolution microscopy (3D structured illumination
microscopy, 3D-SIM)

Super-resolution imaging (3D-SIM) was performed on a
Zeiss Elyra PS1 equipped with a Zeiss Plan Apochromat
inverted 633/1.40 oil immersion objective lens using an
Andor EM-CCD iXon 885 camera and a 1.63 tube lens at
room temperature. The DAPI channel was obtained with
405 nm laser excitation, 23 mm diffraction grating and ﬁlter
cube SR Cube 07. The Cy3 channel was obtained with
561 nm laser excitation. The FITC channel was obtained
with 488 nm laser excitation. The lateral pixel size, Dx and
Dy, was 79 nm in the recorded images and 40 nm in the
reconstructed image. The z-stacks were acquired by capturing
slices taken at 91 nm intervals through each nucleus, and
consisted of 60–70 slices collected sequentially. A ﬁeld of
view was selected and the z-stack boundaries were deﬁned
manually. The 3D-SIM images were reconstructed using ZEN
2012 black edition (Carl Zeiss, Jena, Germany). Image stacks
were exported as 16-bit tiff image sequences.
The full 3D image was used for analysis. The features
described below are based on measuring spatial proximity
and overlap between the regions at the edges of CTs. The
nucleus was segmented using an isodata threshold. The chromosomal DNA was segmented by applying an isodata threshold to the chromosome image within the nucleus. All
detected objects with a volume smaller than a sphere with a
300 nm radius were discarded. Two features were measured
in each cell. The ﬁrst measure is based on the Manders
colocalization coefﬁcient (MCC). First the MCC are calculated based on the detected CTs.52 The mean of these two coefﬁcients is then calculated and then taken as the MCC for the
cell, MCC will refer to this mean of the two coefﬁcients in
this article. The second measure is based on the detected
volumes in both CT channels, VCy3 ðxÞ and VFITC ðxÞ, both
binary images. This feature is called the percentage of intermingling and is the ratio of the intersection to the union of
both volumes:
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Figure 1. (a) Representative screenshot of chromosome segmentation and 3D reconstruction data of chromosome 4 and 14 territories in
control lymphocyte (A), MGUS (B) and MM nuclei (C). Left panel (Ai, Bi and Ci) represents the 2D and pre-segmentation image. Right panel
(Aii, Bii and Cii) represents 3D reconstruction of each nucleus (DAPI is not shown in 3D-image). Nuclei are counterstained with DAPI (blue),
chromosome 4 territories are in red (Cyanine 3) and chromosome 14 territories are in green (FITC). Conventional 3D epifluorescence microscopy was used. Note the overlapping regions within CTs are shown in yellow. (b) Mean nuclear and CTs volume measurements in lymphocytes (blue), MGUS (orange) and MM nuclei (green). The error bar represents one standard error of the mean. The absolute CT volumes in
myeloma nuclei are larger than in control lymphocytes but the normalized CTs volumes are largest in lymphocyte nuclei, and then followed
by MM and MGUS nuclei.
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Table 2. Mean CTs volume of each chromosome in lymphocyte, MGUS and MM nuclei
Mean absolute CTs volumes

Normalized CTs volumes

Chromosome

Lymphocyte

MGUS

MM

Lymphocyte

MGUS

MM

4

6.01 6 3.32

7.26 6 5.05
(0.009)

9.23 6 5.89
(<0.001)

2.19 6 1.09

1.64 6 0.96
(<0.001)

1.96 6 1.08 (<0.001)

9

4.70 6 2.55

5.41 6 4.92
(<0.001)

6.25 6 4.05
(<0.001)

1.69 6 0.77

1.07 6 0.74 (<0.001)

1.34 6 0.74
(<0.001)

11

5.20 6 2.62

6.92 6 5.01
(<0.001)

5.95 6 4.66
(0.048)

1.85 6 0.89

1.37 6 0.92
(<0.001)

1.12 6 0.70
(<0.001)

14

5.08 6 2.68

5.87 6 3.90
(<0.001)

