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ABSTRACT

The mammalian nucleus has a distinct substructure that cannot be visualized directly by conventional microscopy. In this study, the
organization of the DNA within the nucleus of multiple myeloma (MM) cells, their precursor cells (monoclonal gammopathy of undetermined
significance; MGUS) and control lymphocytes of the representative patients is visualized and quantified by superresolution microscopy. Three-
dimensional structured illumination microscopy (3D-SIM) increases the spatial resolution beyond the limits of conventional widefield
fluorescence microscopy. 3D-SIM reveals new insights into the nuclear architecture of cancer as we show for the first time that it resolves
organizational differences in intranuclear DNA organization of myeloma cells in MGUS and in MM patients. In addition, we report a
significant increase in nuclear submicron DNA structure and structure of the DNA-free space in myeloma nuclei compared to normal
lymphocyte nuclei. Our study provides previously unknown details of the nanoscopic DNA architecture of interphase nuclei of the normal
lymphocytes, MGUS and MM cells. This study opens new avenues to understanding the disease progression from MGUS to MM. J. Cell.
Biochem. 116: 704-710, 2015. © 2014 The Authors. Journal of Cellular Biochemistry published by Wiley Periodicals, Inc.
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P lasma cell disorders are a spectrum of diseases characterized by Dimopoulos and Terpos, 2010]. This spectrum includes asympto-
the proliferation of neoplastic plasma cells of B-cell lineage matic conditions such as monoclonal gammopathy of unknown
that produce monoclonal immunoglobulin [Rajkumar et al., 2006; significance (MGUS) as well as the symptomatic malignant
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condition, multiple myeloma (MM) [Rajkumar et al., 2006;
Dimopoulos and Terpos, 2010]. The risk of progression from
MGUS to symptomatic MM is approximately 1% per year [Rajkumar,
2005; Korde et al., 2011].

Abnormal plasma cells in MGUS and MM are thought to be
morphologically identical [Kastritis and Dimopoulos, 2014]. These
cells also share common cytogenetic features as well as genetic and
epigenetic alterations [Klewes et al., 2013; Kastritis and Dimopoulos,
2014]. Although MGUS and MM cells can be distinguished from
normal plasma cells by genetic and phenotypic markers, there is no
single marker that distinguishes between MGUS and MM cells
[Zingone and Kuehl, 2011]. To our knowledge, no previous study has
provided a detailed description of the subnuclear architecture of
these abnormal plasma cells in MGUS and MM.

The mammalian cell nucleus has a unique structural and
functional organization [Raska et al., 1992; Cooper, 2000]. It
contains morphologically distinct chromatin domains and protein
subcompartments that fit into a limited space [Qumsiyeh, 1999;
Cremer and Cremer, 2001]. Several studies have shown that a specific
nuclear architecture is related to transcriptional activity [van Driel
and Verschure, 2001; Rajapakse and Groudine, 2011]. A better
understanding of nuclear structure of the myeloma cell might reveal
underlying molecular mechanisms in the pathogenesis of the
disease.

Conventional light microscopy, with a resolution limited by the
diffraction limit of the objective lens, has been widely used in
modern cell and cancer biology. The recent development of
superresolution fluorescence microscopy techniques allows us to
evaluate spatial relationships within subcellular and suborganelle
structures beyond the diffraction limit [Hell, 2007 ; Heilemann, 2010;
Schermelleh et al., 2010; Leung and Chou, 2011]. Such optical
nanoscopy techniques provide the ability of accurate measurements
of subcellular structures at a level previously achieved only by
electron microscopy [Baddeley et al., 2010].

