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ABSTRACT

Genomic Instability isa complex phenomenon observed both at the DNA and the chromosome level.

It is responsible for the generation of mutations and chromosomal rearrangements, which can
potentially lead to tumor development. A common genomic instability feature found in some
malignant tumors is the shortening of the telomeres, the end of the chromosomes. Shortening of
telomeres leads to the formation of anaphase bridges, subsequent breakage and initiation new
breakage-bridge-fusion (BFB) cycles. Classical Hodgkin’s lymphoma (cHL) and Multiple Myeloma
(MM) are two blood tumor both characterized by genomic instability. cHL is a B-Cell lymphoma
comprised of mononuclear Hodgkin cells (H) and bi- to multi-nucleated Reed-Sternberg (RS) cells,
both characterized by numerical (nCIN) and structural chromosomal instability (sCIN). Transition
from H to RS cells is correlated with aberrant number of mitotic spindles, aberrant 3D telomere
organization, increase in the number of telomere aggregates and telomere loss. Advanced shortening
of telomeres leads disruption of 3D interaction of the telomere with TRF2, a member of the shelterin
proteins responsible for the protection of the chromosome ends from the DNA damage repair system.
MM, an incurable plasma cell disorder, is also characterized by CIN, microsatellite instability (MSI),
and telomere attrition. Lamin A/C, a nuclear envelope protein and component of the nuclear matrix,
is important for the assembly of the mitotic spindles and for the maintenance of the 3D telomeres
architecture by binding the shelterin protein TRF2. Due to lamin A/C involvement in the maintenance
of genomic stability, our goal was to investigate lamin A/C 3D spatial organization in cHL and MM,
and understand whether the localized uncapping of TRF2 from telomeres leads to their detachment
from the nuclear matrix component lamin A/C causing genomic instability. Western blot analysis and
gRT-PCR analysis revealed that H and RS are characterized by an overall overexpression of lamin
AJ/C when compared to the B-lymphocytes control. Three dimensional (3D) fluorescent microscopy
in cHL and MM cells revealed that the regular homogeneous lamin A/C pattern identified in normal
activated B-lymphocytes, was replaced by an aberrant lamin A/C 3D spatial distribution characterized
by the presence of internal lamin A/C structures. Different lamin A/C patterns where observed where
the internal lamin A/C sub-divided the nucleus in to two or multiple compartments, suggesting a
possible involvement of lamin A/C in the multi-nucleation process. To investigate lamin A/C
involvement in the multinucleation process and transition from H to RS, the downregulation of lamin
A/C with siRNA was performed. Downregulation of lamin A/C affected the transition from H to RS
cells, as the number of RS cells found after lamin silencing was decreased. Telomere 3D structure
and nuclear organization were also affected by the deregulation of lamin A/C. H and RS cells were

also characterized by unbinding of telomere-TRF2-lamin A/C when compared to the healthy control.
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Lack of co-localization of telomere-TRF2-lamin A/C confirms lamin A/C involvement in genomic
instability, and suggests that localized absence of TRF2 could be causal to the genome remodeling in
cHL.
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INTRODUCTION

HALLMARKS OF CANCER AND GENOMIC INSTABILITY

Hallmarks of Cancer

During malignant cellular transformation, the accumulation of mutations in cellular proto-oncogenes
generates oncogenes with dominant gain of function, whereas mutations in tumor suppressor genes
are responsible for recessive loss of function (Hanahan and Weinberg, 2000). In the early 2000,
Hanahan and Weinberg predicted that despite the complexity and differences among different tumors,
oncogenesis could be described in terms of a small number of common underlying principles which
became known as the six “hallmarks of cancer”. These include self-sufficiency in growth signals,
insensitivity to growth-inhibitory (antigrowth) signals, evasion of programmed cell death (apoptosis),
limitless replicative potential, sustained angiogenesis, and tissue invasion reflect genetic alterations
that drive the progressive and metastasis (Hanahan and Weinberg, 2000). Later in 2011, Hanahan and
Weinberg updated the list with the latest progresses made in the field, adding other two hallmarks,
i.e. the reprogramming of energy metabolism and the evasion from immune destruction, and the
characterization of two enabling tumor characteristics which facilitate the acquisition of both the core
and emerging hallmarks, i.e. genomic instability and tumor promoting inflammation (Hanahan and
Weinberg, 2011).

While normal cells require growth factor (GF) stimulation from the microenvironment to proliferate,
tumor cells show reduced dependence on external GF due to the acquired ability to synthetize
endogenous GFs such as platelet-derived growth factor (PDGF) and tumor growth factor (TGFa)
combined with GF receptor overexpression (Fedi et al., 1997). Another important pathway developed
by cancer cells to acquire independence from GF stimulation is by alteration of the downstream SOS-
RAS-RAF-MAPK pathway (Medema and Bos, 1993). The activation of this pathway has been found
in cancer cells with mutations in BRAF and RAS (Davies and Samuels, 2010). Mutations of BRAF
and RAS, as well as mutations in the catalytic subunit of phosphoinositide 3-kinase (PI13K) isoforms,
lead to hyperactivate the PI3K signaling circuitry, including its key Akt/PKB signal transducer (Jiang
and Liu, 2009; Yuan and Cantley, 2008).

In normal cells, cellular quiescence is maintained by balancing the activity of GFs and
antiproliferative signals. During the cell cycle, molecules like the TGFf allow hypophosphorylation
of the retinoblastoma protein (pRb), causing a downstream block of the cell proliferation due to

sequestration of the E2F transcription factors (Datto et al., 1997; Hannon and Beach, 1994; Weinberg,
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1995). Cell-to-cell contacts mediate an antiproliferative effect suppressing further cell proliferation;
however, such contact inhibition is abolished in various types of cancer cells, due to suppression of
Merlin and LKB1 expression (Curto et al., 2007; Partanen et al., 2009).

Evasion from programmed cell death, or apoptosis, is a feature that allows tumor cells to proliferate
without regulation. p53, encoded by tumor suppressor gene TP53, is a DNA damage checkpoint
protein that responds to genotoxic- and oncogene-induced DNA damage and it is subject to selective
pressure for the inactivation in cancer. Loss of p53 function, and early event which occurs in more
than 50 percent of human cancers (Olivier et al., 2010), is correlated with the escape of the cell from
apoptotic/senescence effects and oncogenesis (Bartkova et al., 2005, 2007; Di Micco et al., 2006;
Gorgoulis et al., 2005). Upregulation of the oncogene bcl-2 and MYCC have been correlated with
anti-apoptotic effects (McDonnell and Korsmeyer, 1991; Vaux et al., 1988).

Growth signal autonomy, insensitivity to anti-growth signals and evasion from apoptosis lead to
uncoupling of cell growth programs from the cellular microenvironment. However, these three
components by themselves are not enough for expansive tumor growth due to limited cell
multiplication capability (Hayflick, 1997). The telomeres, the ends of the chromosomes, are involved
in the regulation of cellular replicative lifespan, since with every cell division the telomeres shorten,
blocking further cell division and inducing senescence (Gilley and Blackburn, 1994). Hayflick termed
this the definite life span of normal cells, which is since called the “Hayflick limit” (Hayflick, 1965;
Hayflick and Moorhead, 1961).

It has been demonstrated, however, that malignant tumor cells show active telomere maintenance
through upregulation of the telomerase enzyme (Bryan and Cech, 1999) and/or through the alternative
lengthening of telomeres (ALT), which maintains telomeres through recombination-based
intrachromosomal recombination (Bryan et al., 1995).

Sustained angiogenesis is another key feature acquired during the oncogenetic process. Even if the
proliferative capability can initially overcome the absence of nutrients and oxygen provided by the
blood vessels, in order to progress to a larger size, the tumor cells need to develop the angiogenic
ability (Bouck et al., 1996; Hanahan and Folkman, 1996). Angiogenesis-initiating signals are
exemplified by vascular endothelial growth factor (VEGF) and acidic and basic fibroblast growth
factors (FGF1/2) are commonly overexpressed in tumor cells (Singh et al., 1995), while on the other
hand, angiogenesis inhibitor like thrombospondin-1, are downregulated (Volpert et al., 1997). The
sixth hallmark of cancer is the acquired capability of tissue invasiveness and metastasis, where cells
shed from the primary tumor to invade other tissues. One of the main reasons behind the acquisition
of the metastatic potential is the loss of the E-cadherin function due to mutational inactivation of the

E-cadherin or B-catenin genes, transcriptional repression, or proteolysis of the extracellular cadherin
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domain (Christofori and Semb, 1999). Changes in expression of cell adhesion molecules (CAMSs)
appear to play critical roles in the tumor invasion and metastasis (Johnson, 1991) by upregulating
matrix-degrading proteases genes while downregulating protease inhibitor genes (Stetler-Stevenson,
1999; Werb, 1997).

The tendency of tumor cells to use the glycolysis as main source of glucose processing even in
presence of oxygen, instead of the classic citric acid cycle performed by the normal cells, has been
described by Warburg (Warburg, 1956a, 1956b). The loss of energy that is caused by this
reprogramming of metabolism, is however countered by an increase in the upregulation glucose
transporters, like GLUTL1, which substantially increase glucose import into the cytoplasm
(DeBerardinis et al., 2008; Hsu and Sabatini, 2008; Jones and Thompson, 2009). An increased
glycolysis allows the cell to use the glycolytic intermediates in various biosynthetic pathways to
generate molecules such as nucleosides and amino acids, important for the biosynthesis of the
macromolecules and organelles required for assembling new cells (Vander Heiden et al., 2009).

The capability of tumor cells to evade the destruction by the immune-system is currently one of the
hot topics in cancer research. It has been demonstrated that mice deficient in the development or
function of CD8+ cytotoxic T lymphocytes (CTLs), CD4+ Thl helper T cells, or natural killer (NK)
cells present with an increase in tumor incidence, meaning that both innate and adaptive immune
system contribute to immune surveillance and tumor eradication (Kim et al., 2007; Teng et al., 2008).
Cancer cells, however, have the capability to suppress infiltrating CTLs and NK cells, by secreting
immunosuppressive cytokines as IL10 and TGFR, express CD95, which can induce apoptosis in
CD95L-positive CTLs, and PD-L1 and PD-L2, which inhibit the activity of PD1+ CTLs (Shields et
al., 2010; Wein and Kuppers, 2016; Yang et al., 2010).

Genomic Instability

In general the acquisition of the hallmarks described by Hanahan and Weinberg is made possible
mainly by two enabling characteristics: i) an inflammatory state of premalignant and malignant
lesions that is driven by cells of the immune system and ii) the development of genomic instability in
cancer cells, which generates random and non random mutations including chromosomal
rearrangements, some of which can lead to the development of a certain mutant genotype which
confers selective advantage on subclones of cells, allowing their outgrowth in the tissue (Hanahan
and Weinberg, 2011).

Genomic instability is a complex phenomenon observed both at the DNA nucleotide level and at the
chromosome level. However, the existence of genetic alterations in a tumor, even when frequent,

does not mean that the tumor is genetically unstable (Lengauer et al., 1998). Instability is, by
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definition, a matter of rate, whereas the existence of a mutation is a state, providing no information
about the rate of its occurrence. In fact, instability is a process. Cells become prone to an increased
propensity for genomic alterations, which accumulate during the cell cycles. The presence of genomic
instability can provide to cancer cells different types of advantages, from shorter cell cycle, to the
possibility of bypassing intracellular and immunological control systems, resulting in a growth
advantage when compared to normal cells (Wei Dai, 2014).

Different are the known causes which lead to genomic instability. Physical stresses (like the UV light)
and chemical stresses (like oxygen free radicals) can induce the formation of DNA-adducts which
disturb nucleotide-pairing, blocking DNA replication and transcription, and leading to the formation
of DNA single-strand breaks (SSBs) and double-strand breaks (DSBs) (Jackson and Bartek, 2009).
To sense, signal and repair DNA damage, the cells have developed different mechanisms, known as
DNA-damage response (DDR), where a major role in the DDR-signaling is played by the protein
kinases ATM and ATR (Harper and Elledge, 2007; Rouse and Jackson, 2002). Defects in the DDR
lead to tumor development (Gorgoulis et al., 2005).

Lack of accuracy during DNA replication has also been associated with genomic instability, since
sequence changes at DNA base, i. e. substitutions or deletions or insertions of a few nucleotides as
observed in numerous cancers which involve a missing or damaged p53 gene or a mutated ATM
(Bailey et al., 2018; Greenman et al., 2007). Normally, DNA base mismatch would be corrected by
different DNA mismatch repair (MMR) proteins, however, mutations in MMR genes have been
associated with cancer development, and loss of MMR is associated with a significant fraction of
sporadic cancers (Hsieh and Yamane, 2008).

Epigenetic changes can lead to genomic instability, since DNA methylation has been implicated in
affecting stability within the genome of the microsatellites, which are particularly susceptible to
length change mutations. Microsatellite repeat instability (MSI) is found in many diseases such as
Huntington's, myotonic dystrophy, and cancer and is often associated with defects in the MMR
machinery (Putiri and Robertson, 2011).

Defects in the maintenance of chromosome ploidy and structure have been correlated with genomic
instability, and have been described as chromosome instability (CIN). Alterations in chromosome
number (nCIN), which leads to aneuploidy, has been recently anti-correlated with expression of
immune signaling genes due to decreased leukocyte infiltrates in high-aneuploidy sample (Taylor et
al., 2018). Structural chromosome changes (SCIN), such as translocation, inversions and deletions,
generate gene fusions (Zhang et al., 2018). Theodor Boveri was the first scientist who, by observing
abnormal development of sea urchin and ascaris embryos in presence of aberrant chromosome

number, suggested that chromosomes played a role in cellular cooperation, and supposed that
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disrupted growth patterns in human cancers may result from chromosomal aneuploidy (Boveri, 1902;
Boveri, 1914; Cheng and Loeb, 1993). As demonstrated by the presence of increased rate of CIN in
transformed CHO cells with increased ploidy, the aneuploidy destabilizes the genome by unbalancing
genes required for mitosis, resulting in the autocatalytic formation of randomly generated karyotypes
due to recurrent segregation errors (Duesberg et al., 1998). Defects in the mitotic spindle assembly
checkpoint, result in numerical aneuploidy and CIN (Kops et al., 2005). Deregulation of the
expression of the mitotic checkpoint components Madl, Mad2, or CENP-E leads to missegregation
of one or more chromosomes per division, resulting in tumorogenesis, especially when coupled with
other tumor-promoting activity, such as reduced rate of cell death (Weaver and Cleveland, 2009).
Interestingly, high rates of CIN caused by complete depletion of Mad2 or BubR1 have been shown
to cause rapid death in tumor cells (Kops et al., 2004; Michel et al., 2004).

Ongoing nCIN or sCIN lead to the production of genetically distinct populations of daughter cells
(Bayani et al., 2007; Lepage et al., 2019). CIN is responsible for the increased intratumoral
heterogeneity which may confer a selective growth advantage to a subpopulation of cells like
increased cell proliferation, metastatic potential, or intrinsic drug resistance (Lee et al., 2011).
Selective pressures, like the one promoted by the chemotherapy, potentially induce unregulated
proliferation of cells harboring specific growth advantages (such as drug resistance), producing a
highly aggressive or drug-resistant tumor (Gerlinger and Swanton, 2010).

Deregulation of proto-oncogenes like Ras, HER2 and/or MYCC is correlated with genomic instability
(Hanahan and Weinberg, 2011). Proto-oncogenes are often involved in stimulating cell growth and
proliferation during embryogenesis, and some of them proto-oncogenes also negatively regulate cell
differentiation. Improper regulation of the proto-due to point mutation, gene amplification and/or
chromosomal translocation may induce tumorigenesis (Anderson et al., 1992). Proto-oncogene
MYCC, in particular, is frequently overexpressed in human cancers, leading to many of the hallmarks
associated with tumorigenesis, including autonomous proliferation, increased biogenesis and altered
metabolism (Gabay et al., 2014; Mai and Mushinski, 2003). Overexpression of MYCC in CHO cells
results in amplification and rearrangements of the dihydrofolate reductase (DHFR) gene (Mai et al.,
1996a), and causes locus-specific and karyotypic instability (Felsher and Bishop, 1999; Mai et al.,
1996a, 1996b; Rockwood et al., 2002). Previous studies demonstrated that functional p53 allele
counter formation of large lobular mammary hyperplasia in transgenic mice, in the context of MYCC
overexpression (McCormack et al., 1998). MYCC deregulation has also been implicated in CIN since
it affects the regulation of Mad2 and BUB1B of the spindle assembly checkpoint (Menssen et al.,
2007; Sansregret et al., 2018). Moreover, MYCC deregulation induces formation of DNA breaks
(Vafaetal., 2002) and alterations of DNA repair system (Hironaka et al., 2003; Karlsson et al., 2003).
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TELOMERES

Organization and Replication of Telomeres

Telomeres, the ends of linear chromosomes, are formed by heterochromatic structures, protecting
chromosomes from degradation and repair activities. Their integrity is essential to ensure
chromosomal stability. The telomeric heterochromatin contains repetitive non-coding DNA
sequences.

On average, human telomeres span 10-15 kB (Blasco, 2005), and are characterized by a longer
hexanucleotidic 5'-(TTAGGG)-3' tandem repeat sequence on the “sense” strand, also known as "G-
rich" strand, and its shorter complement 5'-(CCCTAA)»-3' on the “antisense” strand, also known as
"C-rich"” strand (Makarov et al., 1997; Moyzis et al., 1988). The spatial organization of the telomeres
has been investigated during the years, and the current accepted model is characterized by two
particular structures formed by the extra nucleotides present in the G-rich strand: a “t-loop” end
structure, whose formation is influenced by a complex of proteins called shelterines (de Lange, 2005),
and a “d-loop” structure, also called displacement loop, where the excess portion of the G-rich strand
undermines a guanine-rich region of the same strand in order to interact with a cytosine-rich region
of the complementary strand and to hide chromosome termini from unrestricted protein recognition
of telomere ends as double-strand breaks (Greider, 1999; Necasova et al., 2017; Van Ly et al., 2018).
The human shelterin complex is composed of six proteins: TRF1, TRF2, RAP1, TIN2, TPP1 and
POT1 (de Lange, 2005). In addition to inducing the t-loop, the shelterin proteins, are important for
two main purposes: chromosomal end protection from DNA damage response, and the prevention of
genomic information loss at chromosome ends. Telomere double-stranded DNA (dsDNA) binding
protein TRF2 and single-stranded DNA (ssDNA) binding protein POT1 are responsible for the
protection from DNA damage responses induced by ATM and ATR kinases, activated by p53 (Denchi
and de Lange, 2007; He et al., 2006; Okamoto et al., 2013). TRF2 in particular is the main regulator
of the formation of the t-loop (Doksani et al., 2013). Also TRF1, with its DNA bending activity,
contributes to the t-loop formation (Bianchi et al., 1997). Other functions of TRF1 are the regulation
of telomere replication during the S phase of the cell cycle (Sfeir et al., 2009) and the regulation of
the telomerase by negative feedback through the recruitment of the shelterin protein TIN2, binding
to the TPP1-POT1 complex on the single-stranded G-overhang (Okamoto et al., 2008; Ye et al.,
2004).