6.46 6 4.73
(<0.001)

1.82 6 0.92

1.24 6 0.81
(<0.001)

1.29 6 0.77
(<0.001)

16

4.78 6 2.54

5.66 6 3.47
(0.006)

5.77 6 3.47
(0.003)

1.58 6 0.79

0.99 6 0.53
(<0.001)

1.10 6 0.57
(<0.001)

18

4.33 6 1.99

5.06 6 3.08
(<0.001)

4.91 6 2.77
(0.003)

1.61 6 0.68

1.10 6 0.54
(<0.001)

1.11 6 0.53
(<0.001)

19

3.26 6 1.55

3.33 6 2.58
(<0.001)

3.48 6 2.47
(0.004)

1.21 6 0.55

0.73 6 0.50
(<0.001)

0.78 6 0.49
(<0.001)

22

3.91 6 2.04

3.60 6 2.42
(<0.001)

4.06 6 2.69
(0.128)

1.43 6 0.69

0.80 6 0.49
(<0.001)

0.89 6 0.50
(<0.001)

The CT volume was normalized for nuclear size by dividing by the nuclear volume. Note that values in parentheses represented KS p-values when
compared to control lymphocytes.

VCy3 \ VFITC
VCy3 [ VFITC

Statistical analysis

Group data were expressed as mean 6 SD. Statistical analysis
was performed using two-sided, two-sample Kolmogorov–
Smirnov (KS) tests to determine signiﬁcant differences in all
imaging data, and the results were expressed as cumulative
distribution plots. Histograms and scatter plots were generated using Microsoft Excel. We requested p-values of <0.01 for
a statistically signiﬁcant and p < 0.001 for a highly signiﬁcant
difference in all analysis.

Results
Clinical data were available for all patients. The patients
included 10 treatment-na€ıve MGUS patients and 10 treatmentna€ıve MM patients with a median age of 67.4 years (range,
45–80 years). Patient characteristics are given in Table 1.
FISH was performed on 3D preserved lymphocytes and
myeloma nuclei. The nuclei were identiﬁed and imaged using
ﬂuorescence microscopy and 3D-SIM. After acquisition and
image reconstruction (see Materials and Methods), we determined the CT characteristics and positioning within the
nuclear space. Hybridized chromosome signals for each chromosome paint were examined in at least 30 nuclei per sample. We analyzed a total of 5,518 lymphocytes, 2,917 MGUS
and 2,906 MM nuclei for 5 pairs of chromosomes, including
chromosome (4 and 14), (9 and 22), (11 and 14), (14 and 16)
and (18 and 19). Chromosome 9 and 22 were chosen since
they are neighbors in lymphocytes.18,53 Chromosomes 18 and
19 were chosen as they are arranged based on their gene densities in human cells.54 All other listed chromosome pairs represent possible translocation partners in myeloma cells.9

Chromosome territories and nuclear volumes
measurements after conventional epifluorescence
microscopy