Three-dimensional structured illumination microscopy (3D-SIM)
is a super-resolution method, which provides a higher image
resolution than conventional widefield microscopy [Gustafsson,
2008; Schermelleh et al., 2010]. In short, a periodic illumination
pattern results in heterodyne detection of high frequency informa-
tion that would otherwise be lost. Images are acquired for multiple
pattern orientations and phases and computationally recombined as
a superresolution image [Gustafsson et al., 2008; Shroff et al., 2009;
Wicker et al., 2013]. 3D-SIM has revealed the subcellular localization
of key proteins in cells [Sonnen et al., 2012; Strauss et al., 2012],
the fine details of nuclear envelope [Schermelleh et al., 2008],
chromosome structure [Carlton, 2008; Flors and Earnshaw, 2011;
Green et al., 2011], or even the specialized cellular structure such
as endothelial cell fenestrations [Cogger et al., 2010] and the
cytokinetic Z ring in live bacteria [Turnbull et al., 2014]. The
application of this technique is compatible with both fixed and
live cells [Hirvonen et al., 2009]. Using 3D-SIM, Righolt et al. (2014)
had measured the DNA organization in the interphase nuclei of
Hodgkin’s lymphoma and revealed a significant increase in
submicron DNA structures of Hodgkin cells and Reed-Sternberg
cells compared to normal lymphocytes that clearly distinguish the
three cell types from each other.

In our current study, we have used 3D-SIM to examine the
three- dimensional ultrastructure of the interphase nucleus of
myeloma cells from untreated MM patients and compared them to
malignant plasma cells of untreated MGUS patients and normal
lymphocytes of both patient groups. The aim of this study was to
determine whether or not 3D-SIM allowed us to differentiate
between MGUS and MM nuclei based on their superresolution
DNA structure.

PATIENTS

This study was approved by CancerCare Manitoba Research
Resource Impact Committee and Research Ethics Board on human
studies at University of Manitoba, Manitoba, Canada (Ethics
Reference No. H2010:170) and the Ethics Review Committee on
Human Research of the University of Tartu (Protocol No. 194T-11).
The study population consisted of a total of 20 patients, which
where subdivided into two groups: MM (N=10) and MGUS
(N=10). Informed consent was obtained from all patients. All
patients conformed to the diagnostic criteria according to the
International Myeloma Working Group (IMWG) [Kyle and
Rajkumar, 2009]. All blood samples were collected before the
start of any treatment. All patients were treatment naive. Control
lymphocytes were examined from the identical patients (i.e., from
patients presenting with MM or MGUS).

ISOLATION OF LYMPHOCYTES AND MYELOMA CELLS

Ten milliliters peripheral blood from each patient was collected in
EDTA-treated tubes. Mononuclear cells were overlaid in Ficoll-
Paque (GE Healthcare Life Sciences, Baie d'Urfe, Quebec, Canada)
and separated by centrifugation at 200 g for 30 min. The remove
buffy coat was washed with 10 ml of a 1 x phosphate buffered saline
(PBS) solution.

DAPI STAINING

The isolated cells were subsequently placed onto slides. The slides
were incubated in 3.7% formaldehyde (Sigma-Aldrich, Oakville,
Ontario, Canada) for 30 min and washed three times in 1xPBS for
5min each while shaking at room temperature. Slides were stained
with 4/,6-diamidino-2- phenylindole (DAPI) (0.1 wl/ml) and in-
cubated in the dark for 3 min. Excess DAPI was removed with ddH20.
The slides were then mounted with Vestashield (Vector Laboratories,
Burlington, Ontario, Canada). The slides were covered with a
coverslip (No. 1 1/2, Schott, Mainz, Germany) and sealed with nail
polish. The slides were stored at 4 °C until imaging.

IDENTIFICATION OF MYELOMA CELLS

Our previous work had described the identification of myeloma
cells based on the intensity of green fluorescence signals emitted
by the fluorescein isothiocyanate-labeled CD138 antibody and on
the size and intensity of the DAPI counterstained nucleus. In
comparison, normal lymphocyte nuclei had a smaller, rounder
shape and emitted a brighter DAPI signal than myeloma nuclei
[Klewes et al., 2013]. In this study, we have identified myeloma and
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lymphocyte nuclei based on size and intensity of the DAPI
staining.