The human telomerase is a RNA-dependent DNA polymerase protein complex responsible for the

replication of the telomeric ends by addition of guanine-rich repetitive sequences and is composed of
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two subunits: i) hTR (gene located on chromosome 3, (26.2 position), the RNA subunit
complementary to the hexanucleotide repeat sequences of the telomeric sense strand; ii) hnTERT (gene
located on chromosome 5, p15.33), the enzymatic subunit that catalyzes the reaction of reverse
transcription required for the maintenance of telomere length (Weinrich et al., 1997), which can only
be active in the presence of shelterines (Palm and de Lange, 2008).

While in stem cells and germ-line cells the hTR and hTERT genes are constitutively expressed, these
genes are epigenetically down-regulated in differentiated cells. The down-regulation leads to a
gradual shortening of the telomeric DNA after each replication cycle, which culminates in an event
called “senescence”, a state of permanent cell-cycle arrests when telomere length is below a critical
length (the “Hayflick limit”), leading to growth arrest and/or cell death (Hayflick, 1965; Levy et al.,
1992). Cells in senescence display molecular markers characteristic of cells bearing DSBS, suggesting
that dysfunctional telomeres induce DDR (d’Adda di Fagagna et al., 2003). Dysfunctional telomeres
are in fact recognized as DSBs, affecting the p53 and/or pRB tumor suppressor pathways to induce
expression of their regulators p21 and pl6 Ink4a to initiate replicative senescence (Kamijo et al.,
1997; Sage et al., 2003; Wright and Shay, 1992).

The levels of " TERT mRNA in differentiated cells are under strong transcriptional control (Akincilar
et al., 2016). Different transcription factors (TFs) regulate hTERT RNA transcription. hsp90 and Spl
have been found to actively promote hTERT transcription by direct binding at the level of the GC-
box of the promoter, and by physical association of hsp90 to hTERT, promoting telomerase activity
by increasing the affinity of the enzyme complex to telomeric ends. (Kim et al., 2008). Other
important TFs oncogenes play an important role in the activation of the promoter, such as MYCC,
which has been found to induce gene transcription together with Spl (Wang et al., 1998), and the
transcription factors of the ETS family. hTERT expression has been reported in about 90% of
malignant tumors. As the main underlying mechanisms of hTERT upregulation, mutations and
methylation of the hTERT promoter have been described in many tumors. The most common
mutations found in the promoter are -124 C/T (C228T) and -146 C/T (C250T) (Liu and Xing, 2016).
While both the mutations inhibit the hTERT gene silencing process in embryonic stem cells resulting
in tumorigenesis, only the -124 C/T mutation leads to the formation of a new binding site for the ETS
transcription factors, causing an increased transcription of the hTERT gene (Chiba et al., 2015).

In addition to telomerase-dependent pathways, lengthening of the telomeres by alternative
mechanisms (alternative lengthening of the telomeres, ALT) has been reported in numerous tumors
especially those arising from mesenchymal tissues including bone, soft tissues, neuroendocrine
systems, peripheral nervous system and central nervous system (De Vitis et al., 2018; Dilley and
Greenberg, 2015; Heaphy et al., 2011; Henson and Reddel, 2010). The ALT pathway is characterized
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by heterogeneous and long telomere DNA and the formation of ALT-associated promyelocytic
leukemia (PML) body (APB) (Nabetani and Ishikawa, 2011).

When telomeres are transcribed, they give rise to a class of long noncoding RNA called telomeric
repeat-containing RNAs, or TERRA (Azzalin et al., 2007; Schoeftner and Blasco, 2008). TERRA
play a role as scaffold molecule, promoting the recruitment of proteins and enzymatic activities at
chromosome ends, but they are also involved in chromatin regulation, telomere maintenance and
genome stability (Bettin et al., 2019). TERRA regulate the epigenetic signature of chromatin and gene
expression at subtelomeres as well as extratelomeric loci. TERRA transcripts interact with
heterochromatic marks, including H3K9me3 and HP1 proteins (Deng et al., 2009), the histone
methyltransferase Suv39hl (Porro et al., 2014) and with chromatin remodeling complexes
(Postepska-Igielska et al., 2013; Scheibe et al., 2013). TERRA has been found to interact with
shelterin protein TRF1 and TRF2 (Deng et al., 2009), together with other proteins involved in the
telomerase activity and in the DNA-metabolism (Deng et al., 2009). TERRA transcripts participate
in telomere protection at multiple chromosome ends, since absence of TERRA showed increased
DNA damage at chromosome ends, telomere fusions, and decreased telomere length (Montero et al.,
2016). In addition, TERRA is a direct target of different proteins like p53 (Tutton et al., 2016) and
Rb (Gonzalez-Vasconcellos et al., 2017).

Telomeres Alterations and Genomic Instability

Short telomeres and their maintenance are considered one of the hallmarks of malignant tumors
(Hastie et al., 1990; de Lange et al., 1990). Cancer cells, however, are able to overcome the limit to
cell division imposed by critically short telomeres through the activation of the telomerase and/or the
activation of the ALT pathway. As mentioned before, critically short telomeres which can no longer
exert end-protective functions are described as dysfunctional.

While dysfunctional telomeres in normal cells lead to cell senescence, in cancer cells they lead to
chromosomal breakage-bridge-fusion (BFB) cycles that initiate ongoing genomic instability (Deng
et al., 2008; Lansdorp, 2009; Misri et al., 2008). These chromosomal fusions are a basis of genomic
instability associated with telomere dysfunction as they lead to anaphase bridges and subsequent
breakage which requires further repair. When the damaged chromosome replicates there are two
possible outcomes: i) sister chromatids fuse and form a bridge during the anaphase, and the two
centromeres of the fused sister chromatids are pulled into opposite poles of the dividing cell. After
the bridge breaks, the resulting daughter cells receive defective chromosomes that lack telomeres and
can initiate new BFB cycles (Croll et al., 2013). ii) two different chromosomes fuse together

generating a dicentric chromosomes at anaphase. Following breakage of the fused chromosomes, the
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DNA from one chromosome can be transferred to the second chromosome. The two resulting
chromosomes are characterized by the lack of telomeric signals at chromosomal ends and interstitial
telomere signals as result of previous BFB cycles (Mai and Garini, 2006; Murnane, 2012).

In humans, BFB cycles play a significant role in cancer progression (Bailey and Murnane, 2006;
Gisselsson et al., 2000; Thompson and Compton, 2011).

The analysis of the telomere spatial distribution within the nucleus in normal cells during cell cycle
revealed that during the GO/G1 and S phase the telomeres are dispersed throughout the nuclear space,
while in late G2 phase, they localize into a telomeric disk (Chuang et al., 2004). Tumor cells, on the
other hand are also characterized by telomeric aggregates (TAs), which can be defined as clusters of
telomeres that, at the Abbe resolution of 200 nm, cannot be resolved further (Danescu et al., 2013;
Vermolen et al., 2005). The TAs generation does not require the presence of critically short telomere
or the upregulation of hTERT, but it is often correlated with telomere uncapping and is independent
of telomerase (Knecht et al., 2009; Louis et al., 2005).

Deregulation of the expression of the MY CC oncogene has been found to be a cause of the generation
of TAs. The number of TA cycles was proportional to the time of MYCC deregulation, but even if
MY CC was responsible for the initiation of the TA cycles, the oncoprotein was no longer required

for the downstream effects of subsequent cycles of TA formation (Louis et al., 2005).

HODGKIN’S LYMPHOMA

Anatomopathology of Hodgkin's Lymphoma

According to the National Institute of Health (NIH), Hodgkin’s Lymphoma (HL) is a relatively rare
but highly curable blood tumor, representing 0.5% of all new cancer cases in the United States. In
2018, it was estimated that there will be 8,500 new cases of HL and an estimated 1,050 people would
die of this disease. According to the World Health Organization (WHO), HL can be divided into two
main entities: Classical Hodgkin’s Lymphoma (cHL) and Nodular Lymphocyte Predominant
Hodgkin’s Lymphoma (NLPHL) (Swerdlow et al., 2016). In both the cases, the lymph node
anatomical architecture is disrupted, with the neoplastic cell population, composed of both
mononuclear and multi-nuclear cells, representing only a small percentage of the entire cell
population.

In NLPHL the tumor cells are referred as lymphocyte predominant (LP) cells, also known as
lymphocytic and histiocytic cells (L&H), characterized by large multilobulated nuclei (called

“popcorn cell”). Immunohistochemically, LP cells show a B cell phenotype, with the expression of

21



CD20, CD45, CD75, CD79a and transcription factors BOB.1, OCT-2 and BCL-6 (Carbone et al.,
1998; Greiner et al., 2005). LP cells are negative for CD30, CD15 and Epstein-Barr Virus (EBV).
cHL is characterized by the presence of two population of tumor cells: the mononuclear Hodgkin (H)
cells, and the bi- to multi-nuclear Reed Sternberg (RS) cells (Kippers, 2009). H cells represent around
1% of the entire cell population of the lymph node, while the RS cells represents less than 1% of the
tumor cell population (Swerdlow et al., 2016). H and RS cells are positive for CD30 and CD15, while
B cell lineage markers such as CD20 and CD79a are usually downregulated (Swerdlow et al., 2016).
Also BOB.1, OCT-2 and the Sp-1 proto-oncogene are downregulated in H and RS cells (Hertel et al.,
2002; Jundt et al., 2002; Re et al., 2001a; Stein, 2001; Torlakovic et al., 2001). Positivity to EBV,
determined by Latent Membrane Protein-1 (LMP1) staining or Epstein-Barr encoded small RNAs
(EBER) in situ hybridization, is also common in cHL, where they represent around 40% of the cases
(Massini et al., 2009). Positivity for CD30 and presence of RS cells among the tumor cell infiltrate in
the lymph node, is used for the diagnosis of cHL.

cHL lymphoma can be further differentiated into four histological subtypes: Nodular Sclerosis
Classical Hodgkin’s Lymphoma (NSCHL), Mixed Cellularity Classical Hodgkin’s Lymphoma
(MCCHL), Lymphocyte Depleted Classical Hodgkin’s Lymphoma (LDCHL) and Lymphocyte Rich
Classical Hodgkin’s Lymphoma (LRCHL).

Molecular Biology of cHL

For many years, the origin of H and RS cells remained unresolved. Somatic hypermutation have been
found in the IgV genes of both H and RS. Analysis of the rearranged immunoglobulin heavy and light
(IgH and IgL respectively) revealed identical IgV gene rearrangements in the H and RS cells of a
given HL case, establishing the monoclonal nature of these cell, indicating them as tumor cells. Since
the process of somatic hypermutation is specifically active in antigen-activated mature B cells
proliferating in the germinal center (GC) of the lymph node (Kuppers et al., 1992), it was clear that
H and RS cells derived from post germinal center B cells (Kippers et al., 1994; Marafioti et al., 2000).
More specifically, H cells originate from pre-apoptotic germinal center B cells which have been
rescued from apoptosis by cellular transformation events (Kanzler et al., 1996).

The Immunophenotypic expression analysis of surface antigens of RS cells was identical to the one
of the H, indicating that the multinuclear cells originate from the mononuclear cells (Drexler et al.,
1989).

The first hypothesis suggested for the potential mechanism of RS cell generation was based on H
cells fusion (Drexler et al., 1989). However, molecular analysis of primary H and RS cells, led to the

exclusion of such hypothesis, and the acytokinetic mitosis, which is defined as mitosis with nuclear
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division without cellular division, was postulated as the most favorable hypothesis of mechanism
(Kuppers et al., 2001; Re et al., 2001b; Rengstl et al., 2014). However, acytokinetic mitotic events
were not observed during time-lapsed microscopy studies, and while events where the two daughter
cells were still connected by the midbody (incomplete cytokinesis) followed by re-fusion of the two
cells was the mechanism which led to multinuclearity (Rengstl et al., 2014). Further studies showed
how this endomitotic multinucleation process was strongly correlated with the presence of an aberrant
number of mitotic spindles, aberrant 3D telomere organization, and telomere loss, which lead to the
incapacity of sustain a proper chromosome segregation (Knecht et al., 2009).

H and RS cells are also characterized by a lack of expression of a functional B cell Receptor (BCR).
One of the main reason why these tumor cells do not express functional BCR is the presence of the
somatic hypermutation in the IgV genes, but also other mechanisms can lead to the same fate, like
the downregulation of transcription factors such as BOB.1 and OCT-2 induced by the disruption of
different pathways including the one regulated by EBF1, PAX5 and TCF3, which results into the loss
of B-cell identity (Jundt et al., 2002; Re et al., 2001a).

An additional molecule which contributes to the downregulation of transcription factors normally
expressed in B cells is Notch (Jundt et al., 2002). Activation of the Notch pathway following its
binding to Jaggedl, ligand expressed in H and RS surface, leads to degradation of TCF3, while
increasing expression of the TCF3 inhibitor ABF1 (Jundt et al., 2008). Two main factors play a role
in the activation of the Notch pathway: in EBV+ cHL, the latent membrane protein 2 (LMP2)
produced by the virus can induce Notch expression (Portis et al., 2003), while in EBV- cHL, lack of
expression of Deltex1, a Notchl inhibitor, and overexpression of Mastermind-like-2, a Notch co-
activator, are responsible for the activation of Notch (Jundt et al., 2008).

When the BCR is not functional in normal GC B cells, these cells quickly undergo apoptosis.
However, H and RS cells are able to evade apoptosis through the deregulation of different pathways.
One of the pathways is the NF-kB signaling pathway, which in cHL is constitutively activated
(Bargou et al., 1996). Stimulation of TNF receptors like CD30, CD40, TACI, BCMA and RANK
(Carbone etal., 1995; Chiu et al., 2007; Fiumara etal., 2001; Horie et al., 2002) and crosstalk between
the Notch pathway and the NF-xB pathway (Schwarzer et al., 2012) can all lead to activation of NF-
kB. Activation of the receptors leads to the activation of the IKK complex (composed of IKKa, IKK[3
and NEMO), which phosphorylates and degrades the NF-«kB inhibitors IkBa and IkBe. In EBV+ cHL,
LMP1 can activate the NF-kB pathways functioning as a constitutively active homologue of CD40
(Lam and Sugden, 2003).

Genomic Instability in cHL
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H and RS cells from cHL are characterized by chromosomal aberrations, including aneuploidy and
chromosomal structural abnormalities as shown after fluorescence immunophenotyping and
interphase cytogenetics analysis (FICTION) (Weber-Matthiesen et al., 1995). Aberrations from the
normal positioning of chromosomes in H cells were detected, and the nuclear chromosome positions
were reflected by chromosomal rearrangements as demonstrated by chromosome painting
experiments followed up for all chromosomes using SKY . In particular, as H cells transition to RS
cells, some nuclei show unequal chromosome distribution and others become ‘ghost’ nuclei, devoid
of the normal DNA content (Guffei et al., 2010).

Fluorescence in situ hybridization studies revealed the presence of chromosomal translocations in the
Ig loci, with the IGH loci being the most common, with partner genes like BCL6, MYC, BCL3, and
REL, all commonly expressed in cHL. As result of these translocations, aberrant expression of BCL6,
MY C and BCL3 transcription factors is observed and errors in VDJ, CSR, or somatic hypermutation
processes (Martin-Subero et al., 2006). These translocations involved partners like (Martin-Subero et
al., 2006).

As mentioned before, the transition from H to RS cells is correlated with aberrant number of mitotic
spindles, aberrant 3D telomere organization, and telomere loss (Knecht et al., 2009). RS cells are also
characterized by an increased number of mitotic spindles and multiple pairs of centrosomes which
don’t correlate with the number of nuclei (Knecht et al., 2009). Telomeres length and organization
play a role in the H cells outcome: when the aberration of the telomeric 3D structure is not advanced,
the endomitosis can still progress to generate additional nuclei leading to the formation of bi-nuclear
RS cells, which can then become tri-, tetra- and multi-nuclear RS cells. However, when the number
of TAs increases and the telomere are critically short, the endomitosis becomes impossible and the
cells cannot perform further nuclear division, resulting in multinucleated end-stage RS cells
characterized by a telomere-poor ‘ghost’ nucleus (Knecht et al., 2009). The presence of critically
short telomeres in RS cells (“t-stumps’) has been demonstrated to be completely independent from
the EBV status of the cells, since both EBV+ and EBV- RS cells were characterized by high number
of very short telomeres, a loss of total telomere mass and a significant increase of aggregates when
compared with mononuclear H cells (Knecht et al., 2010). EBV protein LMP-1, however effects the
expression levels of the shelterin proteins TRF1, TRF2, and POT1 (Lajoie et al., 2015). In particular,
LMP-1 downregulates TRF2 and affects its localization within the nucleus, affecting the 3D nuclear
telomere organization resulting in the formation of multi-nuclear RS cells (Lajoie et al., 2015).
Downregulation of TRF2 shelterin proteins leads to disruption of the physiological 3D telomere—
TRF2 interaction, with consequent telomere deprotection and genomic instability (Knecht et al.,
2017).
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Super resolution microscopy (3D-structured illumination microscopy, 3D-SIM) investigation showed
that the nuclear DNA structure is significantly changed in H and RS cells when compared to normal
primary lymphocytes, with a significant increase in the amount of DNA-free or DNA-poor nuclear
spaces defined by the absence of 4°,6-diamidino-2-phenylindole (DAPI)-staining (Righolt et al.,
2014, 2016). The number of DAPI-free spaces is increased in cancer cells during the transition from
H to RS cells (Righolt et al., 2014).

MULTIPLE MYELOMA

Pathogenesis of Multiple Myeloma

Multiple myeloma is a plasma cell disorders are characterized by the proliferation of neoplastic
plasma cells of B-cell lineage that produce monoclonal immunoglobulin (Dimopoulos and Terpos,
2010; Rajkumar et al., 2006). These plasma cells accumulate in bone marrow and overexpress a
monoclonal protein. The monoclonal protein is an abnormal immunoglobulin (1g) (1gG, 1gM, or IgA,
or, rarely, IgE or IgD) or a light chain protein (kappa or lambda). Plasma cell malignancies include a
spectrum of diseases, from monoclonal gammopathy of undetermined significance (MGUS) to
smoldering multiple myeloma (SMM), clinical multiple myeloma (MM) and plasma cell leukemia.
The disease process is insidious, with end-organ damage occurring over years. While the MGUS and
SMM can be asymptomatic, they are considered to be pre-existing condition needed for the
development of MM (Dimopoulos and Terpos, 2010; Landgren et al., 2009; Rajkumar et al., 2006).

Patients with MGUS present significantly increased fracture risk compared to the healthy population,
and the prevalence of MGUS is increased in patients with osteoporosis (Drake, 2014). In the absence
of clinical symptoms, MGUS is diagnosed based on the percentage of plasma cell population in the
bloodstream and bone marrow (BM), specifically when the plasma cell population is <10% in the
BM. When the plasma cell content exceeds 10%, the disease state transitions into either SMM or MM
(Berenson et al., 2010). During the MGUS phase, analysis of the M-protein level can be used to
stratify patients, as values of M-protein below <1.5g/dL (mostly IgG subtype) are considered low risk
for MM development (Go and Rajkumar, 2018). In the first five years, the risk of MGUS progression
to MM is around 1% per year (Kyle et al., 2007).