We analyzed the above chromosomes in interphase nuclei.
Figure 1a represents a screenshot of the program showing a
segmentation example for chromosomes 4 and 14 in control
lymphocytes (A), MGUS (B) and MM (C). A 2D image is
displayed in pre-segmentation mode (Fig. 1a, Ai, Bi, Ci, left)
and following segmentation of chromosomes and nuclei (Fig. 1a,
Ai, Bi, Ci right). The 3D reconstructed chromosomes are shown
in the right panel of this ﬁgure (Fig. 1a, Aii, Bii and Cii).
Our automatic segmentation approach measured cell properties for each cell: the volume of CTs, the distance between
them and their distances to the nuclear center (Materials and
Methods). Total volumes were calculated for both the chromosomes and nuclei. The mean nuclear volumes are
281.98 6 67.24 lm3 for lymphocytes, 478.68 6 148.84 lm3 for
MGUS cells and 476.72 6 152.75 lm3 for MM nuclei. As
expected the nuclear volumes were signiﬁcantly larger in myeloma nuclei compared to control lymphocytes (p < 0.001).
Among myeloma nuclei, the nuclear volume of MM nuclei and
MGUS nuclei was not signiﬁcantly different (p 5 0.215). These
results supported our previous ﬁndings demonstrating
increased nuclear volumes in myeloma nuclei.45 Correspondingly, the absolute CT volumes in myeloma nuclei were also
larger than in control lymphocytes (Fig. 1b).
To avoid the effects of size increases of nuclear volumes
and altered chromosome numbers in malignant nuclei, we
normalized the CTs volumes and expressed them as a
percentage of the nuclear volume. Nuclear volumes were
calculated for the same nuclei used for CTs volume measurements. The calculated ratio of individual CT volumes to
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Figure 2. (a) Representative data of chromosome positions in interphase nuclei of lymphocytes, MGUS and MM after conventional 3D epifluorescence microscopy. Visualization of the 2D image and 3D reconstruction of specific CTs after 3D-FISH using human whole chromosome painting probes on lymphocytes (left), MGUS cells (middle) and MM cells (right panel). (A) chromosome 4 (red) and 14 (green); (B)
chromosome 11 (red) and 14 (green); (C) chromosome 14 (green) and 16 (red); (D) chromosome 9 (red) and 22 (green); and (E) chromosome 18 (red) and 19 (green). DNA counterstain is shown in blue (scale bar 5 7 lm).

nuclear volumes varies depending on the chromosome and
cell types (Fig. 1b). All normalized CT volumes were largest
in lymphocyte nuclei, and then followed by MM and
MGUS nuclei. The absolute and normalized CTs volumes of
the chromosomes studied in each cell type are shown in
Table 2.

Chromosome positioning in myeloma and lymphocyte
nuclei after conventional epifluorescence microscopy

To examine spatial chromosome organization, we have used
two differentially labeled chromosome paints in combination.
The results revealed that the chromosome positions were
nonrandom in normal lymphocytes, MGUS and MM nuclei
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Figure 2. (b) Representative data of chromosome positions in interphase nuclei of lymphocytes, MGUS and MM after 3D-SIM. Visualization
of the 2D image and 3D reconstruction of specific CTs after 3D-FISH using human whole chromosome painting probes on lymphocytes
(left), MGUS cells (middle) and MM cells (right panel). (A) chromosome 4 (red) and 14 (green); (B) chromosome 11 (red) and 14 (green);
(C) chromosome 14 (green) and 16 (red); (D) chromosome 9 (red) and 22 (green); and (E) chromosome 18 (red) and 19 (green). DNA counterstain is shown in blue (scale bar 5 7 lm).

(Fig. 2a). To evaluate position differences between CTs, the
relative radial distribution of each CT was measured. The
average radial distance of the CTs to the center of the nuclei
was determined. The distances were normalized using the

radius of the nucleus. Values of 0 and 1 correspond to theoretical positions at the center or edge of the nucleus, respectively (see Kuzyk et al., 2015 for more details of this
method).51
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and myeloma nuclei
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Median relative
radial position (%)
Chromosome

Lymphocyte

Myeloma

4

61.37

58.18

KS test
< 0.001

9

54.04

50.33

< 0.001

11

51.43

52.06

< 0.001

14

49.92

47.66

< 0.001

16

42.94

43.42

0.0018

18

58.17

52.67

< 0.001

19

30.08

33.02

0.0963

22

35.57

36.70

0.0786

Our data show that chromosomes 4, 9, 11 and 18 were
preferentially located toward the nuclear periphery, while
chromosomes 19 and 22 were more centrally located. Chromosomes 14 and 16 occupied an intermediate position. The
distributions of particular chromosomes were observed for
both, the myeloma cells as well as the normal B-lymphocytes.
The two-sided, two-sample Kolmogorov–Smirnov (KS) analysis showed signiﬁcant changes in the relative radial positions
of chromosome 4, 9, 11, 14, 16 and 18 between lymphocyte
and myeloma nuclei (Table 3). In contrast, there were no signiﬁcant alterations in the relative radial position of chromosome 19 and 22, which were located toward a more central
position within the cell nucleus.
We next analyzed the relationship of CTs volumes to the
relative radial position within nuclei. Figure 3a revealed that
the CTs of the larger chromosomes tended to be further
from the center than those of the small chromosomes in
both lymphocyte and myeloma nuclei. Our results were consistent with previous studies that showed CTs size is one of
the factors that inﬂuences radial position of chromosomes in
interphase nucleus.26,54
Relative proximity of CTs and overlapping CTs after
conventional epifluorescence microscopy