IMAGE ACQUISITION

All images from isolated cells were captured using a Zeiss Elyra PS1
SIM equipped with a Zeiss Plan Apochromat inverted 63x/1.40 oil
immersion objective lens using an Andor EM-CCD iXon 885 camera
and a 1.6 x tube lens at room temperature. The DAPI channel was
obtained with 405 nm laser excitation, 23 pm diffraction grating and
filter cube SR Cube 07. The lateral pixel size, Axrand Ay, was 79 nm in
the recorded images and 40nm in the reconstructed image. The
z-stacks were acquired by capturing slices taken at 91 nm intervals
through each nucleus, and consisted of 60-85 slices collected
sequentially. Cell nuclei were chosen by the operator. A field of view
was selected and the z-stack boundaries were defined manually. The
3D-SIM and widefield images were reconstructed using ZEN 2012
black edition (Carl Zeiss, Jena, Germany). Image stacks were
exported as 16-bit tiff image sequences.

The image processing was performed in Matlab (MathWorks,
Natick, MA) with the toolbox DIP image [Luengo Hendriks et al.,
1999]. A central z-plane was manually selected. The nucleus was
automatically detected by isodata thresholding. The granulometry of
the DNA structure was measured with a morphological sieve applied
to the error-function clipped images [Duin et al., 2007; Luengo
Hendriks et al., 2007]. The coefficient of variation and the skewness
of the intensity histogram over the detected region were also
calculated. See [Righolt et al., 2014] for full details of the
methodology.

STATISTICAL ANALYSIS

Group data were expressed as mean £ SD. For 3D-SIM imaging data,
the distributions were compared using two-sided, two-sample
Kolmogorov-Smirnov (KS) tests to determine the significance of
difference. P-values of <0.05 were considered statistically
significant.

Clinical characteristics of all patients included in this study are
described in Table 1. The two patient groups were similar in age. The
average age of the MM and MGUS groups is 67.4+ 14.7 and
67.2 & 14.9 years, respectively. The MM group was composed of 3
cases at stage I, 5 cases at stage Il and 2 cases at stage Il according to

TABLE I. Clinical Characteristics of Patient Included in This Study

Clinical characteristic MGUS patients MM patients
Mean age (year) 67.24+14.9 67.44+14.7
BMPC (%) 42425 38.8+£33.5
Immunoglobulin isotype (mg/dL)
1gG 16.1+£8.6 34.5+25.9
IgA 3.9+2.8 2.6 £5.3
IgM 2.3+4.4 0.4+0.2
M protein (g/L) 9.2+7.2 29.1+18.8

BMPC indicates bone marrow plasma cells.

the International Staging System (ISS) [Greipp et al., 2005]. The
majority of the patients in both groups were classified in the IgG
group. The percentage of bone marrow plasma cells (BMPC) and the
level of secreted monoclonal protein (M-protein) increased with
disease progression to symptomatic MM (Table I).

Lymphocytes and myeloma nuclei from MM and MGUS samples
were identified and then imaged using 3D-SIM. After acquisition
and image reconstruction (see Materials and Methods), we
determined the intranuclear DNA structure. We analyzed a total
of 534 lymphocytes, 259 MGUS and 279 MM nuclei. Figure 1
illustrates the nuclear DNA structure of normal lymphocyte as well
as MGUS and MM nuclei. Nuclear DNA structures were well
defined and clearly visible in 3D-SIM images compared to
widefield images. In normal lymphocytes, the DNA structure
within the nucleus generally appeared as a fine-grained texture
and exhibited uniform distribution. On the contrary, myeloma cells
had a relatively coarse texture and uneven distribution of their
nuclear DNA. The full z-stacks for these cells are shown in Movies
1-3 (Supplemental Information). Additionally, we observed
numerous well-defined areas void of DAPI staining (“holes”) in
3D-SIM images of the myeloma nuclei, which were difficult to
observe in the corresponding widefield images (Fig.1). “Holes”
refer to DNA poor or DNA-free nuclear space [Righolt et al., 2014].
While most of the myeloma nuclei have the large scale “holes”
within their nuclei, we have hardly detected these structures in
lymphocyte nuclei.