SMM is an intermediate clinical stage between MGUS and MM. It is characterized by high serum or
urinary monoclonal protein as well as clonal BM plasma cells in the range of 10—60%, without the
presence of MM features like hypercalcemia, renal insufficiency, anemia, or bone lesions (Rajkumar
et al., 2014). The SMM risk of progression to MM in the first five years after diagnosis is different
when compared to MGUS since it is around 10% per year (Kyle et al., 2007).
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In MM the “CRAB?” criteria are present: calcium (hypercalcemia), renal impairment, anemia and
bone involvement. Invasive bone lesions can cause pathologic fractures, bone pain, osteoporosis, and
hypercalcemia. Bone marrow invasion leads to anemia, and immunologic changes cause recurrent
infections (Bianchi and Anderson, 2014; Michels and Petersen, 2017; Moreau et al., 2017; Nau and
Lewis, 2008; Rajkumar, 2016; Rajkumar et al., 2014; Rollig et al., 2015).

Around 1-2% of patients diagnosed with MGUS will progresses to MM (Barlogie et al., 2004; Jemal
et al., 2009; Pawlyn et al., 2015; R6llig et al., 2015), while around 10% of patients with SMM will
progress to MM (Greipp, 2007).

MM in an incurable disease. The treatments face numerous difficulties due to the heterogeneity of
the disease, disease progression, and development of drug resistance (San-Miguel and Mateos, 2011),
but patient risk stratification is gaining importance to ensure optimal treatment according to risk
group, as the identification of a critical mutations to target in the patient could translate into better
treatment (Chng et al., 2014).

Genomic Instability in Multiple Myeloma

Different studies have demonstrated that MGUS, SMM and MM cell genome is complex, and the
disease is characterized by high heterogeneity (Chng et al., 2005; de Mel et al., 2014). Genomic
instability and the resulting ongoing clonal evolution is a key driving mechanism of the heterogeneity
in MM, as CIN, MSI, and base-pair mutations are commonly found (Cagnetta et al., 2015).

Two different types of CIN have been observed in MM, hyperdiploid and the non-hyperdiploid. The
hyperdiploid MM (H-MM) is characterized by a number of chromosomes within the range of 47 to
75, where unique pattern of trisomies affecting chromosomes 3, 5, 7, 9, 11, 15, 19, and 21 are
commonly found (Fonseca et al., 2004). The non-hyperdiploid MM (NH-MM) is divided into three
subgroups: the hypodiploid MM, where the number of chromosome is less than 45, the pseudodiploid
MM, where the number of chromosome is within the range of 45 to 46, and the near tetraploid MM,
where the number of chromosome is greater than 75 (Van Wier et al., 2013). The non-hyperdiploid
is characterized by different chromosomal translocations affecting the 1gV and associated with poorer
overall survival (Munshi et al., 2011).

Chromosomal gains and deletions are common in MM, including gain of chromosome 1921 and
deletion of chromosome 13, chromosome 17p13 and chromosome 1p (de Mel et al., 2014).
Chromosome 13 deletion is an early event present in the majority of MGUS, and includes regions
contain RB1 and NBEA genes (O’Neal et al., 2009), while deletion of chromosome 17p13, which is
associated with disease progression, affects the region containing the TP53 gene (Boyd et al., 2011;
Neri and Bahlis, 2013).
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A number of recurrent translocations have been identified in since the MGUS pre-lesion, which are
responsible for the deregulation of FGFR3, Cyclin D (Cyclin D1 and Cyclin D3), and MAFs (Fonseca
et al., 2009). A secondary translocation event which may be important for disease progression is the
one observed in MYCC rearrangement. Translocation of MYCC can be detected in about 15% of
newly diagnosed patients (Avet-Loiseau et al., 2001). It has been shown that the MYCC pathway is
activated in majority of myeloma patients and may be an important transforming event from MGUS
to MM (Chng et al., 2011)

Mutations have also been described in MM. RAS was one of the commonly mutated genes in MM
and it was detected in 20-45% of newly diagnosed MM patients (Fonseca et al., 2004), while TP53
gene was found to be mutated in around 9% of cases (Lohr et al., 2014).

Studies on the 3D nuclear architecture showed increased telomere attrition during disease progression
MGUS to MM with shorter telomeres in MM when compared to the precancerous lesion, with
presence of larger TAs, very short t-stumps, and an increase in nuclear volume (Klewes et al., 2013).
3D distribution of centromeres has also been found to be different between MM and MGUS, as the
centromeres in MGUS were more distributed toward the nuclear periphery than the nuclear center in
when compared to centromeres in MM. Also, unlike the centromeres in MGUS, the centromeres in
MM patient samples were found to form clusters, suggesting position alteration, breakage,

rearrangement or fusion of the chromosomes (Yu et al., 2019).

LAMIN A/C

Lamin proteins: from genes to protein

In eukaryotic cells, the nuclear genome is enclosed by a highly organized double membrane known
as nuclear envelope. The nuclear envelope is characterized by two membranes: i) the outer nuclear
membrane, which is continuous with the endoplasmic reticulum (ER) and is covered with ribosomes;
i) the inner nuclear membrane. These two individual lipid bilayers are separated by a luminal space
of 30-50 nm in human cells, named the lumen or perinuclear space. For the transport of
macromolecules in and out of the nucleus, both membranes connect to form pore membranes where
the nuclear pore complexes (NPCs) responsible for transport regulation are inserted (Alvarado-
Kristensson and Rossello, 2019). Underneath the nucleoplasmic side of the nuclear envelope, there
is the nuclear lamina, a filamentous network of lamin proteins and lamin-binding proteins that are
embedded in the inner nuclear membrane (Gruenbaum et al., 2003).

Lamin proteins are type V intermediate filament proteins characterized by the presence of a short N-

terminal domain and a long C-terminal domain, both of which are highly conserved. Lamin proteins
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are divided into two groups based on their biochemical structure and their role during the process of
mitosis: B-type lamins and A-type lamins.

B-type lamins are encoded by the LMNB1 gene (for lamin B1) (Lin and Worman, 1995) and the
LMNB2 gene (for lamin B2) (Hoger et al., 1990). B-type lamins are essential for cell survival and
they are constantly expressed during the development. Lamins B1 and B2 are expressed in most cells,
although lamin B2 is more ubiquitous than lamin Bl (Harborth et al., 2001).
Three different A-type lamins are encoded by the LMNA gene following alternative splicing: lamin
A, lamin A10 and lamin C (Fisher et al., 1986). A-type lamins, however, are normally only expressed
in differentiated cells (Willis et al., 2008).

Correct lamin organization is necessary to allow proper DNA replication, but their specific role still
remain unclear. In particular it is not known if lamin proteins have a direct interaction with replication
elongation complexes during DNA synthesis, or if the presence of the lamin network is necessary for
the attachment and assembly of replication foci (Goldman et al., 2002; Gruenbaum et al., 2003).
Numerous is the amount of protein/protein interactions which in vitro have been found to involve
lamin proteins (Maraldi and Lattanzi, 2005). Such interactions include transmembrane proteins
associated to the inner nuclear membrane (INM proteins), chromatin-associated proteins and
transcription factors/transcriptional regulators. The INM proteins known to interact with lamin
proteins include nesprin, emerin, lamina-associated proteins 1 and 2 (LAP1 and LAP2), the lamin B
receptor (LBR) and MAN1. Nesprins and SUN proteins are important for mediating the interactions
of lamin proteins with cytoskeletal proteins (Mislow et al., 2002; Padmakumar et al., 2005). More
specifically, the nesprins mediate lamin A-actin interactions (Padmakumar et al., 2005), suggesting
that A-type lamins are involved in the formation of protein complex at the nuclear envelope which
are necessary for linking the actin cytoskeleton to the nuclear lamina (Fridkin et al., 2009). Lamin
proteins also bind to chromatin-associated proteins, including H2A and H2B histone dimers, H3—H4
histone tetramers, non-histone proteins Ha95, BAF (Bengtsson and Wilson, 2004) and the HP1
(Lattanzi et al., 2007). The interaction between lamin proteins and chromatin-associated proteins is
important for chromatin remodeling and regulation of gene silencing through heterochromatin
organization (Maraldi and Lattanzi, 2005).

Lamin proteins are also involved in the regulation of the transcriptional process, since the disruption
of the their normal organization leads to inhibition of the RNA polymerase Il activity, but does not
affect the activity of RNA polymerase | and Ill (Spann et al., 2002). Lamin proteins are also
responsible for the regulation of different transcription factors, like OCT-1 and pRb. OCT-1 is a
collagenase repressor which co-localize with lamin B1 and whose disassociation with the protein lead

to digestion of the collagen (Imai et al., 1997). pRb, in its active form, is found to bind lamin A/C
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associated protein LAP2 (Markiewicz et al., 2002), allowing the silencing of the E2F-DP complex
and the progression of the cell cycle to the S phase.

Lamin proteins also interact with the chromatin. Lamin proteins are necessary for the initial
positioning and assembly of the mitotic spindles, and they associate with centromeres and telomeres
(Franklin and Cande, 1999). More specifically, while lamin B1 interacts specifically with the TRF-1
telomere shelterin protein, lamin A/C interacts specifically with TRF2 (Bronshtein et al., 2015; Wood
etal., 2014).

Laminopathies and lamin A/C role in cancer

The laminopathies are diseases characterized by mutations at the level of the LMNA gene. These
mutations are commonly found in disorders of cardiac and/or skeletal muscles (Vigouroux and
Bonne, 2002).

The very first laminopathy to ever been described was the autosomal dominant Emery-Dreifuss
muscular dystrophy (EDMD), a disease similar to the Duchenne muscular dystrophy (DMD) caused
by a mutation at the level of the emerin gene, which is characterized by contractures of elbows and
Achilles tendons, progressive muscle wasting and weakness, which lead to a lethal cardiomyopathy
with conduction blocks (Bonne et al., 1999). Other laminopathies of the striated muscles are the
autosomal recessive Emery-Dreifuss Muscular Dystrophy, Autosomal Dominant Cardiomyopathy
Dilated 1A and the Autosomal Dominant Limb Girdle Muscular Dystrophy Type 1B (Worman and
Bonne, 2007).

Laminopathies can be also associated with peripheral neuropathies (like the Charcot Marie Tooth
Disease type 2B1 or CMT2B), lipodystrophies and premature aging syndromes such as Atypical
Werner Syndrome (AWS), characterized by LMNA R133L mutation (Chen et al., 2003), and
Hutchinson Gilford Progeria Syndrome (HGPS).

It is known that lamin A and lamin C originate from alternative splicing of the LMNA gene, and the
two resulting protein are identical up to residue 574. Lamin A is synthesized as a 664 -residue prelamin
A precursor that after post-translational modifications will become mature lamin A with 646 residues
(Gonzalo et al., 2017). The Hutchinson Gilford Progeria Syndrome is characterized by the mutation
at the position C.1824C>T which lead to the in-frame deletion of 50 amino acids near the C-terminal
domain of prelamin A. The aberrant generated lamin A, named “progerin”, induces various nuclear
abnormalities which result in cellular and organismal decline (Gonzalo et al., 2017). The amount of
progerin produced is proportional to the severity of the disease (Moulson et al., 2007; Reunert et al.,

2012). HGPS is characterized by growth retardation, loss of subcutaneous fat, atherosclerosis, bone
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deformations, delayed dentition, hair loss, sclerodermatous skin and cardiovascular disease
(Gruenbaum et al., 2005).

Aberrant lamin proteins expression and interactions with other proteins, are often present in tumor
cells. Due to lamin proteins interaction with transcription factors like emerin and pRb, and due to
their involvement in different signaling pathways, including p53, Wnt, TGF-f, Notch and NF-kf, the
aberrant lamin proteins expression could affect tumor progression (Sakthivel and Sehgal, 2016).
Lamin A/C has been identified as a substrate for phosphorylation by PKB/Aktl in Emery—Dreifuss
muscular dystrophy and this modification was involved in the regulation of lamin A/C expression
levels (Cenni et al., 2008). In cancer cells, Akt is important for transducing extracellular (growth
factor and insulin) and intracellular (receptor tyrosine kinases, Ras, and Src) oncogenic signals
(Cheng et al., 2005). In around 20% of prostate cancers, the alteration of PI3K/Akt pathway due to
loss or mutation of the tumor suppressor gene PTEN, is correlated with aberrant regulation of cell
proliferation, transformation, tumor growth and angiogenesis (Fang et al., 2007; Paez and Sellers,
2003; Sun et al., 2009; Uzoh et al., 2009). Downregulation of lamin A/C diminishes protein levels of
activated Akt protein, revealing the existence of a lamin A/C-PI3K feedback loop and its involvement
in the tumorigenic process (Kong etal., 2012). Ligand engagement to receptor tyrosine kinase binding
PI3K, interrupts the inhibitory action of the PI3K regulatory subunit p85 on the PI3K catalytic subunit
p110. PIP3 formed by the activated PI3K stimulates then the phosphorylation and activation of
Akt/PKB, transmitting the signal to downstream targets, thus orchestrating a variety of key cellular
functions, including growth, proliferation and survival. Downregulation of lamin A/C trough lamin
AJ/C shRNA treatment led to decreased PI3K activity and diminished protein levels of activated Akt
protein, revealing that lamin A/C is involved in cell proliferation, migration and invasion (Kong et
al., 2012).

Even if it has been demonstrated that the overexpression of lamin A/C plays a role in tumor
progression, the levels of lamin expressions among different tumors are very inconsistent, since both
cancers with overexpression of lamin A/C or cancers with lack of expression of lamin A/C can be
found, and the role of lamin A/C as tumor biomarker remains a point of debate (Sakthivel and Sehgal,
2016).

In Nodal diffuse large B-cell lymphoma the hypermethylation of the CpG island of the LMNA gene
promoter leads to loss of lamin A/C expression has been correlated with a decrease in overall survival
and poor prognosis (Agrelo et al., 2005). In gastric carcinoma, patient with down-regulated lamin
AJC expression have poorer prognosis compared with those expressing lamin A/C (Wu et al., 2009).
However, colorectal cancer patients with high expression of lamin A/C presents worse prognosis

when compared with patients with tumors showing negative expression (Willis et al., 2008).
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RATIONALE, HYPOTHESIS AND AIMS

RATIONALE

Lamin A/C binding to telomeres is mediated, at least partly, by the shelterin protein TRF2. The
association between lamin A/C and TRF2 is found to be important both for the maintenance of the t-
loops structures at the level of the telomeres, and also for stabilizing the formation of interstitial t-
loops (ITLs) at the level of the interstitial telomeric sequences (ITSs), tandem telomeric repeats
localized at the intrachromosomal level (Wood et al., 2014). Aberrant lamin A/C structure and
expression lead to fewer ITLs and profound telomere loss, since overexpression of mutant and wild-
type lamin A in human fibroblasts results in accelerated telomere shortening and replicative
senescence (Huang et al., 2008). Lamin proteins organization plays also an important role for gene
localization, since it depends on interactions between genomic loci and the nuclear lamina through
formation of lamina-associated domains (LADS). (Bronshtein et al., 2015; Guelen et al., 2008;
Ottaviani et al., 2009). LADs are thought to regulate the interaction of chromatin with the nuclear
lamina, generally leading to a repressive transcriptional effect (Guelen et al., 2008).

The 3D nuclear organization of the genome is altered in tumor cells from different hematological
tumors, like cHL and MM. In cHL, the order of the genome is characterized by telomere dysfunction
(Knecht et al., 2009), alterations in chromosome territories (Guffei et al., 2010), a new order of DNA
packaging in the nucleus (Righolt et al., 2014, 2016), and the failure of TRF2 to cap all telomeres
(Lajoie et al., 2015). MM s characterized by short telomeres, with large TAs, very short t-stumps,
and an increased in nuclear volume when compared to normal lymphocytes (Klewes et al., 2013; Yu
etal., 2019).

Since lamin A/C spatial organization plays an important role in the telomere homeostasis and
deregulation of lamin A/C has been correlated with tumorigenesis, we set out to investigate the 3D
nuclear organization of lamin A/C in two different cancer models, cHL and MM. As previously
mentioned, the transition from H to RS cells is correlated with aberrant 3D telomere organization,
telomere loss and increased number of DNA-poor spaces (Knecht et al., 2009; Righolt et al., 2014),
and for this reason we explored whether the deregulation of lamin A/C plays a role in the transition
from H to RS cells. Finally, since TRF2 fails to cap the short telomeres in cHL (Lajoie et al., 2015),
and since telomere uncapping and mobility set the stage for a dynamic and self-propagating process
of genomic instability via telomere fusions and illegitimate recombination, we investigated if the

localized absence of TRF2 was causal to the genome remodeling.
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HYPOTHESIS

We hypothesize that the deregulation of lamin A/C expression and spatial distribution affects
telomere stability in cHL and MM, and that lamin A/C plays a role in the transition from H to RS
cells. Also, we hypothesize that the localized unbinding of TRF2- telomere-lamin A/C is key to the

organizational aberrations of the genome previously described in cHL.

AIM #1. To investigate the 3D nuclear organization of lamin A/C in two different cancer
models, cHL and MM

By using three different cHL-derived cell lines (HDLM-2, L-428 and L-1236), one MM-derived cell
line (MM1R CRL-2975), resting and LPS-treated isolated peripheral blood lymphocytes from healthy
donors, we will investigate the 3D spatial distribution of lamin A/C using 3D fluorescent microscopy.
To validate the results found in the cell lines, we will use twelve primary paraffin-embedded pre-
treatment lymph node samples from patients diagnosed with cHL and ten pre-treatment blood samples

from treatment-naive patients who were newly diagnosed with MM,

AIM #2. To investigate if the deregulation of lamin A/C plays a role in the transition from H to
RS cells

By silencing lamin A/C mRNA transcription in cHL-derived cell line HDLM-2, we want to
understand if deregulation of lamin A/C would affect telomere 3D spatial distribution and nuclear

organization using both conventional 3D fluorescent microscopy and super resolution imaging (SIM).

AIM #3. To investigate if the localized absence of TRF2 is causal to the genome remodeling in
cHL

To investigate if the localized absence of TRF2 is causal to the genome remodeling in Hodgkin’s
lymphoma, we will perform co-localization analysis for telomeres-TRF2-lamin A/C in the three
different cHL-derived cell linesHDLM-2, L-428 and L-1236 and using immortalized fibroblasts BJ5-

ta cell line and LPS-treated peripheral blood lymphocytes as control.
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MATERIALS AND METHODS

Cell Lines

- cHL-derived cell lines HDLM-2, L -428 and L-1236

Three different EBV-negative cHL-derived cell lines were used for this project: Nodular Sclerosis
cHL-derived cell lines HDLM-2 and L-428, and Mixed Cellularity cHL-derived cell line L-1236
(DSMZ, Braunschweig, Germany). The HDLM-2 and L-428 cell lines were grown in RPMI-1640

medium, supplemented with 20% fetal bovine serum (FBS), 1% L -glutamine, 1% sodium pyruvate,
and 1% penicillin—streptomycin (reagents from Invitrogen/Gibco, Burlington, ON, Canada). The L-
1236 cell line was grown in RPM1-1640 medium, supplemented with 10% FBS, 1% L -glutamine, 1%
sodium pyruvate, and 1% penicillin—streptomycin. The cells were cultured in Nunc™ EasY Flask™
75¢cm? (Thermo Scientific, Roskilde, Denmark), split every 48-72h with a dilution of 1:4, and
incubated at 37°C with 5% CO; in a humidified atmosphere. Fresh slides were prepared before every
experiment spreading the cells onto poly-L-lysine (SIGMA, p8920, St. Louis, MO, USA) coated
slides.