To investigate localization and relationship between different
CTs, we examined the relative position between CTs. The
CT-to-CT distances were measured between CTs, and then
expressed as a fraction of the nuclear radius. We observed
that some nuclei had visibly touching neighboring CTs
boundaries, distinctly pairs of chromosomes 4 and 14, 11
and 14 and 14 and 16. Minimal distances between CTs were
measured as well. A value of zero in minimal distance
between two CTs indicated that they were touching or sharing the same boundary. The minimal distance between CTs
was highest for chromosome 18 and 19, which corresponds
to their positions within nuclei. Chromosome 19 is located in
the center while chromosome 18 is located toward nuclear
periphery; thus they are physically far away from each other.

Figure 3. (a) Relationship between the size of CTs and their relative
radial position within the nucleus of lymphocytes and myeloma.
Blue data points represent lymphocytes and red data points represent myeloma cell. Each data point is the average for a patient.
Position measurements are taken from CTs to the center of the
nuclei and then normalized by dividing by the radius of the nucleus. The scatterplot shows a correlation between the size of CTs
and their radial position within the nucleus (correlation coefficient 5 0.70). Large chromosomes are located more distal to the
nuclear center (larger relative radial position) than smaller chromosomes. (b) Relationship between the percentage of overlapping CTs
and their minimal mutual distance in lymphocytes, MGUS and MM.
These two measures correlate (correlation coefficient 5 20.88).
When chromosomes are located closer together they overlap more.
Each data point represents the averages for a patient.

We also calculated the percentage of overlapping CTs
between two different chromosomes. The most common
overlapping pairs were CTs were 4 and 14, 11 and 14 and 14
and 16 for all three cells types, followed by 9 and 22 and
ﬁnally 18 and 19 (Table 4). This Table shows which chromosomes edges are close together, overlapping or intermingling.
We next analyzed the relationship of the proximity of CTs
to the percentage of overlap by combining the pairs of chromosomes by measuring the minimal distance between the CTs
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Table 4. The minimal distance between CTs and percentage of overlapped CTs of lymphocyte and myeloma nuclei
Minimal distance between CTs (lm)

Overlapped CTs (% of nuclei)

Chromosome

Lymphocyte

MGUS

MM

Lymphocyte

MGUS

MM

4 and 14

0.20 6 0.26

0.21 6 0.24
(0.06)

0.19 6 0.22
(0.52)

37.34

28.35

31.63

9 and 22

0.20 6 0.23

0.30 6 0.31
(<0.001)

0.27 6 0.29
(0.002)

32.67

19.65

24.30

11 and 14

0.21 6 0.25

0.24 6 0.30
(0.47)

0.21 6 0.22
(0.42)

32.94

31.65

26.88

14 and 16

0.19 6 0.23

0.20 6 0.24
(1.00)

0.17 6 0.24
(0.37)

34.80

36.77

40.50

18 and 19

0.25 6 0.24

0.25 6 0.28
(0.29)

0.26 6 0.27
(0.50)

22.57

26.22

24.17

Table 5. Mean Mander colocalization coefficient (MCC) and percentage of intermingling CTs of lymphocyte and myeloma nuclei studied by
3D-SIM
Intermingling volume

Chromosome

Lymphocyte

MGUS

MM

Lymphocyte

MGUS

MM

4 and 14

0.12 6 0.07

0.12 6 0.05
(<0.001)

0.11 6 0.06
(0.001)

6.28 6 3.87

5.68 6 2.45
(<0.001)