To quantify whether there are differences between normal
lymphocytes and myeloma nuclei, we have used granulometry to
evaluate the size distribution of the DNA structure and the DNA-
free space [Righolt et al., 2014]. The granulometry shows the
differences in nuclear size in the microns, whereas the differences
in the DNA-structure occur at submicron size. Normal lympho-
cytes have the smallest amount of submicron DNA structure. The
two-sided, two-sample Kolmogorov-Smirnov (KS) test showed that
the amount of the intranuclear submicron DNA structure in
myeloma nuclei was significantly increased compared to normal
lymphocyte nuclei (P= 10"?%). The KS test also showed significant
alterations in the granule size distribution of the DNA-free space of
myeloma nuclei compared to lymphocyte nuclei (P=10"'%® for
MM nuclei vs lymphocytes and P=10"2*" for MGUS nuclei vs
lymphocytes), as described in Table II. Among myeloma nuclei, the
DNA-free space of MM nuclei and MGUS nuclei was significantly
different (P=10"%) as measured by dark granulometry and shown
in Figure 2. However, there was no significant difference of the
DNA submicron structure between MM and MGUS nuclei
(P=0.68) when light granulometry was measured. There was no
difference of nuclear DNA structure and DNA-free space between
normal lymphocyte nuclei in MM and MGUS patients (P=0.99).
Note that all samples examined were from treatment naive patients
(Materials and Methods).

In summary, the application of 3D-SIM microscopy revealed
details of nuclear DNA organization in MM and MGUS nuclei. Our
data showed that myeloma nuclei have significantly increased
submicron DNA structure and an increase in DNA-free space
compared to normal lymphocyte nuclei. Moreover, MGUS and MM
nuclei differ significantly in their dark granulometries (“empty
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Fig. 1. Representative images from DAPI-stained nuclei of a normal lymphocyte (A), MGUS nucleus (B) and MM nucleus (C). Widefield images are shown in images (i), unclipped
SIM images in images (ii), and negative unclipped SIM images in images (iii). The scale bars are 5 pm in length. The SIM images showed the DNA structures in greater detail
compared to the widefield images. Note the difference in the DNA structures and also the size of the nuclei between the different cell types.

nuclear space”) indicating that MGUS and MM represent two distinct
types of plasma cell malignancies. This is the first time that
differences between MGUS and MM nuclei can be visualized and
quantified at the organizational DNA level.

TABLE II. The Differences of Intranuclear Organization Between
MM, MGUS and Lymphocyte Nuclei Using the Two-Sided,
Two-sample Kolmogorov-Smirnov (KS) Analysis.

Differences in intranuclear organization P value
DNA submicron structure
Lymphocyte vs MGUS nuclei 2.0x 107%
Lymphocyte vs MM nuclei 2.5x 1078

MGUS vs MM nuclei 0.68
Intranuclear DNA-free space

Lymphocyte vs MGUS nuclei 4.1 x 103!
Lymphocyte vs MM nuclei 1.1x 107168
MGUS vs MM nuclei 1.0x 1078

The eukaryotic interphase nucleus is a highly compartmentalized
structure [Kumaran et al., 2008]. Chromosomes and other nuclear
components are non randomly organized within the nucleus
[Kumaran et al., 2008; Cremer and Cremer, 2010]. Each chromatin
territory influences gene expression and nuclear function [Sproul
et al., 2005; Kumaran et al., 2008; Solovei et al., 2009]. In the present
study, we have used 3D-SIM to provide a quantitative evaluation of
the size distribution of nuclear DNA in abnormal myeloma nuclei at
a level of accuracy beyond the conventional optical diffraction limit
of light microscopes. 3D-SIM allows increased resolution in all three
directions, thus opening new possibilities to study the nuclear
architecture at ultrastructure level. Our study showed a significant
change of the size distribution of nuclear DNA of MM nuclei
compared to MGUS and normal lymphocytes. This alteration reflects
the structural changes of the cell nucleus and the distribution of
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Fig. 2. Measurement of the size distribution of the DNA structure of normal lymphocyte (red lines), MGUS (blue lines) and MM (black lines) using granulometry. While the
differences in nucleus size of each cell type might reach up to several m, the differences in the DNA structure size were represented in the sub-micron size range. Granulometries
revealed a significant increase in the amount of DNA submicron structure in MGUS and MM nuclei compared to control lymphocyte (P= 1058 (A). The differences between
MGUS and MM are significant for DNA-free space (P= 10"2) but not for DNA submicron structure (P= 0.68) (B). Note that both MGUS and MM nuclei were significantly larger

in size than normal lymphocytes.