- MM-derived cell line MM.1R CRL-2975

MM-derived cell line MM.1R CRL-2975 were grown in RPMI-1640 medium, supplemented with

10% FBS, 1% L-glutamine, 1% sodium pyruvate, and 1% penicillin—streptomycin. The cells were
cultured in Nunclon™ Delta Surface, split every 48h with a dilution of 1:3, and incubated at 37°C
with 5% CO; in a humidified atmosphere. Slides were prepared before every experiment: Cells were
placed onto spreading the cells onto poly-L-lysine coated slides.

- Immortalized fibroblast cell line BJ-5ta

BJ-5ta cells were grown ina 4:1 mixture of Dulbecco's medium and Medium 199, supplemented with
10% FBS, 1% L-glutamine, 1% sodium pyruvate, and 1% penicillin—streptomycin. The cells were
cultured in Nunclon™ Delta Surface, split every 72h with a dilution of 1:3, and incubated at 37°C
with 5% CO; in a humidified atmosphere. 24h prior to the experiments, an aliquot of cell suspension

was settled on sterile slides and incubated overnight to allow cell adhesion to the slide surface.

cHL patient samples and Reactive Tonsils samples

For this project we analyzed 12 primary Hodgkin’s lymphoma paraffin embedded pre-treatment
lymph node samples from patients diagnosed with cHL were analyzed. The patients were consented
to participate into this research, which was approved by the research ethics board at the Jewish

General Hospital in Montreal (protocol 16-016). Clinical information from these patients are
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summarized in the following table (Table 1). Five reactive tonsils biopsy tissue sections from patients

were used as control.

Table 1. Clinical data of patients diagnosed with cHL. Abbreviations: ABVD-—doxorubicin,

bleomycin,

vinblastine, dacarbazine; CHLVPP—chlorambucil, vinblastine,
prednisone; EBV—Epstein Barr Virus.
Case Gender Age Stage Type of Chemotherapy Relapse EBYV Status
1 Male 24 v ABVD N -
2 Female | 55 Il ABVD Y -
3 Female | 25 || ABVD N +
4 Male |55 | Il ABVD Y -
5 Male 47 I ABVD N +
6 Female | 75 | IV ABVD N -
7 Male 22 I ABVD N -
8 Male 19 1A | ABVD N -
9 Male 50 1A | ABVD N -
10 Male 37 A ABVD N +
11 Male 85 Il CHLVPP Y -
12 Male 28 1A ABVD N -

MM patient samples

Ten pre-treatment blood samples were collected from CancerCare Manitoba (Winnipeg,

procarbazine,

Manitoba, Canada) from treatment-naive patients who were newly diagnosed with MM. All the

samples were obtained and processed within the same day. Clinical information is shown in table 2

(Table 2). This thesis project was approved by the Research Ethics Review Board on Human Studies
of the University of Manitoba (Ethics Reference No. H2010:170).

Table 2. Clinical data of patients diagnosed with MM. Abbreviations: LC—Light Chain, SFLC—

Serum Free Light Chain

LC LC SFLC SFLC SFLC M band
Case Age BMCP% IgG IgA IgM )

Kappa Lambda  Kappa Lambda Ratio o/l
1 68 |16.2 20.80 | 0.80 | 0.62 | IgG 487.50 |11.20 43.53 14
2 75 (9.6 2220 | 1.04 | 0.77 | IgG / / / 3.7/8.0
3 70 |26.8 32221 1.08 | 142 | IgG 890.00  [9.09 97.91 29
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4 61 |11.4 2760 | 3.13 | 0.35 | IgG 29.30 21.10 1.39 16
5 73 |16.4 442 | 11.60 | 0.30 IgA / / / /

6 70 |37.4 232 | 3260 | 0.06 | IgA / / / 19
7 66 |29.8 428 | 16.60 | 0.19 | IgA 21.58 1.63 13.24 12
8 65 |1.6 18.00 | 1.74 | 0.06 | 1gG 143.04  |4.43 32.29 10
9 76 |68 296 | 0.08 | <0.04 IgD / / / /

10 56 (8.2 2950 | 0.25 | 0.76 [o]€] <2.70 11.70 0.23 25

Identification of MM cells in MM patient samples

A previous study confirmed CD138+ myeloma nuclei corresponded to the larger and darker nuclei
(Klewes et al., 2013). CD138 staining confirms them as terminally differentiated plasma cells, while
CD56 staining targets adhesion molecules which distinguish myeloma cells from non-malignant
plasma cells. Double positive staining for CD138 and CD56 was used to recognize MM cells from
normal white blood cells. Immuno-staining for CD138 was performed using Alexa Fluor 594 anti-
human CD138 antibody (ab) (Cedarlane, Burlington, ON, Canada) while immuno-staining for CD56
was performed using Alexa Fluor 488 labelled Mouse anti-human CD56 ab (BD Bioscience, San
Jose, CA, USA).

Peripheral blood lymphocytes isolation

Peripheral blood lymphocytes (PBLs) were isolated from peripheral blood from healthy donors
through Ficoll-gradient centrifugation (Ficoll-PaqueTM Plus, GE Healthcare, Little Chalfont, UK).
The blood was diluted with PBS (7:2) and layered with a ratio of 3:2 on Ficoll. The obtained buffy
coat was collected and washed twice in 1XPBS. This isolation method, however, retains all
monocytes. For this reason, the CD 20 marker was used to identify B cells (CD20 conjugated with
FITC (1:50 dilution), sc-393894, Santa Cruz Biotechnology, Dallas, Texas, EUA), since CD20 is a
B cell differentiation antigen widely expressed in B cell development from early pre-B until mature
B cell stage (Ernst et al., 2005).

LPS-stimulation of PBLs

Lipopolysaccharide (LPS)-stimulated B cells have been used as control in this project. Stimulation
of B-lymphocytes was achieved culturing PBLs with 50uM of LPS (1pg/ml) (SIGMA, L2630, St.
Louis, MO, USA) Isolated resting and LPS-treated PBLs were then placed onto poly-I-lysine
(SIGMA, p8920, St. Louis, MO, USA) coated slides. For this procedure, ninety activated B cells were
analyzed per healthy donor (10 healthy donors in total). Two LPS stocks from two different lots have

been tested on PBLs without success before finding the good lot (Lot#096M4092V).
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Cell fixation and permeabilization

- Cell lines

Glass slides were stored in a solution of 70% EtOH/H>O. Before the experiments, the slides were
removed from the solution, air dried and coated with poly-I-lysine. The cell lines were spotted on the
glass slide and fixed in 3.7% formaldehyde/1x PBS, to maintain the 3D structure and followed by
two 1X PBS washes. Permeabilization of the cells was performed with 0.1% Triton-X 100. Three 1x
PBS washes were performed to wash the solution off.

- cHL patient samples and reactive tonsil samples

Formalin-fixed, paraffin-embedded tissue slides (Sum thickness) were de-paraffinized at room
temperature in xylene until the paraffin was completely dissolved (2 incubations of 15 minutes each).
De-paraffinized slides were subsequently rehydrated in a descending gradient of ethanol-water
solutions, from 100% EtOH to 50% EtOH/H0O, and transferred to PBS before fixation in 3.7%
formaldehyde/1x PBS. Two 1X PBS washes were performed to wash the extra formaldehyde
solution. Permeabilization of the cells was performed with 0.1% Triton-X 100. Three 1x PBS washes
were performed to wash the solution off.

- MM patient samples

PBLs isolated from peripheral blood through Ficoll-gradient centrifugation have been placed onto
poly-L-lysine coated slides and fixed in 3.7% formaldehyde solution for 10 minutes. Dehydration
from 70% EtOH/H20 to 100% EtOH was performed after fixation to store the samples in the -20°
freezer.

Before the start of the experiments, the slides were rehydrated in decreasing EtOH concentrations
from 100% EtOH to 50% EtOH/H,0 to maintain the cell 3D structure. No permeabilization step was
performed for these sample due to the need of maintaining surface markers for cell identification
proposes.

- Resting and LPS-stimulated PBLS

Resting and LPS-stimulated PBLs have been placed onto poly-L-lysine coated slides and fixed in
3.7% formaldehyde solution for 10 minutes. Dehydration from 70% EtOH/H.O to 100% EtOH was
performed after fixation to store the samples in the -20°C freezer.

Before the start of the experiments, the slides were rehydrated in decreasing EtOH concentrations
from 100% EtOH to 50% EtOH/H,0 to maintain the cell 3D structure. No permeabilization step was
performed for these sample due to the need of maintaining surface markers for cell identification

proposes.

37



Immuno-staining for lamin A/C and lamin B1

Before immuno-staining, the slides were blocked in 4% BSA/4xSSC blocking solution for 5 minutes
at 37°C, in humidified atmosphere.

The immuno-staining experiments were performed using: i) Primary Anti-Lamin A ab (rabbit
polyclonal, ab26300, Abcam Ltd., Cambridge, UK); ii) Primary Anti-Lamin B1 ab (rabbit polyclonal,
ab16048, Abcam Ltd. UK); iii) Alexa Fluor® 488anti-CD20 ab (mouse monoclonal IgM, sc-393894,
Santa Cruz Biotechnology, Dallas, Texas, USA); iv) secondary goat anti-rabbit ab conjugated with
the Alexa 488 fluorophore (Molecular Probes, Waltham, MA, USA); secondary goat anti-rabbit ab
conjugated with the Cy3 fluorophore (Sigma Chemical, St. Louis, MO, USA).

A dilution of 1:200 and 1:500 in 4%BSA/4xSSC blocking solution have been used for the primary
and the secondary ab respectively.

Slides were incubated with primary ab for 45 min at 37°C in humidified atmosphere, and washed
three times in 1xPBS washes (5 min each). Incubation with secondary ab was performed for 30 min
at 37°C in humidified atmosphere, and washed three times in 1xPBS washes (5 min each). DNA of
the nuclei was counterstained with DAPI. Glycerol-based mounting medium Vectashield (Vector
Laboratories Inc, Burlingame, CA, USA) was used as to prevent photobleaching of the sample and
maintain the 3D structure of the cell.

Since the paraffin embedded HL lymphoma samples and Reactive tonsils samples were characterized
by a very high auto-fluorescence, an additional incubation of the slides in the Target Retrieval
Solution (DAKO, S1700, Santa Clara, CA, USA) for 20 min at 90°C, and then 20 min at room

temperature (RT) was performed before the incubation with the blocking solution.

Quantitative analysis of lamin A/C patterns

2D images of the cells representing the identified pattern were selected and used for the quantitative
analysis of lamin A/C on ZEN Blue Version 2.3 Software (Carl Zeiss, Jena, Germany). Based on the
3D lamin A/C pattern, a single z-stack (representative of the specific pattern) was selected from each
cell. The “draw spline contour” tool was used to define two areas in the selected z-stack, the external
area and the internal area. The external area included the part of the image characterized by the
presence of lamin A/C structures. The internal area included the part of the image characterized by
the absence of lamin A/C structures. The external lamin A/C intensity (l¢) was calculated using the
total signal intensity within the external area, while the internal total lamin A/C intensity (I;) was
calculated using the total signal intensity within the internal area. Example of the two areas is in
Figure 1 (Figure 1). An intensity ratio (l¢/l;) was calculated dividing le by Ii to normalize the intensity

values for the cell area.
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Figure 1. Example of quantitative analysis performed in lamin A/C patterns. The external total lamin
AJ/C intensity (le) was calculated within the areas bordered in Red. The internal total lamin A/C
intensity (li) was calculated within the areas bordered in Violet. The final ratio was calculated
between the le resulting from the red area, dived by li, resulting from the sum of the total intensities

within the three violet areas.

Western Blot Analysis

For the protein extraction, cells from the three cHL-derived cell lines, resting and LPS-treated
lymphocytes were collected in separate tubes and centrifuged at 800rpm for 10 minutes. The
supernatant was removed and the cells have been washed twice with cold 1XPBS and transferred in
Eppendorf tubes. 1mL of cold RIPA Buffer (25mM Tris-HCI pH 7.6, 150mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS) was added to the cells after the removing the 1XPBS. The tubes
were kept on ice for 30 minutes. The tubes underwent sonication and then they were centrifuged at
4°C for 1 minute. The supernatant containing the proteins was transferred into a new tube and the
pellet was discarded.

For the Western Blot (WB), the protein content was quantified using the Micro BCA protein assay
kit, and 20 pg of total protein were loaded into a 4-20% Mini-PROTEAN® TGX Stain-Free™
Protein Gels, 10 well, 50 pl (4568094, Biorad, Hercules, California, USA). The run was performed
at 140 Volts for 65 minutes.

Proteins from the gel were transferred to Immun-Blot® PVDF membranes (Biorad, Hercules,
California, USA). The membrane was then blocked in a 5% milk/TBST solution for 1h at 4°C. Anti-
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Lamin A ab (rabbit polyclonal, ab26300, Abcam Ltd., Cambridge, UK) and anti-Cyclophilin B ab
(rabbit polyclonal, ab16045, Abcam Ltd., Cambridge, UK) were diluted at 1:1000 and 1:3000
respectively in 5% milk/TBST solution. The membranes were incubated with the primary ab
overnight at 4°C. Four TBST washes were performed to remove the unbounded ab. The membranes
were then incubated in the presence of the secondary ab (Goat Anti-Rabbit IgG H&L (HRP), ab6721,
Abcam Ltd., Cambridge, UK), diluted at 1:20.000 in 5% milk/TBST for 2h at 4°C, and then rinsed
four times in TBST to remove the ab excess.

The protein imunobloting was visualized using a SuperSignal West Dura kit according to the
manufacturers’ instructions (Thermo Fisher scientific, Waltham, Massachusetts, USA) and the
MyECL Imager (ThermoFisher Scientific, Mississauga, Canada). The immunoblot analyses was
performed using the pixel densitometry of target bands under respective constitutive bands obtained
using software ImageJ (NIH, Image] 1.49v, Madison, WI, USA). The protein of interest was

normalized to the respective loading control (Cyclophilin B). All WB assays were done in triplicate.

Real Time Quantitative PCR (qQRT-PCR)

Total RNA from cell lines was extracted using Total RNA purification Kit (Norgen Biotek Corp,
Ontario, Canada), according to the manufacturers’ instructions. RNA concentration and purity were
analyzed by 260/280 nm spectrophotometer using NanoDrop 1000 (Thermo Scientific, Waltham,
MA, USA). We used 1pg RNA to synthesize complementary DNA (cDNA) with High-Capacity
RNA-to-cDNA™ Kit (Thermo Scientific, Waltham, MA, USA).

For real-time quantitative PCR (qRT-PCR), the following Tagman probes from Applied Biosystems
were utilized: LMNA (Lamin A gene) (Assay ID: Hs00153462_m1l), and GAPDH (Assay ID:
Hs02758991 g1) as an endogenous reference.

The 274A¢T method (Livak and Schmittgen, 2001) was used to quantify the expression levels in
different controls (resting lymphocytes, LPS-activated lymphocytes) and cHL-derived cell lines
samples (HDLM-2, L-428 and L-1236), using a QuantStudio™ 5 Real-Time PCR Instrument
(Applied Biosystems, MA, USA). The Ct values for lamin A/C (gene of interest) and GAPDH
(house-keeping gene) provided from real-time PCR instrument were imported into Microsoft Excel
and averaged for each control and sample. The ACt values were calculated as: ACt = averaged lamin
A/C Ct — averaged GAPDH Ct. The ACt values were calculated for each control and sample. The
average for the AC control was calculated (Control Average ACt) was calculated. The AACT values
were calculated as: AACt = ACt — Control Average ACt. The AAC+ values were calculated for all

the controls (resting lymphocytes and LPS-treated lymphocytes) and the cHL-derived cell lines
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(HDLM-2, L-428 and L-1236). With the obtained AAC~ values, the 2 24T values were calculated
and compared.

All PCR assays were done in triplicate.

siRNA silencing of lamin A/C

Transient silencing of lamin A/C was performed using siRNA lamin A/C (Target Sequence:
GGUGGUGACGAUCUGGGCU), while scrambled SiRNA (Target Sequence:
UAGCGACUAAACACAUCAA) was used as a negative control for the silencing. Different
concentrations of SIRNA were used in this project to achieve the lamin A/C mRNA silencing: 12.5
nM, 25 nM and 50 nM. The silencing was monitored for 24 h, 48 h, 72 h and 96 h. siRNA lamin A/C
transfection with 50 nM was also performed on two additional time points, 120 h and 144 h, to
investigate the complete kinetics of siRNA-mediated lamin A/C silencing. After siRNA treatment,
lamin A/C protein expression was monitored using WB as previously described.

he fold-decrease for the siRNA is relative to the negative control (Scrambled siRNA for each
concentration) and the scrambled siRNA is relative to control without transfection (Control). These

experiments were performed in triplicate using cells from different passages.

Co-immuno-Staining for Lamin A/C and TRF2/Telo-Q-FISH

The co-immuno-staining for lamin A/C and TRF2 combined with telomere Q-FISH for the co-
localization study in BJ-5ta, LPS-treated lymphocytes and cHL-derived cell lines, has been performed
by modifying the protocol previously described by Knecht and Mai in 2017 (Knecht and Mai, 2017).
Following fixation and permeabilization of the samples, the Q-FISH was performed using 8ul of Cy3-
labeled PN A-telomere probe (Dako, Glostrup, Denmark). A single cycle of denaturation for 3 min at
80°C followed by hybridization for 2 h at 30°C was performed using the Hybrite™ (Vysis/Abbott,
Abbott Laboratories. Abbott Park, Illinois, USA). The slides were then placed in 70% formamide/10
mM and washed in 0.1x SSC at 55°C. An additional washin 2x SSC/0.05% Tween 20 was performed.
After an incubation in 4%BSA/4xSSC blocking solution for 5 minutes at 37°C, the slides were then
incubated with primary rabbit polyclonal anti-lamin A ab (Abcam Ltd., Cambridge, UK) (diluted
1:200 in 4%BSA/4xSSC) overnight at 37°C in humidified atmosphere. The following day, three 1x
PBS washes were performed to wash away the extra primary ab. Incubation with secondary donkey
anti-rabbit ab conjugated with the Cy5 fluorophore (ThermoFisher, Eugene, OR, USA) (diluted 1:500
in 4%BSA/4xSSC) was performed for 1 hour at 37°C in humidified atmosphere. Three 1x PBS
washes were performed to wash away the extra ab. After an additional incubation in 4%BSA/4xSSC

blocking solution for 5 minutes at 37°C, an incubation with rabbit anti-donkey ab conjugated with
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Alexa 650 (ThermoFisher, Eugene, OR, USA) (diluted 1:200 in 4%BSA/4xSSC) was performed for
1 hour to enhance the signal. Three 1x PBS washes were performed to wash away the extra ab.
Following the washes, the slides have been incubated for 30 minutes at 37°C in humidified
atmosphere in 10%BSA/4xSSC blocking solution.