5.17 6 2.78
(<0.001)

9 and 22

0.12 6 0.07

0.12 6 0.06
(0.002)

0.11 6 0.06
(0.12)

5.81 6 3.64

5.61 6 2.69
(<0.001)

5.14 6 3.22
(0.09)

11 and 14

0.10 6 0.07

0.09 6 0.04
(0.06)

0.10 6 0.06
(0.07)

5.05 6 3.61

4.32 6 2.20
(0.06)

4.71 6 2.90
(0.09)

14 and 16

0.11 6 0.09

0.11 6 0.06
(0.73)

0.09 6 0.06
(0.02)

5.42 6 4.55

4.97 6 2.75
(0.69)

3.99 6 3.28
(0.02)

18 and 19

0.05 6 0.06

0.08 6 0.06
(<0.001)

0.07 6 0.07
(<0.001)

2.21 6 2.94

3.73 6 2.78
(<0.001)

3.23 6 3.41
(<0.001)

and the percentage of overlapping CTs. We found that the distance between chromosomes corresponded to the decrease of
overlapping CTs (Table 4). Scatterplots showed an inverse
relationship between minimal distances and overlapping CTs
in all cell types, since nearby CTs exhibited an increased
tendency to overlap compared to remote ones (Fig. 3b).
Super-resolution insights into CTs intermingling

Using 3D-SIM to evaluate interterritorial relationships between
selected CTs, we looked into the correlation between pairs of
CTs within nuclei (Fig. 2b). Pairs of CTs refer to two or more,
if applicable CTs of two different types of chromosomes. We
have used quantitative colocalization analysis to examine the
degree of overlap of ﬂuorescence signals representing each
CTs. The Manders colocalization coefﬁcient (MCC, Materials
and Methods) was lowest in chromosomes 18 and 19, corresponding to their highest minimal distances between each other. For other pairs of CTs, the MCC of chromosomes 4 and
14, 11 and 14 and 14 and 16 were similar to 9 and 22, which
are known to be neighbors (Table 5).18,53 We analyzed the
percentage of intermingling CT. The intermingling volumes
were the lowest for chromosomes 18 and 19 and higher in
other pairs of chromosomes, including 4 and 14, 9 and 22, 11
and 14 and 14 and16. These ﬁndings indicate that the

distances between CT are correlated with the percentage of
overlapping CTs and the interaction between them.