nuclear DNA. These changes may be associated with a series of
genetic and epigenetic alterations in the transformation process of a
normal cell into a malignant cell [Liu et al., 2014]. Malignant cells
generally gain multiple types of chromosomal aberrations, including
rearrangements, translocation, deletion and duplications [Lobo,
2008]. Previous studies have shown that chromosome size and gene
density have a significant impact on the nuclear arrangement of
chromosome territories [Tanabe et al., 2002; Sproul et al., 2005;
Kumaran et al., 2008]. 3D-SIM, therefore, yields the information of
the alterations of DNA organization that reflect genetic changes in
interphase nucleus.

In this study, we observed that MGUS nuclei have significantly
higher DNA-free space than MM nuclei, whereas no difference in
nuclear DNA submicron structure was measured between the two
types of nuclei. The increase in the nuclear DNA submicron structure
in MGUS and MM nuclei might be the result of the accumulation of
genetic and epigenetic alterations. This finding is consistent with the
notion that genetic alterations occur early in the premalignant stage
of myeloma and continue throughout the malignant stage in MM
[Morgan GJ et al., 2012]. Cell transformation is associated with
rearrangements in the nuclear DNA. The difference in DNA-free
space between MGUS and MM nuclei might be resulting from
changes in the condensation and the rearrangement of the DNA.
These alterations are likely associated with changes in DNA
organization as revealed by 3D-SIM.

This is the first study that demonstrates differences in the nuclear
DNA organization between MGUS and MM nuclei. The characteristic
morphological changes between malignant and premalignant cells

are not visible by conventional light microscopy due to mostly
nanoscale changes, for example, nuclear chromatin texture [Liu
et al., 2014]. Our findings provide crucial information to differ-
entiate myeloma nuclei between MGUS and MM patients. Our data
also show the potential role of 3D-SIM to become a new powerful
tool that can visualize morphological changes enabling the
identification of premalignant cells. This will also enhance one’s
ability to predict the risk of progression to a more malignant stage of
the disease.

Altogether, this study showed significantly altered nuclear DNA
organization of MM nuclei compared to MGUS and normal
lymphocyte nuclei. Righolt et al. (2014) had used superresolution
microscopy to demonstrate a significant and progressive change of
DNA organization from control lymphocytes through Hodgkin cells
to Reed-Sternberg cells. Their study also hypothesized that nuclear
DNA structure might be related to disease aggressiveness in patients
with Hodgkin’s lymphoma.

Our current findings in myeloma are in line with the previous
study in Hodgkin’s lymphoma and indicate significant alterations
of DNA structure during both the premalignant and malignant
stages. These alterations might be common in cancer nuclei in
general. Further study is warranted to support our finding of
superresolution nuclear DNA alteration in different clinical
staging and patient groups. The alteration of nuclear DNA
structure might be one of the common changes during tumori-
genesis. Further studies should include various types of malig-
nancies to uncover the organization of the nuclear DNA in
interphase nuclei, i.e., whether there might be common changes in
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various types of cancer or rather organizational changes in a
cancer type-specific manner.

A better understanding of organizational changes in nuclear DNA
of myeloma cells in the premalignant and malignant stage of disease
may lead to the integration of advances in cancer biology and
therapy for a better treatment of myeloma. This method could
provide a new tool for the individualized risk evaluation of disease
progression from MGUS to MM. In conclusion, our study
demonstrates that 3D-SIM is a new tool for a better understanding
of the nuclear ultrastructure of DNA in cancer.
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