The TRF2 immuno-staining was performed with the primary anti-TRF2 rabbit polyclonal ab (Novus
Biologicals, Centennial, CO, USA). A general problem in immuno-fluorescence experiments is the
fact that when primary abs are raised in the same host species, the secondary species specific ab can
cross-react with each of the primary antibodies (Buchwalow et al., 2018). For this reason, since both
the anti-lamin A ab and the anti-TRF2 ab were raised in rabbit, we manually conjugated the anti-
TRF2 ab with the Alexa 488 fluorophore using the Alexa Fluor 488 Ab Labeling Kit (ThermoFisher,
Eugene, OR, USA) and diluted it 1:25 in 10%BSA/4xSSC. Incubation with TRF2 ab was performed
for 1 hour at 37°C in humidified atmosphere. Three 1x PBS washes were performed to wash away
the extra ab. DNA of the nuclei was counterstained with DAPI. Glycerol-based mounting medium
Vectashield (Vector Laboratories Inc, Burlingame, CA, USA) was used as to prevent photobleaching

of the sample and maintain the 3D structure of the cell.

3D Image Acquisition

The manual 3D image acquisition was performed on 30 H, 30 RS, 30 Lymphocytes, 30 Centrocytes
and 30 MM cells per experiment. The 3D conventional imaging of was performed using ZEISS Axio
Imager.Z2 (Carl Zeiss, Toronto, ON, Canada) with a cooled AxioCam HR B&W, FITC, Cy3 and
DAPI filters in combination with a Planapo 63x/1.4 oil objective lens (Carl Zeiss, Toronto, ON,
Canada). 80 z-stacks at 200nm step-size were imaged for every fluorophore of every cell. Images
were obtained using AxioVision 4.8 (Carl Zeiss, Toronto, ON, Canada), deconvolved using the
constrained iterative restoration algorithm with Theoretical PSF and Clip Normalization. The
resolution of the images was 102nm in the x, y directions and 200nm in the z-direction.

To observe the 3D reconstruction of the cells the Maximum Intensity Projection rendering mode and
the Surface Reconstruction rendering mode of the Axiovision software were used. Maximum
Intensity Projection shows a 3D view of data by displaying pixels of the highest intensity along the
projection axis. The Surface Reconstruction the grey values in the images are computed as solid
surfaces (a.k.a. iso surfaces).

The automated image acquisition of interphase nuclei was performed using the ScanView system
[Applied Spectral Imaging (ASI), Carlsbad, CA, USA], using a Zeiss Imager Z2 microscope with a
Basler CCD camera (Basler AG, Ahrensburg, Germany) and equipped with a motorized nine-slide

stage (Méarzhéduser, Wetzlar, Germany). The 3D-images were acquired with dry 40x objective and a
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0.6x c-mount (Olympus, Tokyo, Japan) taking 9 z-stacks at 300nm step-size per field of view.
Exposure times were constant at 1ms (DAPI) and 100ms (FITC) throughout the experiments. The
tissue sample mode with cell circularity setting of 1.4 was used to enable segmentation of touching
cells and cell detection. Cells touching the border of the field of view were excluded. Approximately
1000 cells per experiment were scanned and analyzed for the cHL-derived cell line, and 1000 cells
per experiment for the MM-derived cell lines. For data acquisition and analysis, the software modules
GenASils (ASI, Carlsbad, CA, USA) and SpotScan (ASI, Carlsbad, CA, USA) were used.

3D SIM imaging was performed using Zeiss PS.1 ELYRA microscopy system equipped with

63x 1.4 NA objective lens and 1Xon 885 EMCCD Camera (Andor, Oxford, UK). Images were
acquired using 1.518 refractive index (RI) immersion oil. 405 nm laser was used for excitation of the
DAPI channel. A SIM grating period of 28uum was used. The z-step (Az) was set at 91nm. The number
of z-stacks used to image the cells was not maintained fixed but was adjusted based on the size of
every cell. Once the images were acquired, the reconstruction was performed with ZEN 2012 black
edition software (Carl Zeiss, Jena, Germany) with Noise filter set to —3.0 and deactivation of the
Baseline Cut option. The resolution of the reconstructed images was 40nm in the x, y directions and

91nm in the z-direction.

Image Analysis

- 3D analysis of lamin A/C-TRF2-telomeres co-localization

For 3D co-localization of lamin A/C-TRF2-telomeres, following deconvolution of the images, a
minimum of 30 H and 30 RS cells from three independent experiments with the HDLM-2, L-428, L-
1236 cell line were used. 30 BJ-5ta and 30 LPS-treated lymphocytes from three different experiments
were used as controls. Image processing of the acquired immuno-stained cells was performed using
NIH Image J Software (version 1.52e) and Tools for Analysis of Nuclear Genome Organization
(TANGO) software (version 0.97) (Ollion 2013, Natarajan 2016).

The set of 30 cells per cell type were loaded in the software. A total number of four “channel images”
was set for the analysis: DAPI (for the DNA), Cy3 (for the telomeres), FITC (for the TRF2) and Cy5
(for the lamin A/C). A total number of four “structures” was set for the analysis: DNA, telomeres,
TRF2 and lamin A/C. Every structure was associated to the respective channel image.

All structures were segmented using the “stock segmentation” tool, and the background was
subtracted for each channel. Signal quantification and simple geometric measurement were
performed for every channel. The overlapping percentage of the Cy3 signals of the telomeres, the
FITC signal of the TRF2 and the Cy5 signal of the lamin A/C was examined by putting the generated

data through a binary logic gate: a value of 0 was assigned by the software when no overlap was
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detected between a telomere signal, a TRF2 signal and lamin A/C; a value of 1 was assigned when
overlap was detected. Co-localization was determined through the overlap between FITC signal of
TRF2, Cy3 signal of the telomeres and Cy5 signals of the lamin A/C.

- Telomere analysis

For telomeres’ analysis of siRNA treated cells and controls, deconvolved images were converted into
TIFF files and exported for 3D analysis using the TeloView software program (version 2.0, Telo
Genomics, Toronto, ON, Canada) (Chuang 2004). TeloView has been used for the analysis of the
following parameters: (i) total number of telomeres’ signals; (ii) total number of telomere aggregates;
(iii) a/c ratio, defining the nuclear space occupied by telomeres, which can be represented by three
axes of length a, b, and c. The ratio between the a and c axes, the a/c ratio, is dynamic, and changes
at different stages of the cell cycle (GO/G1, S, G2); (iv) nuclear volume; (v) average telomere signal
intensity; (vi) total telomeres’ signal intensity.

- Granulometry analysis

The granulometry analysis of the super resolved DNA structure, DNA-free space and all
computations were performed using the DIPimage toolbox for Matlab (version R2012a, MathWorks,
Natick, MA, USA) as described by Righolt et al. in 2014 (Righolt et al., 2014).

Statistical Analysis

- Lamin A/C patterns analysis

Chi-square (y2) test (McHugh, 2013) was used to assess the differences among the frequencies
observed for the different patterns in all the cell lines, cHL patient samples and MM patient samples.
This test was also used to assess the differences between I¢/l; ratios obtained for each lamin A/C
pattern. Significance levels were set at p < 0.05.

- Telomere analysis, WB, gRT-PCR and lamin A/C-TRF2-telomeres co-localization

Statistical analysis of data was conducted using the GraphPad Prism 5.0 (GraphPad Software, San
Diego, USA). The two-way ANOVA with Bonferroni posttest analysis was used to analyze: i) WB;
i) QRT-PCR; iii) telomeric parameters in the lamin A/C siRNA treated VS scrambled RNA H and
RS cells (McHugh, 2011).

Multiple comparisons using the least-square means tests (Vaillant and Olliaro, 2007) followed in
which interaction effects between two factors were found to be significant. Significance levels were
setat p <0.05.

- Granulometry analysis
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Two-sided, two-sample Kolmogorov—Smirnov test (Berger and Zhou, 2014) was used to determine
statistical significance of the differences measured in the granulometry analysis. Significance levels

were set at p < 0.05.
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RESULTS

Lamin proteins in normal B-cells regularly surround the cell nucleus

Since H cells originates from germinal center B cells carrying crippling mutations at the level of the
BCR (Kanzler et al., 1996), to assess lamin proteins spatial distribution in healthy control, GC
lymphocytes (precursors of the H cells) from five reactive tonsils biopsy tissue sections were
immuno-stained for lamin A/C , using lamin B1 as nuclear envelope marker. While previous studies
demonstrated GC lymphocytes positivity for lamin B1 (Jansen et al., 1997), immunohistochemical
analysis of the GC revealed weak-to-no positivity for lamin A/C (Figure 2A-C). Analysis of the
centrocytes within the dark zone (DZ) of the GC confirmed the absence of lamin A/C staining (Figure
2D-G).

Although previous studies have reported the absence of lamin A/C in unstimulated human and mouse
T lymphocytes (Guilly et al., 1987; Rdber et al., 1990), lamin A/C positivity has been reported in
activated human peripheral blood lymphocytes, CD4+ T lymphocytes and in CD30+ lymphoid cell
(Jansen et al., 1997; Stadelmann et al., 1990; Wheeler et al., 2011). However, while data were
previously published for lamin A/C expression in T-lymphocytes, no published records were found
on lamin A/C expression in B-lymphocytes. For this reason, immuno-staining for lamin A/C (Figure
3A-F) and lamin B1(Figure 4A-D) was performed on both resting- and LPS-treated CD20+
lymphocytes, used to induce specific activation of the B cells (Parekh et al., 2003).

Lamin A/C staining showed that resting B-lymphocytes were characterized by little to no detectable
lamin A/C expression (Figure 3E). However, upon LPS treatment, B-cells presented with an increased
lamin A/C expression (Figure 3F). The investigation of the lamin A/C 3D spatial distribution in LPS-
treated B-cells revealed a regular spherical expression pattern where lamin A/C surrounds the nucleus
(Figure 3F). Lamin B1 staining showed that both resting and LPS-treated B cells are positive for
lamin B1 (Figure 4A-C). Investigation of lamin B1 3D spatial distribution revealed a very similar

pattern to the one of lamin A/C (Figure 4D).
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Figure 2. Lamin A/C expression in primary Germinal Centre (GC) centrocytes from paraffin

embedded reactive tonsil tissue from healthy controls. (A) 2D image of GC cells stained with DAPI
(gray scale) (20X magnification); (B) 2D image of anti-lamin A/C ab immunostaining (red) and (C)
2D merged image showing weak to no lamin AC staining among the germinal center cells. (D) 2D
image of centrocyte nucleus stained with DAPI (gray scale); (E) 2D image of anti-lamin A/C ab
immunostaining (red); (F) 2D merged image. (G) 3D reconstruction of centrocyte presenting low

level of detected lamin A/C staining.
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Figure 3. Immunostaining of LPS-treated lymphocytes from healthy donor using lamin A/C and
CD20. (A) 2D image of nuclei stained with DAPI (gray scale); (B) 2D image of lamin A/C ab
immunostaining (red); (C) 2D image of CD20 ab immunostaining (green); (D) 2D merged image
showing a lamin A/C+/CD20+ LPS-treated lymphocyte (solid arrow) and a lamin A/C-/CD20+
resting lymphocyte (empty arrow). Complete 3D reconstitution of resting (E) and LPS-treated
lymphocyte (F).
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Figure 4. Lamin B1 immunostaining of lymphocytes from PB of a healthy donor. (A) 2D image of
nuclei stained with DAPI (gray scale); (B) 2D image of anti-lamin B1 ab immunostaining (red); (C)
2D merged image showing lymphocytes with expressing lamin B1. Complete 3D reconstitution of a

lymphocyte expressing lamin B1 (D).

cHL-derived cell lines are characterized by an aberrant lamin 3D spatial distribution and the
presence of internal lamin structures

To first examine lamin A/C positivity in H and RS cells, we performed immunostaining for lamin
AJC inthree cHL-derived cell lines. Immunohistochemical analysis revealed that both H and RS cells
from all the cHL-derived cell lines stained positive for lamin A/C as expected (Figure 5A-C). The
lamin A/C 3D spatial distribution analysis, however, revealed that the regular spherical expression
pattern observed in the LPS-treated B-lymphocytes was replaced in H and RS cells by a more irregular
one, characterized by the presence of internal lamin A/C structures, dividing the 3D structure into
multiple compartments not seen in the normal lymphocytes (Figure 6 A-H).

Interestingly, our data revealed 3D different spatial organization patterns for lamin A/C in H and RS
cell. We categorized these patterns into five different types of lamin A/C patterns for H cells (0, A,

B, C and D), and four for the RS cells (bi-nuclear, tri-nuclear, tetra-nuclear and multi-nuclear) (Table
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3; Table 4). Quantitative analysis of the identified patterns for both H and RS cells was performed
investigating the ratio of the external total lamin A/C intensity (le) on the internal total lamin A/C
intensity (I;) (Table 3).

The five different lamin A/C patterns of the H cells and the four different lamin A/C patterns of the
RS cells were observed in all three cHL-derived cell lines analyzed in this study. H cells were divided
into groups based on how the lamin A/C 3D internal structures divided the nucleus (Figure 6A-E).
Pattern O had similar architecture to that found in LPS-activated normal B cells (Figure 6A). Pattern
A was characterized by the presence of small internal structures and by the irregular 3D profile of
lamin A/C (Figure 6B). In Pattern B, C, and D, the aberrant lamin A/C staining divided the 3D
structure of mono-nuclear H cells into two, three and four different compartments, defined by internal
lamin structures (Figure 6C—E). Mononuclear cells expressing pattern B constituted a majority
(42.16%), followed by patterns A (29.15%), 0 (15.48%), C (11.63%) and D (1.59%). The pattern
classification for H cells described increasing complexity of the internal lamin A/C structure and the
quantitative analysis reflected this change as the le/li ratio increased (p<0.05).

RS cells were divided into different groups according to the numbers of total nuclei. Every nucleus
of the RS cells was covered by a spherical lamin surface, and characterized by a more irregular pattern
when compared to the mononuclear H cells. Anomalous lamin A/C features observed in H cells were
also present (Figure 6F-H). Bi-nuclear RS cells were found to be the most frequent (57.66%) in the
RS cell population analyzed, followed by tri- (22.27%), tetra- (10.29%) and multi-nuclear (9.79%)
RS cells. In RS cells as the pattern classification complexity of the lamin A/C structures increased
from bi- to multi-nuclear, the quantitative analysis reflected this change with an increasing I¢/l; ratio
(p<0.05).

In order to understand if the entire nuclear lamina was characterized by aberrant 3D spatial

distribution, we also performed immuno-staining for lamin B1. Investigation of lamin B1 3D spatial

distribution revealed the presence of the same types of patterns identified for lamin A/C in all the
three cHL-derived cell lines (Figure 7A-E).
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Figure 5. Example of lamin A/C protein staining in cells from Hodgkin’s lymphoma (HDLM-2). (A)
Two-dimensional (2D) image of nuclei stained with 4',6-diamidino-2-phenylindole (DAPI)-(gray
scale); (B) 2D image of anti-lamin A/C ab immunostaining (green); (C) 2D merged image showing
both mono-nuclear H (empty arrowhead) and bi- to multi-nuclear RS cells (solid arrowhead)

expressing lamin A/C.
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Figure 6. Lamin A/C patterns in 3D reconstructions of H and RS nuclei from HDLM-2. (A-E) H cells

patterns according to how the internal lamin structures divide the 3D structure of lamin A/C: (A)

pattern O, characterized by a 3D pattern similar to the regular pattern of the LPS-activated
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lymphocytes, showing, however, localized accumulation of the lamin A/C; (B) pattern A,
characterized by the irregular lamin A/C 3D distribution and the presence of invaginations due to
short internal lamin structures; (C) pattern B, characterized by a single long internal lamin A/C 3D
structure, which divides the nucleus into 2 different compartments; (D) pattern C, characterized by
3D multiple internal lamin structures which divide the nucleus into 3 different compartments; (E)
pattern D, characterized by 3D division of the nucleus into 4 different compartments. (F—H) RS cells

patterns according to the number of nuclei: (F), bi-nuclear RS cell; (G) tetra-nuclear RS cell; (H)

multi-nuclear RS cell.

Figure 7. Example of lamin B1 protein staining in cells from Hodgkin’s Lymphoma (HDLM-2). (A)
2D image of nuclei stained with DAPI (gray scale); (B) 2D image of anti-lamin B1 ab immunostaining
(Cy3); (C) 2D merged image showing both mono-nuclear H (empty arrowhead) and bi- to multi-
nuclear RS cells (solid arrowhead) expressing lamin B1. Complete 3D reconstitution of a H cell (D)
and a RS cell (E).

Table 3. Quantitative analysis of lamin A/C patterns in H and RS cells. 30 H and 30 RS cells of the
cHL-derived cell line HDLM-2 from three independent experiments were analyzed. Total external
lamin A/C signal intensity (le) was divided by the total internal lamin A/C signal intensity (I;) to

obtain a ratio. Resulting ratios, S.D. and frequencies observed for each pattern are shown.
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Lamin A/C Pattern le/li S.D. Frequencies

LPS-treated Lymphocytes 1.10 0.02 100%

Hodgkin Cell Pattern O 1.88 1.17 15.48%
Hodgkin Cell Pattern A 2.65 1.15 29.15%
Hodgkin Cell Pattern B 3.65 2.12 42.16%
Hodgkin Cell Pattern C 4.02 266 11.63%
Hodgkin Cell Pattern D 543 0.04 1.59%

Bi-nuclear Reed-Sternberg 296 1.07 57.66%
Tri-nuclear Reed-Sternberg  3.57 1.26 22.27%
Tetra-nuclear Reed-Sternberg 4.50 3.37 10.29%
Multi-nuclear Reed-Sternberg 4.55 2.95 9.79%

Table 4. Means of total area, total lamin A/C signal intensity and frequencies of the lamin A/C 3D
patterns observed in cHL-derived cell line HDLM-2. 1000 cells were automatically scanned and
manually divided according to the lamin A/C 3D pattern shown.

*Area: Region of pixels recognized by the software as a cell; **Total intensity: Sum of pixels’

intensity in the area.