Discussion
This study revealed the relative localization of CTs in human
interphase nuclei of MM and MGUS and control lymphocytes. The eukaryotic interphase nucleus is a highly compartmentalized structure.27 The ability of FISH to reveal
chromosomes and genes within nuclei demonstrated that
gene-rich chromosomes occupy predominately the nuclear
interior whereas gene-poor chromosomes locate toward the
nuclear periphery.20,25 Gene-rich chromosomes such as 17
and 19 were found to locate in internal positions in the
nucleus, while gene-poor chromosomes such as 4, 13, 18 and
inactive X (Xi) were typically found at the nuclear periphery.10,55 Apart from the gene function, chromosome size and
nuclear shape also correlated with the distribution of chromosomes within the nucleus. Small chromosomes are usually
located more centrally and large chromosomes toward the
periphery.26,54 This preferential radial arrangement results in
preferred clusters of neighboring chromosomes and might
contribute to the control of certain sets of genes in a coordinated manner.12,36
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Previous studies showed that chromosome 9 and 22 are
neighbors in lymphocyte nuclei; this proximity is thought to
contribute to the t(9;22) translocation, a hallmark translocation
found in chronic myeloid leukemia and adult acute lymphoblastic leukemia.18,53 Here, we conﬁrmed that chromosome 9 and
22 territories in lymphocyte are located in close proximity to
each other. Pairs of chromosomes 4 and 14, 11 and 14 and 14
and 16 are also arranged close together, even closer than chromosomes 9 and 22 in both lymphocyte and myeloma nuclei.
This leads to our assumption that chromosomes 4 and 14, 11
and 14 and 14 and 16 are neighboring chromosomes and that
their very close association favors myeloma-associated translocations. In contrast, chromosome 18 and 19 territories have the
largest distance among the ﬁve analyzed pairs of chromosomes
and are not usually engaged in translocations in myeloma.
Large variations in CTs sizes are characteristic for the
eight chromosomes tested in this study. We observed a positive correlation between chromosome size and relative radial
position. Large CTs tend to locate at the nuclear periphery
and smaller CTs locate in more central positions. Despite
similarities in the location of CTs between lymphocytes,
MGUS and MM cell nuclei, we have demonstrated signiﬁcant
changes of relative radial positions among them. Compared
to lymphocytes, chromosomes 4, 9, 14 and 18 in myeloma
nuclei locate toward the nuclear center, whereas chromosomes 11 and 16 position toward the nuclear rim. This might
result in alterations of gene expression and function in myeloma nuclei. Our data suggest signiﬁcant changes of 3D chromosome positioning in interphase nuclei. In contrast, there
are no differences in relative radial positions for chromosome
19 and 22, which locate in a central part of the nucleus.
Unbalanced chromosome translocation involving IgH loci
are one of the most common pathogenesis of myeloma development. The three main common translocations are t(11;14),
t(4;14) and t(14;16).1 Our results revealed that those pairs of
chromosomes are neighboring chromosomes, which locate in
close proximity and exhibit overlapping boundaries in both
lymphocyte and myeloma nuclei. Increasing evidence suggests that chromosome organization is speciﬁc to the cell and
tissue type.12,21 Myeloma cells and lymphocytes originate
from a common lymphoid progenitor, thus they are lineagerelated which probably contributes to the common structural
arrangement of the chromosome within their nuclei. The
results obtained in our experiments show that the preferential
radial position of all CTs is maintained in myeloma nuclei
when compared to lymphocytes. Additionally, we observed a
relationship between minimal distance and chromosome

overlap. We hypothesize that the close proximity of CTs
increases their chance of overlap in the interphase nucleus.
Our study showed that the highest percentage of overlapping
occurred between chromosomes 4 and 14, 11 and 14 and 14
and 16, which correlated with the least minimal distance
among all ﬁve pairs of chromosomes. Therefore, we conclude
that the pairs of chromosomes potentially involved in a speciﬁc translocation event are located in close proximity in
both normal and malignant nuclei. This spatial proximity of
neighboring CTs appears to increase their chance to engage
in translocations.
In accordance with the above ﬁndings, we expected differences in distribution of CTs in translocation-containing
nuclei; however, cytogenetic testing is not routinely done for
all samples at our institution (cytogenetic testing was
reported in 4/20 samples; t(11;14) in 2 samples and a hyperdiploid clone in 2 samples). Therefore, a subgroup analysis of
chromosome positions in translocation-positive myeloma was
not performed here. Further studies are warranted to detail
chromosomal organization in translocation-positive compared to translocation-negative myeloma.
Our ﬁndings of a larger size of CTs and nuclear volume
in myeloma are consistent with our previous work that
revealed a signiﬁcant increase in the intranuclear submicron
structure in myeloma interphase nuclei by using 3D-SIM as
well as increased DNA-free/poor nuclear space compared to
control lymphocyte.45 DNA-free space refers to areas within
the nucleus that have a low DNA density or no DNA at all.56
In the current study, we observed a direct relationship
between changes in structural DNA content and the volumes
of CTs in the interphase nucleus. Despite prominent larger
sizes of interphase CTs volumes, myeloma nuclei have
smaller normalized CTs volumes—when corrected for
changes in the nuclear volumes—compared to lymphocyte
nuclei, suggesting that the increases of CTs volume and
nuclear volume are not proportional. CT volume enlarges at
a lower ratio than the nuclear volume.
Taken together, this study has deﬁned the 3D chromosome positions of translocation-prone chromosomes in lymphocytes, MGUS and myeloma. Chromosomes in close
spatial proximity have an increased likelihood of rearrangement and translocation.
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