Lamin A/C Pattern *Area (Mean) **Total Intensity (Mean) Percentage
Hodgkin Cell Pattern 0 2068.30 3599853,26 15.31%
Hodgkin Cell Pattern A 1682.52 3339595,81 53.74%
Hodgkin Cell Pattern B 1772.61 3455334,77 25.29%
Hodgkin Cell Pattern C 1730.18 3384059,04 5.03%
Hodgkin Cell Pattern D 1646.67 3501005,55 0.63%
Bi-nuclear Reed-Sternberg 2084.06 4286375,45 82.48%
Tri-nuclear Reed-Sternberg 2515.25 5438447,75 13.87%
Tetra-nuclear Reed-Sternberg 2879.00 6864649,50 1.46%
Multi-nuclear Reed-Sternberg 3141.50 7670371,33 2.19%

Investigation of H and RS cells from patient samples confirms the presence of aberrant 3D
lamin A/C spatial distribution

To determine whether the aberrant lamin A/C 3D spatial distribution found in H and RS cells from
cHL-derived cell lines was also observed in H and RS from patient samples, twelve primary

diagnostic classical Hodgkin’s lymphoma pre-treatment lymph node biopsy tissue sections were

54



immunostained for lamin A/C. CD30 positivity was used to recognize H and RS (Figure 8A-C).
Immunohistochemical analysis revealed that the majority of the non-neoplastic lymphocytes in the
lymph node were lamin A/C negative, while all H and RS cells stained positively for lamin A/C.
However, the lamin A/C fluorescent signal was not consistent throughout the patients’ samples, as
some patient samples where characterized by stronger lamin A/C signals when compared to others.
In the patient samples with strong lamin A/C staining, H and RS cells presented an irregular 3D lamin
A/C staining pattern characterized by internal lamin structures (Figure 9). The aberrant lamin A/C
patterns previously observed in the H and RS cells from cHL-derived cell lines were also identified
in the H and RS cells of patient samples (Figure 9D-E). The majority of H cells expressed pattern 0
(45.71%) or pattern A (34.29%). Patterns B (14.29%) and C (5.71%) were not observed. Quantitative
analysis of the identified patterns for the H was performed investigating the ratio of the I on the I; as

shown in Table 5.

paraffin embedded pre-treatment lymph node tissues from patients diagnosed with cHL. (A)

Hematoxylin and Eosin (H&E) staining of primary HL paraffin embedded sample (B)
Immunohistochemistry (IHC) for CD30 shows CD30 expression in H and RS cells from cHL patient
sample. Images were acquired with a magnification of 40X. (C) Immunofluorescence (IF) staining of
the same field of view revealed lamin A/C positive (red) staining in CD30+ cells. Nuclei were
counterstained with DAPI (blue). Immunofluorescence image was acquired with a magnification of

63XO0il. Full arrowheads indicate the same H cell in the different staining.
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Figure 9. Example of lamin A/C expression in primary Hodgkin’s lymphoma paraffin-embedded pre-
treatment lymph node tissues from patients diagnosed with cHL. (A) 2D image of nuclei stained with
DAPI (gray scale); (B) 2D image of anti-lamin A/C ab immunostaining (red); (C) 2D merged image
showing H (empty arrowhead) and RS (solid arrowhead) cells positively stained for lamin A/C. 3D
reconstruction of patient-derived mono-nuclear H cell (D), and bi-nuclear RS cells (E), presenting
the sam patterns of irregular lamin A/C 3D structure characterized by internal lamin structures and

points of protein accumulation, similar to those seen in the cHL-derived cell lines.

Table 5. Quantitative analysis of lamin A/C patterns in H cells. 30 H cells from 12 cHL patient
samples were analyzed. Total external lamin A/C signal intensity (le) was divided by the total internal
lamin A/C signal intensity (I;) to obtain a ratio. Resulting ratios and S.D. are together with the

frequencies observed for each pattern.

Lamin A/C Pattern le/li S.D. Frequencies
Hodgkin Cell Pattern 0 2.97 0.08 45.71%
Hodgkin Cell Pattern A 3.25 0.02 34.29%
Hodgkin Cell Pattern B 4.1  0.32 14.29%
Hodgkin Cell PatternC 4.9 0.41 5.71%
Hodgkin Cell Pattern D 0%

MM -derived cell line is characterized by aberrant 3D spatial distribution
Immuno-staining of the MM-derived cell line MM.1R CRL-2975 showed that all cells express lamin

A/C, but the lamin A/C intensity levels vary among cells. The investigation of lamin A/C’s 3D spatial
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distribution revealed the presence of irregular patterns characterized by the presence of a variable
number of internal lamin A/C structures compartmentalizing the nuclear 3D structure into sub-
compartments. Four different 3D spatial patterns (pattern 0, A, B and C) were identified based on the
presence of lamin A/C internal structures (Figure 10A-D). Lamin internal structures were similar to
the one previously observed in H cells from cHL. Quantitative analysis of the average I¢/l; ratio and
the standard deviation for the different patterns was performed (Table 6; Table 7). As the irregularity
and number of the internal lamin A/C structures in the pattern increases, so does the l¢/l; ratio,

reflecting the observed change (p<0.05). By investigating the pattern frequencies, we found that the

majority of the cells were associated with the pattern 0 (52.6%), followed by pattern A (23.2%),
pattern B (16%) and C (7.4%).

Investigation of lamin B1 3D spatial distribution revealed the presence of the same types of patterns
identified for lamin A/C.

Figure 10. Lamin A/C patterns in 3D reconstructed nuclei from the MM.1R CRL-2975 cell line. (A—
D) Cell patterns according to how the internal lamin structures (red) divide the 3D structure of lamin

A/C: (A) pattern 0, characterized by a regular 3D pattern similar one observed in LPS-treated
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lymphocytes; (B) pattern A, characterized by the irregular lamin A/C 3D distribution and the presence
of invaginations due to short internal lamin structures; (C) pattern B, characterized by a single long
internal lamin A/C 3D structure, which divides the nucleus into 2 different compartments; (D) pattern
C, characterized by 3D multiple internal lamin structures which divide the nucleus into multiple

compartments.

Table 6. Quantitative analysis and frequency of lamin A/C patterns in MM.1R CRL-2975 cell line,

using ZEN Blue 2.6 (Zeiss) computer software.

Lamin A/C Pattern le/li S.D. Frequencies

CRL-2975 Cell Pattern0 1.81 0.15 53.62%
CRL-2975 Cell Pattern A 2.02 0.26 23.19%
CRL-2975 Cell PatternB 2.29 0.30 15.94%
CRL-2975 Cell PatternC 2.62 0.16 7.25%

Table 7. Means of total area, total lamin A/C signal intensity and frequencies of the lamin A/C 3D
patterns observed in MM.1R CRL-2975 cell line. 1000 cells were automatically scanned and
manually divided according to the lamin A/C 3D pattern shown.

*Area: Region of pixels recognized by the software as a cell; **Total intensity: Sum of pixels’

intensity in the area.

Lamin A/C Pattern *Area (Mean) **Total Intensity (Mean) Percentage
CRL-2975 Cell Pattern 0 2068.30 3599853,26 15.31%
CRL-2975 Cell Pattern A 1682.52 3339595,81 53.74%
CRL-2975 Cell Pattern B 1772.61 3455334,77 25.29%
CRL-2975 Cell Pattern C  1730.18 3384059,04 5.03%

MM cells from patient samples present similar aberrant lamin A/C structures found in MM-
derived cell line

To investigate the presence of the aberrant lamin A/C 3D spatial distribution in MM cells from the
MM.1R CRL-2975, immuno-staining for lamin A/C was performed on ten pre-treatment blood
samples from treatment-naive patients newly diagnosed with MM (Figure 11A-E). Identification of
the MM cells was performed through co-immuno-staining for CD138 and CD56, as CD138+ plus
CD56+ cells were identified as MM cells (Figure 11C-D). Immuno-staining for lamin A/C revealed

that all MM cells express lamin A/C. MM cells from patient samples presented similar lamin A/C 3D
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patterns as observed in the MM.1R cell line, as they were characterized by aberrant 3D profiles and
presence of lamin A/C internal structures (Figure 12A-D).

Quantitative analysis of the patterns was performed to investigate the l¢/l; ratio as shown in Table 8.

Investigation of the frequencies revealed a slight predominance of pattern A (37%), followed by
pattern C (31%), pattern B (19%), and pattern 0 (13%).

Figure 11. Immunostaining for lamin A/C, CD138 and CD56 of a representative patient sample from
a patient diagnosed with MM. (A) 2D image of nuclei stained with DAPI (gray scale); (B) 2D image
of anti-lamin A/C ab immunostaining (red); (C) 2D image of anti-CD138 ab immunostaining (olive);
(D) 2D image of anti-CD56 ab immunostaining (green); (E) 2D merged image showing a lamin A/C+
CD138+ and CD56+ MM cell (arrowhead). Zoomed in image of MM cell is included in the white
box of each image; (F) Complete 3D reconstruction of MM cell.
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Figure 12. Lamin A/C patterns in 3D reconstructed nuclei from patients diagnosed with MM. (A-D)
Cell patterns according to how the internal lamin structures (red) divide the 3D structure of lamin
AJC: (A) pattern 0, characterized by a spherical 3D pattern; (B) pattern A, characterized by the
irregular lamin A/C 3D distribution and the presence of invaginations due to short internal lamin
structures; (C) pattern B, characterized by a single long internal lamin A/C 3D structure, which
divides the nucleus into 2 different compartments; (D) pattern C, characterized by 3D multiple

internal lamin structures which divide the nucleus into multiple compartments.

Table 8. Quantitative analysis and frequency of lamin A/C patterns in patients diagnosed with MM:
Comparison between healthy donors and the MM.1R CRL-2975 using ZEN Blue 2.6 (Zeiss)

computer software

Lamin A/C Pattern le/li - S.D. Frequencies

CRL-2975 Cell Pattern 0 2.87 0.01 12.87%
CRL-2975 Cell Pattern A 3.05 0.28 37.11%
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CRL-2975 Cell Pattern B 3.31 0.40 19.02%
CRL-2975 Cell Pattern C 4.03 0.57 4.54%

Lamin A/C protein transcription and expression are upregulated in H and RS cell when
compared to normal B-lymphocytes

After the investigation of the lamin A/C 3D spatial distribution, we wanted to determine if H and RS
were characterized by lamin A/C protein upregulation when compared to the B-lymphocytes, or if
they were only defined by an alternative, aberrant remodeling of the lamin A/C protein.

In order to assess the lamin A/C transcription and expression levels, we performed Western Blot
(Figures 13,14) and gRT-PCR (Figure 15) analysis in the cHL-derived cell lines HDLM-2, L-428 and
L-1236 and compared the results with resting and LPS-treated lymphocytes. The two-way ANOVA
with Bonferroni posttest analysis was used to determine statistical significance for the Western Blots
and qRT-PCR results. A value of p < 0.05 was considered statistically significant. All quantification
experiments were done in triplicate. Relative protein expression compared to unstimulated
lymphocytes was at a 2.7-fold increase in LPS-treated lymphocytes, at a 19.9-fold increase in L-428,
ata 21.7-fold increase in L-1236, and at a 24.8-fold increase in H & RS cells of HDLM2 (p<0.0001
for all H-cell lines compared to resting and activated lymphocytes). Lamin A/C mRNA expression in
unstimulated lymphocytes was set at 1. Relative mRNA expression in activated lymphocytes showed
a 1.67-fold increase, in L-428 and L-1236 H & RS cells a 2.67- and 3.34-fold increase, respectively,
and peaked a at 5.5-fold increase in HDLM2 H & RS cells (p<0.0001 for all H-cell lines compared

to resting and activated lymphocytes).
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Figure 13. Lamin A/C protein expression in lymphocytes compared to cHL-derived cell lines.
Example of lamin A/C protein expression measurement performed Western Blot in resting and LPS-
treated lymphocytes (control) and compared to the three cHL-derived cell lines HDLM-2, L-1236
and L-428. B-actin was used as a loading control.
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Figure 14. Relative protein expression in cHL-derived cell lines compared to resting and activated
lymphocytes. Compared to resting lymphocytes, activated lymphocyte presented a 2.7 -fold increase
in lamin A/C expression (p < 0.001), HDLM-2 presented a 24.8-fold increase (p < 0.001), L-1236
presented a 21.7-fold increase (p < 0.001), and L-428 presented a 19.9-fold increase (p < 0.001).
Single comparisons of the different combinations were all statistically significant (p < 0.05), with the

exception of the L-1236 vs L-428 comparison (p=0.05).

63



c
(@]
B
8§ 8-
o @
52 .l 5.50

S 6

- W=
=5
Xso 4 3.34
€0
L 1.67
T
T
%
N
N

Figure 15. Relative mRNA expression in cHL-derived cell lines compared to resting and activated
lymphocytes. Compared to resting lymphocytes, activated lymphocyte presented a 1.67-fold increase
in lamin A/C transcription (p < 0.001), HDLM-2 presented a 5.50-fold increase (p < 0.001), L-1236
presented a 3.34-fold increase (p < 0.001), and L-428 presented a 2.67-fold increase (p < 0.001).

Single comparisons of the different combinations were all statistically significant (p < 0.05).

Deregulation of lamin A/C interferes with the transition from H to RS cells and induce aberrant
3D nuclear organization of telomeres and formation of telomere aggregates
In order to explore how the lamin A/C silencing in the HDLM-2 cells affects the multinucleation
process and the genomic instability, we transfected the HDLM-2 cells with siRNA lamin A/C and
non-targeting siRNA (scrambled sequence) using four different concentrations for 24 h, 48 h, 72 h
and 96h. Lamin A/C silencing was evaluated by WB (Figure 16) which revealed a decrease in lamin
AJC expression after 24 h with an even greater decrease after 96 h compared to control cells. After
96 h, the expression of lamin A/C was down-regulated by about 70% (Figure 16), and the number of
RS cells decreased from 48.37 to 25% in the HDLM2 siRNA lamin A/C when compared to the
scrambled siRNA.
To investigate how lamin A/C silencing would affect the 3D nuclear organization of telomeres and
to understand the complete kinetics of sSiRNA-mediated lamin A/C silencing, subsequent time points
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of 96h, 120 h and 144 h were investigated. After 96 h, the silencing effect of lamin A/C siRNA started
to decrease as shown in Figure 17 (Figure 17). We analyzed the lamin A/C silencing effects on the
3D telomere nuclear organization by combining the immuno-staining for lamin A/C with telomere
Q-FISH.

Nuclei of 30 H and 30 RS cells transfected with sSiRNA lamin A/C were used for the telomere analysis.
Scrambled siRNA treated H and RS cells were used as controls. sSiRNA treated H cells, after 96 h,
were characterized by a decrease in the average telomere signal intensity (p = 0.0119), and by changes
in the overall telomere spatial organization, as demonstrated by an increased a/c ratio, when compared
to the control (p = 0.0079). The increased a/c ratio was also observed after 120 h (p = 0.0038) and
144 h (p = 0.0015). siRNA treated RS cells, after 96 h, were characterized by an increase in the total
number of telomeres (p = 0.0013), an increase in number of telomere aggregates (p = 0.0073), an
increase in nuclear volume (p < 0.0001), and a decrease in average telomere signal intensity (p =
0.0006) when compared to the scrambled siRNA treated control. The nuclear volume was still
increased after 120 h (p < 0.0001) and 144 h (p = 0.0057) when compared to the scrambled siRNA
treated control.

Moreover, the comparison among the 96 h, 120 h and 144 h time points revealed other telomere
related abnormalities. In siRNA treated H cells, while both the total number of signals (p = 0.0308)
and the total number of aggregates (p = 0.0473) increased from 96 h to 144 h. At the same time, the
average telomere intensity (p = 0.0081), the total telomere signal intensity (p = 0.0311), the a/c ratio
(p<0.0001) and the nuclear volume (p < 0.0001) decreased from 96 h to 144 h. The total number of
telomere signals (p = 0.0280) and the total number of telomere aggregates (p = 0.0208) were found
to be increased also in siRNA treated RS cells after 144 h when compared to 96 h, and the average
telomere intensity (p = 0.0002), the total telomere signal intensity (p = 0.0318) and the nuclear volume
(p = 0.0027) decreased as observed in the H cells. Prolonged downregulation of lamin A/C induced
genomic instability in both H and RS cells, suggesting a prominent role of lamin A/C in the

maintenance of telomere 3D spatial organization.
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Figure 16. siRNA silencing of lamin A/C in HDLM-2. Lamin A/C expression was monitored by

=
S -
nd S F
N A N
O Lo
B S IR
FSTSTSS s
IS FEF
O WL NN
SFFFsy
§F & & F&¥ey &
48h ¢ F & & G G & Kda
Lamin A e s a—-— o . |70
Cyclophilin B — e — — T — 03T
1.0 097 196 1.1 040 052 0.55 Folddecrease
=
5 g -
D SIS
v~ O
> oy $
FTFTssS
Y ‘“Qf \;5 §
SE- - ~
> S Sy x
S FEEE
%h ¢ & F & G & & Kda
Lamin A| S s s 70
Cyclophilin B| «—————— | 23.7

1.3

1.2 036 0.30 037 Fold-decrease

Western Blot after sSiRNA lamin A/C transfection in different concentration (12.5 nM, 25 nM and 50
nM) for 24 h (A), 48 h (B), 72 h (C) and 96 h (D). Scrambled siRNA was used as a negative control

and Cyclophilin B was used as a loading control. The fold-decrease for the siRNA is relative to the

negative control (Scrambled siRNA for each concentration) and the scrambled siRNA is relative to

control without transfection (Control). These experiments were performed in triplicate using cells

from consecutive passages.
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Figure 17. Investigation of siRNA silencing of lamin A/C in HDLM-2 for additional time points.
Lamin A/C expression was monitored by Western Blot after SIRNA lamin A/C transfection for 96 h,
120 h and 144 h (50 nM). Scrambled siRNA was used as a negative control and Cyclophilin B was
used as a loading control. The fold-decrease for the siRNA is relative to the negative control
(Scrambled siRNA for each concentration) and the scrambled siRNA is relative to control without
transfection (Control). These experiments were performed in triplicate using cells in consecutive

passages.

Lamin A/C is involved in the maintenance of the nuclear architecture

To further investigate the effects of lamin A/C deregulation on the genomic stability, 3D structured
super resolution microscopy (3D-SIM) of 30 H and 30 RS cells from three independent siRNA lamin
AJC samples (50 ng, 96 h) (Figure 18B,E respectively) and scrambled siRNA controls (Figure 18A,D
respectively) was used to compare the 3D structural organization of the nuclear DNA of the two
experimental arms. Granulometry was used to quantify both the DNA structure and the structure of
DNA-free/poor spaces inside interphase nuclei, by measuring the cumulative size distribution (Figure
18C,F). The difference in the sub-micron size range was caused by differences in the DNA structure
size (Righolt et al., 2014).

Two-sided, two-sample Kolmogorov—Smirnov test showed that the size distribution of both the DNA

structure (p = 0.26) and DNA-free/poor spaces (p = 0.37) were not significantly different between
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siRNA transfected H cells and scrambled siRNA H cells. However, the comparison between siRNA
transfected RS cells and scrambled siRNA RS cells showed a difference, as both the DNA structure
(p < 0.001) and structure of the DNA-free/poor spaces (p <0.001) contained finer structure in SIRNA

lamin A/C cells, suggesting a prominent role of lamin A/C in the nuclear architecture maintenance.
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Figure 18. Granulometry analysis of siRNA lamin A/C cells and scrambled siRNA cells: (A) SIM
image of scrambled siRNA H cell; (B) SIM image of lamin A/C siRNA H cell; (C) Measurements of
the size distribution of DNA structure and structure of the DNA-free/poor spaces in SIM images of
Hoechst (33258) stained nuclei of 30 H cells from three independent experiments; (D) SIM image of
scrambled siRNA RS cell; (E) SIM image of lamin A/C siRNA RS cell; (F) Measurements of the size
distribution of DNA structure (H: p = 0.26; RS: p<0.001) and structure of the DNA-free/poor spaces
(H: p=0.37; RS: p<0.001) in SIM images of Hoechst (33258) stained nuclei of 30 RS cells from

three independent experiments.

Lack of co-localization of telomeres-TRF2-lamin A/C is observed in H and RS cells

To investigate the interaction of lamin A/C, TRF2 and telomeres in cHL-derived cell lines, we
combined the co-immuno-staining for lamin A/C and TRF2 with telomere quantitative fluorescent
in-situ hybridization (Q-FISH) (Figure 19). Since the interaction between lamin A/C and TRF2 was
previously described in normal human primary lung fibroblasts (Wood et al., 2014), the normal
human fibroblast cell line BJ-5ta was used as an experimental control (Bodnar et al., 1998). LPS-
treated lymphocytes were used as healthy controls. Preliminary data for the co-localization values for
telomeres-TRF2-lamin A/C are shown in Table 9. While in the BJ-5ta control cells, co-localization
of telomeres-TRF2-lamin A/C was commonly observed (68.08%), direct lamin A/C-TRF2-telomere
interaction could not be observed in LPS-activated lymphocytes (17.07%), H and RS cells from cHL-
derived cell lines (respectively: 14.84% in HDLM-2 H cells; 6.36% in HDLM-2 RS cells; 16.90% in
L-428 H cells; 11.04% in L-428 RS cells; 10.89% in L-1236 H cells; 7.09% in L-1236 RS cells).
Most of the co-localized telomere-TRF2-lamin A/C signals have been observed in the periphery of
the cell for the activated lymphocytes and for the cHL-derived cell lines. Preliminary quantitative
analysis of the co-localization of telomeres-TRF2-lamin A/C showed a profound decrease in the co-
localization of LPS-activated lymphocytes, H and RS from cHL-derived cell lines when compared to
the BJ-5ta control. When compared to LPS-treated lymphocytes, H cells from the HDLM-2 and L-
1236 cell lines and RS from all three cHL-derived cell lines showed a decrease in the co-localization
of telomeres-TRF2-lamin A/C. Comparison between H and RS cells in cHL-derived cell lines showed
that RS cells are characterized by a decrease in the co-localization of telomere-TRF-2-lamin A/C.
Comparison of the cHL-derived cell lines revealed that the L-1236 presents the least co-localization,
followed by the HDLM-2 and the L-428. These results, however, are still a work in progress, as
additional experiments will be needed to further investigate the co-localization of lamin A/C, TRF2

and telomeres.
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Figure 19. Co-localization of telomeres-TRF2-lamin A/C in BJ-5ta, LPS-activated lymphocytes and
cHL-derived cell line HDLM-2. 3D reconstruction of a (A) BJ-5ta cell, (B) activated lymphocyte,
(C)Hand (D) RS cell from the HDLM-2 cell line stained for TRF2 (green), telomeres (red) and lamin
AJC (olive).

Table 9: Preliminary data on co-localization of telomeres, TRF2 and lamin A/C in BJ-5ta cell line,
LPS-activated lymphocytes and H and RS from cHL-derived cell lines HDLM-2, L-428 and L-1236.

Cell Types % of Co-localization £ S.D.

BJ-5ta cells 68.08+10.40%
LPS-activated lymphocytes 17.07+£2.96%
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HDLM-2 H cells
HDLM-2 RS cells
L-428 H cells
L-428 RS cells
L-1236 H cells
L-1236 RS cells

14.84+1.32%
6.36+0.28%
16.90+1.64%
11.04+1.93%
10.89+0.99%
7.09+0.88%
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DISCUSSION

Irreqular lamin A/C 3D spatial distribution: impact on cell nuclear organization and aberrant

gene expression in cHL and MM?

My project was focused on investigating lamin A/C expression and its 3D spatial distribution in two
different blood tumors, Hodgkin’s Lymphoma and Multiple Myeloma, and studying its possible role
in genomic instability.

Changes in lamin shape have been described in premature aging diseases such as Hutchinson—Gilford
Progeria Syndrome and atypical Werner syndrome (Lammerding et al., 2004), but data on lamin
morphologic profiles in cancer cells are scarce.

The analysis of lamin A/C in H cells, RS cells and MM cells revealed an irregular lamin 3D
distribution pattern compared to the regular and continuous spherical lamin A/C matrix found in LPS-
activated lymphocytes. More specifically, these cancer cells were characterized by the presence of
prominent lamin A/C internal structures, which subdivided the nuclei into multiple compartments.
Aberrant 3D spatial distribution of lamin A/C can potentially interfere with cellular functions. It has
indeed been demonstrated that in fibroblasts derived from patients with different laminopathies, as
well as in lamin A/C-negative mouse fibroblasts, an altered nuclear lamina led to abnormally shaped
nuclei, affecting mechanical properties of the cells and increasing the nuclear fragility (Lammerding
et al., 2004; Mattout et al., 2006; Smith et al., 2018b).

An altered nuclear lamina can affect gene expression leading to a deregulation of different tissue-
specific genes, either directly or at the epigenetic level (indirectly) (Lammerding et al., 2004). As
previously described, lamin A/C and its binding partners can interact with DNA, histones,
transcription factors and chromatin through lamin associated domains (LADSs) (Guelen et al., 2008;
Prokocimer et al., 2009). One of the regulation mechanism of gene expression is bringing the
chromatin in contact with compartments of the nucleus that either upregulate or downregulate
transcription. For example, during adipogenesis, the internalization of the nuclear position of several
genes correlates with the upregulation of gene expression (Szczerbal et al., 2009). Although the
interaction of the gene with the nuclear lamina has been generally associated with gene repression,
DNA interaction with the nuclear lamina at the level of the nuclear pore complex has been correlated
with activation of gene transcription (Brickner and Walter, 2004; Taddei, 2007). The nuclear position
of a gene depends on the position of the chromosome within the nucleus. Each chromosome maintains
its individuality during the cell cycle and occupies a spatially limited volume, known as a

chromosome territory (Cremer and Cremer, 2001; Meaburn etal., 2007). cHL cells showed increasing
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disruption of their nuclear architecture starting with H cells and dynamically progressing to RS cells.
RS cell nuclei showed disrupted chromosomal territories, chromosomal rearrangements, aneuploidy
and genetic diversity (Guffei et al., 2010). For this reason, we hypothesize that the irregular lamin
AJC 3D spatial distribution may be cause of the aberrant positioning of chromosome territories in
cHL leading to dysregulated gene expression. In order to investigate this hypothesis, further studies
on co-localization of chromosome-territories and lamin A/C in cHL must be performed to determine
if localized unbinding of lamin A/C from the chromatin is responsible for the disruption of regular
positions of chromosome territories. Also, a larger cohort of patients for both cHL and MM will be

required to confirm the distribution of lamin A/C patterns among the tumor cells in patient samples.

Lamin A/C may be involved in the transition from H to RS cells

Subdivision of the nucleus into multiple sub-compartments could anticipate the transition of a mono-
nuclear H cell to a bi- to multi-nuclear RS cell, making the investigation of lamin A/C a potential tool
to predict the future behavior of the H cell. Silencing experiments of the lamin A/C mRNA through
siRNA transfection were performed, and a decrease in the number of total RS cells, telomere loss and
aggregation, and progressive disruption of nuclear DNA organization were observed in treated cells
compared to the control.

Deregulation of lamin A/C can affect DNA transcription, replication and repair, inducing genomic
instability, a common feature of cancer progression (Gonzalez-Suarez et al., 2009; Gonzalo, 2014;
Huang et al., 2008). Lamin A/C regulates both mitotic spindle assembly and positioning (Qi et al.,
2015) and telomere length and positioning, thus playing an important role in the mitotic process
(Allsopp et al., 1992; Gonzalez-Suarez et al., 2009; Kudlow et al., 2008; Raz et al., 2006, 2008).
Previous studies showed that cells displaying deregulation of lamin A/C were characterized by a high
frequency of lagging chromosomes during mitosis, which increased proportionally with the level of
lamin A/C deregulation, causing a marked increase of the number of bi-nuclear cells and giant nuclei
in HGPS cells (Cao et al., 2007; Eisch et al., 2016).

ChlIP—gPCR analysis revealed an enrichment of lamin A/C at the level of the TRF2 telomere-binding
protein of the shelterin complex, and reduction in lamin A/C led to a significant decrease in the
binding of TRF2 to the telomeres, suggesting that interaction between these two protein is crucial for
telomeres stabilization and protection (Wood et al., 2014).

Depletion and overexpression of lamin proteins have also been associated with aberrant nuclear
shapes, since it has been demonstrated that cells characterized by either lamin-A knockdown or
overexpression of lamin A presented aberrant nuclear morphology, DNA damage, and micronuclei
formation (Cui et al., 2007; Wang et al., 2019).
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RS cells from cHL present an aberrant number and assembly of mitotic spindles, and a disrupted 3D
telomeric structure characterized by critically short telomeres and a significant increase of telomere
aggregates when compared with mononuclear H cells (Knecht et al., 2009, 2010). Extreme disruption
of the 3D telomeric structure prevents further division (Knecht et al., 2009). We hypothesize that
deregulation of lamin A/C is involved in the multinucleation process from H to RS cells, affecting
the positioning of the mitotic spindles, telomere 3D spatial organization and the nuclear structure.
However, live cell imaging of lamin-GFP-transfected cells is necessary to confirm lamin A/C’s role

in the multinucleation process during the transition from H to RS cell.

Deregulation of the Akt/Pi3K pathway may be responsible for lamin A/C overexpression in
cHL

H and RS cells from cHL-derived cell lines showed high lamin A/C protein expression levels and
MRNA levels when compared to LPS-treated lymphocytes and resting lymphocyte.

In normal cells, regulation of LMNA gene expression is regulated through the PISK/Akt/mTOR
pathway. The PI3K/Akt/mTOR pathway is involved in pre-lamin A transcription during interphase,
through the regulation of the transcription factors FoxO1, Sp1/Sp3, AP1 and CREB (Bauer and Baier,
2002; Bertacchini et al., 2013; Kong et al., 2012).

InT cells, the PI3K protein is a downstream target of the CD28 protein, a cell surface receptor which
can enhance cell signaling following T Cell Receptor stimulation upon cell activation (Smith-Garvin
et al., 2009), which leads to upregulation of lamin A/C protein expression .(Rocha-Perugini and
Gonzalez-Granado, 2014).

In B cells, the PI3K/Akt/mTOR pathway activation is initiated when the antigen is recognized by the
BCR and enhanced by CD19. The activation of this pathway regulates the activity of the transcription
factor FoxO1 by exporting it from the nucleus to the cytoplasm, resulting in the transcription of
different transcription factors, including PAX5 and Notch. leading to B cell development, activation
and differentiation into antibody-secreting plasma cells (Abdelrasoul et al., 2018; Limon and Fruman,
2012).

Lamin A/C is not only a target of the PI3BK/AKT/PTEN pathway, but it can also modulate the pathway
itself. The existence of a lamin A/C-PI3K feedback loop, in fact, has been described in prostate cancer
cells and leads to tumorigenesis (Kong et al., 2012). The PI3K/Akt/mTOR pathway is activated in a
number of human neoplasms that are then characterized by lower overall and disease free survival
(Ferté et al., 2010). This pathway plays a key role in the regulation of tumor cell survival, cell
proliferation, cell transformation, metabolic activities and angiogenesis (Fang et al., 2007; Laplante
and Sabatini, 2012; Paez and Sellers, 2003; Sun et al., 2009; Uzoh et al., 2009). Its anti-apoptotic
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activity in particular prevents the release of cytochrome ¢ from mitochondria and inactivates forkhead
transcription factors known to induce expression of pro-apoptotic factors such as Fas ligand. Akt/PKB
phosphorylates and inactivates the pro-apoptotic factors BAD and pro-caspase-9. Moreover,
Akt/PKB leads to activation of IxkB kinase, a positive regulator of NF-kB, which results in
transcription of anti-apoptotic genes (Testa and Bellacosa, 2001).

cHL is characterized by the aberrant activation of the PI3K/Akt/mTOR pathway (Mark et al., 2013),
and aberrant activation of the transcription factor PAX5 and Notch is commonly (Jundt et al., 2002,
2008)

We propose that a deregulation of the PI3K/Akt/mTOR may contribute to lamin A/C overexpression
and tumor development in cHL and MM. However, the reason for neoplastic regulation of lamin
proteins in cancer and their contribution to cancer progression are still unclear, so further investigation
is needed. The transient silencing of Akt/PKB through siRNA in cHL and MM cell lines, and the
overexpression of the PI3K/Akt/mTOR pathway in normal lymphocytes, may be useful to understand
the downstream effects of the PI3K/Akt/mTOR pathway in lamin A/C expression in cHL and MM.

Lamin A/C’s potential role in cHL and MM cell migration

Besides its important role in the regulation of gene expression, one of the main functions of lamin
AJC is determining the rigidity and viscosity of the nucleus. Lamin A/C downregulation is commonly
found in cells with high migratory capacity like bone marrow-derived mesenchymal stem cells
(BMSCs), and is associated with metastasis in breast cancer cells (Chiotaki et al., 2014; de Leeuw et
al., 2018; Liu et al., 2017).

As commonly known, metastasis is responsible for more than 90% of cancer patient mortality
(Seyfried and Huysentruyt, 2013). The metastatic process is characterized by two critical steps: the
intravasation of tumor cells into the blood vessels and the extravasation from blood vessels at target
organs (Chiang et al., 2016). The extravasation of tumor cells to target tissue varies depending on the
permeability of the capillaries. While some organs are easier to reach due to more permeable
sinusoids, others present a relatively impermeable network of capillaries. The size and stiffness of the
nucleus constitutes a limitation for cell migration, since cell nuclei are drastically pushed, pulled and
deformed in order to progress through tight spaces (Davidson et al., 2014; Wolf et al., 2013). Current
investigations address how the stiffness of the nuclear envelope affects cell extravasation in different
parenchyma. Leukocytes characterized by stiff nuclear lamina were found to successfully cross
inflamed endothelial monolayers, albeit with a small delay in nuclear squeezing into their sub-

endothelial pseudopodia. However, crossing of tighter barriers was dramatically delayed by lamin A
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overexpression, negatively affecting cell migration during the cell migration process (Yadav et al.,
2018).

Lamin A/C has been found to be upregulated in prostate, skin, and ovarian cancer (Ho and
Lammerding, 2012; Isermann and Lammerding, 2013; de Las Heras et al., 2013).

On the other hand, lamin A/C is downregulated in human acute lymphoblastic leukemia, non-
Hodgkin's lymphoma, small cell lung cancer, lung adenocarcinoma, breast cancer and colorectal
cancer (Capo-chichi et al., 2011; Denais and Lammerding, 2014; Foster et al., 2010; Kaspi et al.,
2017; Stadelmann et al., 1990), with reduced levels of lamin A/C negatively correlating with disease-
free survival in breast cancer (Wazir et al., 2013). The reduced levels of lamin A/C and the associated
increased nuclear deformability facilitate migration of metastatic cancer cells through dense
extracellular matrix and tight interstitial spaces as shown for human lung carcinoma cell line,
mesenchymal stem cells and glioblastoma multiforme cell line (Davidson et al., 2014; Harada et al.,
2014).

cHL lymphoma typically arises within the mediastinum, hematogenous (extranodal) metastases occur
inapproximately 10-15% of cases (Gharbaran et al., 2014), where cancer cells most commonly spread
to local lymph nodes, thymus, spleen and distant lymph nodes via lymphatic system. More rarely,
cHL can spread to the liver, lung parenchyma, hearth, chest wall, stomach, small intestine, bone
marrow and bone (Toma et al., 2007). MM is a common malignant bone marrow lesion where MM
cells migrate from one region of the bone marrow to another. (Park et al., 2018).

The presence of circulating tumor cells (CTCs) have been described in both cHL and MM (Gharbaran
etal., 2014; Paiva et al., 2013). The CTCs in these diseases rarely migrate to organs characterized by
the presence of dense parenchyma rich in collagen type I and 111, like in the liver or in the lung (van
Kuppevelt et al., 1995; Voss et al., 1980).

To better understand how lamin A/C affects cell migration, we will evaluate cell migration of tumor
cells overexpressing lamin A/C through the Boyden Chamber assay. To understand lamin A/C
regulation in CTCs, we will investigate lamin A/C expression and spatial distribution in CTCs and

compare them to the one of the corresponding primary tumor cells.

cHL is characterized by localized absence of telomeres-TRF2-lamin A/C

Lamin A/C is involved in telomere stability and homeostasis (Allsopp et al., 1992; Decker et al.,
2009; Gonzalez-Suarez et al., 2009; Kudlow et al., 2008; Wood et al., 2014), telomere mobility (De
Vos et al., 2010) and sub-nuclear positioning (Ottaviani et al., 2009). In particular, the functional

interaction between lamin A/C and TRF2 is responsible for the stabilization of the telomeres through
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a higher order structure, stabilizing chromosome ends and protecting them from degradation (Smith
et al., 2018a; Wood et al., 2014). Co-localization of telomeres-TRF2-lamin A/C in fibroblasts
confirmed the previous observation that only part of the TRF2 co-localized with lamin A/C (Wood
etal., 2014).

Our preliminary data showed that the BJ-5ta fibroblasts were characterized by co-localization of
telomere-TRF2-lamin A/C. When compared to the fibroblasts, the co-localization in LPS-treated
lymphocyte, and H and RS cells from the three cHL-derived cell lines, was decreased. The co-
localization data obtained for the LPS-treated lymphocytes in particular, were not in line with the
literature, as normal cells are normally characterized by the interaction of lamin A/C, TRF2 and
telomeres (Wood et al., 2014). Super resolution imaging of immuno-stained lamin proteins in mouse
embryo fibroblast (MEFs) revealed that instead of a network of fibrous structures, lamin proteins
were initially found in a spotty staining pattern (Shimi et al., 2015). The explanation provided by the
authors on why, in the MEFs, the lamin organization was not in line with the literature, was the lack
of antibody accessibility or an inability of some lamin proteins to form connected networks. The
expression of mEmerald-tagged lamin proteins showed that all lamin proteins form continuous
networks, demonstrating that the spotty staining patterns were caused by issues with antibody
accessibility (Shimi et al., 2015). For this reason, low co-localization of lamin A/C-TRF2-telomeres
in activated lymphocytes may be explained by the impossibility of the anti-lamin A/C ab to correctly
reach the target ab. Further studies involving high resolution microscopy will be necessary to better

clarify the interaction between lamin A/C, TRF2 and telomeres.
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CONCLUSION AND FUTURE DIRECTIONS

Conclusion

cHL and MM are characterized by aberrant lamin A/C 3D spatial distribution characterized by the

presence of internal lamin A/C structures not observed in the normal cells. In cHL in particular, the

investigation of the 3D spatial organization aided to gain a better understanding of the transition from

mononuclear H- to bi- and multi-nucleated RS-cells. The telomere analysis and the analysis of the

nuclear architecture upon lamin A/C silencing suggested the involvement of lamin A/C in the

multinucleation process. We conclude that the technology of 3D analysis holds the potential for

becoming an invaluable predictive tool in the clinical management of this complex disease.

Future Directions

Investigation of lamin A/C aberrant 3D spatial distribution role in the multinucleation process:

Live cell imaging of lamin A/C-GFP transfected cells would be necessary for the visualization
of the internal lamin A/C structures formation process, and to confirm their impact in the
multinucleation process during the transition from H to RS cell.

Investigation of telomere-TRF2-lamin A/C co-localization: Co-localization analysis showed

lack of interaction among telomeres-TRF2 and lamin A/C in cancer cells, suggesting that lack
of this interaction could be cause of genomic instability and nuclear remodeling in H and RS
cells. However, ChIP-gPCR analysis for lamin A/C and TRF2 on H and RS cells will be
needed to confirm the presence of the interaction of these two proteins. Transfection of a
cDNA fragment encoding lamin A/C and inserted into mEmerald-C1 may be used to induce
the expression of lamin A/C combined with 3D-SIM imaging would be necessary to confirm
the presence of co-localization LPS-treated lymphoctres. Also, co-localization analysis should
be performed on pre-treatment lymph node biopsy tissue sections from cHL patient to confirm
the existence of such lack of interaction in patient samples, and to determine whether the
TRF2-telomere-lamin A/C binding is different in patients with recurrent vs. non-recurrent
disease.

The examination of the impact of localized unbinding of TRF2 from lamin A/C and its impact
on nuclear organization by using 3D telomere FISH and by using combinations of
chromosome paints, will enable us to further understand nuclear remodeling in interphase

nuclei.
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Investigate Akt/PKB potential involvement in lamin A/C upregulation: The identified

deregulation of lamin A/C mRNA transcription and protein expression could potentially play
animportant role in cancer progression. Further studies to understand the pathway which leads
to such deregulation are required to better understand the dynamics behind lamin A/C
overexpression. The transient silencing of the Akt/PKB protein through siRNA in cHL cell
lines and MM cell line, and the overexpression of the PI3K/Akt/mTOR pathway in normal
lymphocytes, would be helpful to identify the impact of the PI3K/Akt/mTOR pathway on
lamin A/C overexpression.

Investigate if lamin AJ/C spatial distribution and expression levels throughout the migration

process: The impact of the upregulation of lamin A/C on the cancer cell migration capability
in cHL and MM is still unknown. To better understand how lamin A/C affects tumor cell
migration, we will perform a comparison of the lamin A/C expression and spatial distribution
in primary tumors compared to the corresponding CTCs and investigate cell migration

capability in tumor cell overexpressing lamin A/C using the Boyden Chamber assay.
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Abstract: Classical Hodgkin’s lymphoma (cHL) is a B-Cell lymphoma comprised of mononuclear
Hodgkin cells (H) and bi- to multi-nucleated Reed-Sternberg (RS) cells. Previous studies revealed
that H and RS cells express lamin A/C, a component of the lamina of the nuclear matrix. Since no
information was available about the three-dimensional (3D) expression patterns of lamin A/Cin H
and RS cells, we analyzed the 3D spatial organization of lamin in such cells, using 3D fluorescent
microscopy. H and RS cells from cHL derived cell lines stained positive for lamin A/C, in contrast to
peripheral blood lymphocytes (PBLs), in which the lamin A /C protein was not detected or weak,
although its presence could be transiently increased with lymphocyte activation by lipopolysaccharide
(LPS). Most importantly, in H and RS cells, the regular homogeneous and spherically shaped lamin
A/C pattern, identified in activated lymphocytes, was absent. Instead, in H and RS cells, lamin
staining showed internal lamin A /C structures, subdividing the nuclei into two or more smaller
compartments. Analysis of pre-treatment cHL patients” samples replicated the lamin patterns
identified in cHL cell lines. We conclude that the investigation of lamin A /C protein could be a useful
tool for understanding nuclear remodeling in cHL.

Keywords: Hodgkin’s Lymphoma; Reed-Sternberg cells; Lamin A/C patterns; 3D imaging;
Lymphocytes; nuclear architecture

1. Introduction

Classical Hodgkin’s lymphoma (cHL) is characterized by two tumor cell populations:
mononuclear Hodgkin cells (H) and bi- to multi-nucleated Reed-Sternberg cells (RS), which are
the diagnostic cells of this lymphoma. H and RS cells represent only 1-5% of the total lymph node
cells [1]. H cells originate from crippled, pre-apoptotic germinal center B cells [2] that have been
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rescued from apoptosis by cellular transformation events [3,4]. RS cells originate from H cells through
a process of multinucleation due to incomplete cytokinesis [5]. Transition from H to RS cell has also
been correlated with an aberrant number of mitotic spindles, increased numbers of centrosomes,
altered 3D telomere organization and telomere loss [6]. Advanced telomere loss and aggregation
result in RS cells presenting telomere-poor ‘ghost” nuclei, which interfere with endomitosis [7]. Super
resolution microscopy (3D-structured illumination microscopy, 3D-SIM) investigation showed that
the nuclear DNA structure is significantly changed in H and RS cells when compared to normal
primary lymphocytes, with a significant increase in the amount of DNA-free or DNA-poor nuclear
spaces defined by the absence of 4’,6-diamidino-2-phenylindole (DAPI)-staining [8,9]. The number of
DAPI-free spaces is increased in cancer cells during the transition from H to RS cells [8].

Lamins are type V intermediate filament (IF) proteins, which are the principal component of the
lamina of the nuclear matrix. Two types of lamin have been described in human cells: B-type lamins,
encoded by the LMNBI gene for lamin B1 [10] and the LMNB2 gene for lamin B2 [11], and A-type
lamins, encoded by the LMNA gene, the alternative splicing of which produces lamin A and lamin
C [12]. Lamin B1 and lamin B2 are constitutively expressed and necessary for cell survival [13]. Lamin
A/C expression differs from cell to cell and is usually limited to differentiated cells and not found in
proliferating cells [14]. Lamin proteins are involved in a myriad of nuclear processes, including DNA
replication, RNA transcription, cell differentiation and mitosis [15]. In particular, lamin A/C plays a
crucial role in the regulation of mitotic spindle assembly and positioning [16].

Resting human and mouse T lymphocytes express lamin A/C, and its presence is transiently
and considerably increased upon T cell activation [17]. Lamin A/C expression has been found to
be down-regulated in different cancer types, like small cell lung cancers [18], colon cancers [19] and
nodal diffuse large B-cell lymphoma [20]. On the other hand, squamous cell carcinoma and basal
cell carcinoma are characterized by an up-regulation of lamin A/C [21]. Investigation of lamin A/C
expression in neuroblastoma [22] and in prostate cancer [23] has been proven to be a reliable biomarker
of cancer aggressiveness.

The first investigation of lamin proteins in reactive lymph nodes and cHL samples showed that
lamin A /C was not expressed in CD20+ non-neoplastic B lymphocytes, but that it was expressed by a
large population of CD30+ cells, in nine patients with nodular sclerosis Hodgkin’s lymphoma [24].

To our knowledge, no data have been reported on 3D lamin A /C protein expression patterns in
the H and RS cells of cHL patients and their relation to the process of multinucleation, namely the
transition of cellular architecture from H to RS cells. Also, no data was reported on B lymphocyte
lamin A/C expression following activation.

In this study, we investigated the three-dimensional (3D) spatial distribution of lamin A/C in
three different cHL derived cell lines, in resting and stimulated purified peripheral blood lymphocytes
(PBLs); and in 12 primary paraffin-embedded pre-treatment lymph node samples from patients
diagnosed with cHL. Our findings reveal, for the first time, the presence of an aberrant lamin A/C
structure in H and RS cells, which is distinct from that seen in normal lymphocytes.

2. Results

2.1. Lamin A/C and Lamin B1 in Hodgkin Lymphoma Derived Cell Lines and PBLs

To assess lamin A /C positivity in H and RS cells we performed immunostaining for lamin A /C
and lamin B1 in three cHL-derived cell lines and normal lymphocytes. Immunohistochemical analysis
revealed that H and RS cells from all the HL-derived cell lines stained for both lamin A /C (Figure 1A-C)
and lamin B1 (Figure S1A-E).

As healthy controls, we used both lipopolysaccharide (LPS)-activated and resting normal B
lymphocytes (Figure 2A—C). Resting PBLs showed weak to no positivity for lamin A /C expression
(Figure 2D), while they were positive for lamin B1 (Figure S2A-D). However, lamin A /C expression
increased after B cell activation with LPS (Figure 2E).
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Figure 1. Example of lamin A /C protein staining in cells from Hodgkin’s lymphoma (HDLM-2). (A)
Two-dimensional (2D) image of nuclei stained with 4’ ,6-diamidino-2-phenylindole (DAPI)-(gray scale);
(B) 2D image of anti-lamin A /C antibody immunostaining (green); (C) 2D merged image showing both
mono-nuclear H (empty arrowhead) and bi- to multi-nuclear RS cells (solid arrowhead) expressing
lamin A/C.

Figure 2. Lamin A/C immunostaining of resting and LPS-activated lymphocytes from peripheral
blood (PB) of a healthy donor. (A) 2D image of nuclei stained with DAPI (gray scale); (B) 2D
image of anti-lamin A/C antibody immunostaining (green); (C) 2D merged image showing activated

lymphocytes with a higher fluorescence intensity lamin A/C signal (solid arrowhead) compared
to resting cells (empty arrowhead). Complete 3D reconstitution of a resting (D) and an activated
(E) lymphocyte.

2.2. Lamin A/C and Lamin B1 3D Spatial Distribution Patterns in Hodgkin Lymphoma Derived Cell Lines and
PBLs

The lamin A/C 3D spatial distribution in resting PBLs was characterized by points of protein
accumulation (Figure 2D). The lamin A/C pattern in activated lymphocytes appears as a regular
sphere surrounding the nucleus (Figure 2E). The regular pattern is replaced in H and RS cells by a
more irregular one, characterized by the presence of internal lamin A /C structures, dividing the 3D
structure into multiple compartments not seen in the normal lymphocytes.
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We identified five different types of lamin A /C patterns for H cells (0, A, B, C and D), and four for
the RS cells (bi-nuclear, tri-nuclear, tetra-nuclear and multi-nuclear) (Table 1; Table S1). Quantitative
analysis of the identified patterns for both H and RS cells was performed investigating the ratio of the
external total lamin A /C intensity (I¢) on the internal total lamin A /C intensity (I;) (Table 2).

Table 1. Means and frequencies of the lamin A /C 3D pattern observed in cHL-derived cell line HDLM-2.
30 H and 30 RS cells from three independent experiments were analyzed using the deconvoluted 3D
reconstructions and divided according to the lamin A/C 3D pattern shown.

Lamin A/C Pattern Mean + SD Percentage
Hodgkin Cell Pattern 0 5+3 15.48%
Hodgkin Cell Pattern A 10+1 29.15%
Hodgkin Cell Pattern B 14.67 £+ 4.51 42.16%
Hodgkin Cell Pattern C 433 +3.51 11.63%
Hodgkin Cell Pattern D 0.67 £ 1.15 1.59%
Bi-nuclear Reed-Sternberg 19.67 + 8.74 57.66%
Tri-nuclear Reed-Sternberg 7.33 +£0.58 22.27%
Tetra-nuclear Reed-Sternberg 333+ 1.15 10.29%
Multi-nuclear Reed-Sternberg 3+436 9.79%

Table 2. Quantitative analysis of lamin A/C patterns in H and RS cells. 30 H and 30 RS cells of the
cHL-derived cell line HDLM-2 from three independent experiments were analyzed. Total external
lamin A/C signal intensity (I¢) was divided by the total internal lamin A /C signal intensity (I;) to
obtain a ratio. Resulting ratios and S.D. are shown.

Lamin A/C Pattern L/T; S.D.
Hodgkin Cell Pattern 0 1.88 1.17
Hodgkin Cell Pattern A 2.65 115
Hodgkin Cell Pattern B 3.65 212
Hodgkin Cell Pattern C 4.02 2.66
Hodgkin Cell Pattern D 5.43 0.04
Bi-nuclear Reed-Sternberg 2.96 1.07
Tri-nuclear Reed-Sternberg 3.57 1.26
Tetra-nuclear Reed-Sternberg 4.50 3.37
Multi-nuclear Reed-Sternberg 4.55 2.95

The lamin A /C patterns were observed in all three HL-derived cell lines analyzed in this study. H
cells were divided into groups based on how the lamin A/C 3D internal structures divided the nucleus
(Figure 3A-E, Videos 51-55). Pattern 0 has similar architecture to that found in LPS-activated normal B
cells (Figure 3A). Pattern A is characterized by the presence of small internal structures and by the
irregular 3D profile of lamin A /C (Figure 3B). In Pattern B, C, and D, the aberrant lamin A /C staining
divides the 3D structure of mono-nuclear H cells into two, three and four different compartments,
defined by internal lamin structures (Figure 3C-E). Mononuclear cells expressing pattern B constituted
a majority (42.16%), followed by patterns A (29.15%), 0 (15.48%), C (11.63%) and D (1.59%). The pattern
classification for H cells described increasing complexity of the internal lamin A /C structure and the
quantitative analysis reflected this change as the L. /I; ratio increased.

RS cells were divided into different groups according to the numbers of total nuclei, all covered
by a spherical lamin surface. However, lamin A/C showed a more irregular pattern when compared
to the mononuclear H cells. Anomalous lamin A/C features observed in H cells were also present
(Figure 3F-H, Videos S6-58). Bi-nuclear RS cells were found to be the most frequent (57.66%) in the RS
cell population analyzed, followed by tri- (22.27%), tetra- (10.29%) and multi-nuclear (9.79%) RS cells.
In RS cells as the pattern classification complexity of the lamin A /C structures increases from bi- to
multi-nuclear, the quantitative analysis reflects this change with an increasing I /1; ratio.



Cancers 2018, 10, 286 50f 18

Investigation of lamin B1 3D spatial distribution revealed the presence of the same types of
patterns identified for lamin A/C in all the three HL-derived cell lines (Figure S1D,E), which were,
however, observed with different frequencies (Table S2). The differences were statistically significant
(respectively, H: p = 0.0002; RS: p = 0.006).

Figure 3. Lamin A/C patterns in 3D reconstructions of H and RS nuclei from HDLM-2. (A-E) H
cells patterns according to how the internal lamin structures divide the 3D structure of lamin A/C:
(A) pattern 0, characterized by a 3D pattern similar to the regular pattern of the LPS-activated
lymphocytes, showing, however, localized accumulation of the lamin A/C; (B) pattern A, characterized
by the irregular lamin A/C 3D distribution and the presence of invaginations due to short internal
lamin structures; (C) pattern B, characterized by a single long internal lamin A /C 3D structure, which
divides the nucleus into 2 different compartments; (D) pattern C, characterized by 3D multiple internal
lamin structures which divide the nucleus into 3 different compartments; (E) pattern D, characterized
by 3D division of the nucleus into 4 different compartments. (F-H) RS cells patterns according to the
number of nuclei: (F), bi-nuclear RS cell; (G) tetra-nuclear RS cell; (H) multi-nuclear RS cell.
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2.3. Hodgkin’s Lymphoma Patient Samples and Reactive Tonsils Samples

Twelve primary diagnostic classical Hodgkin’s lymphoma pre-treatment lymph node biopsy
tissue sections were immunostained for lamin A /C. CD30 positivity was used to recognize H and
RS (Figure S3A-C). Immunohistochemical analysis revealed that the majority of the non-neoplastic
lymphocytes in the lymph node were lamin A /C negative, while all H and RS cells stained positively
for lamin A/C. However, the lamin A /C fluorescent signal was not consistent throughout the patients’
samples. The levels of the lamin A/C fluorescent signal was assessed as follows: (i) —/— (poor),
patient samples with weak fluorescent signals, in which it was impossible to evaluate lamin A/C
3D spatial distribution of H and RS cells; (ii) —/+ (average), patient samples with strong lamin A/C
staining and clear 3D spatial distribution in a limited number of H and RS cells; (iii) +++ (high), patient
samples with strong lamin A/C staining and clear 3D spatial distribution in most of the H and RS
cells (Table 3). H and RS cells from patient samples with high lamin A /C fluorescent signal intensity
presented the irregular 3D lamin A/C staining pattern characterized by internal lamin structures
and points of protein accumulation (Figure 4). The different lamin A/C patterns observed in the H
and RS cells of the Hodgkin cell lines were also identified in the H and RS cells of patient samples
(Figure 4D,E). The majority of H cells expressed pattern 0 (45.71%) or pattern A (34.29%). Patterns B
(14.29%) and C (5.71%) were rarely observed.

Table 3. Clinical data of patients diagnosed with cHL. Abbreviations: ABVD—doxorubicin,
bleomycin, vinblastine, dacarbazine; CHLVPP—chlorambucil, vinblastine, procarbazine, prednisone;
EBV—Epstein Barr Virus.

Age at Type of EBV Lamin A/C
Case Gender Diagnosis Stage Chenyllgtherapy Relapse Status Fluorescent Signal
1 Male 24 v ABVD N - —/=
2 Female 55 I ABVD Y - —/+
3 Female 25 1 ABVD N + —/—
4 Male 55 11 ABVD Y - +++
5 Male 47 I ABVD N + +++
6 Female 75 v ABVD N - —/+
7 Male 22 I ABVD N - +++
8 Male 19 ITA ABVD N - —/+
9 Male 50 nrA ABVD N - +++
10 Male 37 IA ABVD N + +++
11 Male 85 I CHLVPP Y - -/-
12 Male 28 IA ABVD N - —/+

To assess lamin A /C spatial distribution in the germinal center (GC) lymphocytes, precursors
of the H cells, five reactive tonsils biopsy tissue sections were immunostained for lamin A/C.
Immunohistochemical analysis of the GC revealed weak-to-no positivity for lamin A /C (Figure S4A-C).
Analysis of the centrocytes within the dark zone (DZ) of the GC confirmed the absence of lamin A/C
staining (Figure S4D-G).
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Figure 4. Example of lamin A/C expression in primary Hodgkin’s lymphoma paraffin-embedded

pre-treatment lymph node tissues from patients diagnosed with cHL. (A) 2D image of nuclei stained
with DAPI (gray scale); (B) 2D image of anti-lamin A /C antibody immunostaining (red); (C) 2D merged
image showing H (empty arrowhead) and RS (solid arrowhead) cells positively stained for lamin
A/C. 3D reconstruction of patient-derived mono-nuclear Hodgkin (H) (D), and bi-nuclear (RS) cells
(E), presenting the same patterns of irregular lamin A/C 3D structure characterized by internal lamin
structures and points of protein accumulation, similar to those seen in the HL derived cell lines.

2.4. Co-Localization of Lamin A/C and Telomeres in H and RS Cells

To investigate the interaction of lamin A/C and telomeres, we combined the immuno-staining for
lamin A /C with telomere quantitative fluorescent in situ hybridization (Q-FISH). The deconvolved 3D
cell reconstructions of 30 H and 30 RS cells from three independent experiments were loaded on Image]J
(NIH, Bethesda, MD, USA) and analyzed through the TANGO (Sorbonne University, Paris, France)
plug-in [25,26]. The overlapping percentage of the Cy3 signals of the telomeres and the fluorescein
isothiocyanate (FITC) signal of the internal lamin A/C structures was examined by putting the
generated data through a binary logic gate: a value of 0 was assigned by the software when no overlap
was detected between a telomere signal and lamin A/C; a value of 1 was assigned when overlap was
detected. The analysis revealed that only a minority of the telomeres co-localized with lamin A/C in
the H cells (mean 33.06%; S.D. 0.08) and in the RS cells (mean 38.11%; S.D. 0.07) respectively.

2.5. Silencing of Lamin A/C mRNA and 3D Telomere Structure Analysis

In order to explore the effect of lamin A/C silencing in the HDLM-2 cells in terms of
multinucleation process and genomic instability, we transfected the HDLM-2 cells with siRNA lamin
A/C and non-targeting siRNA (Scramble) in three different concentrations for 24 h, 48 h and 72 h.
Lamin A/C silencing was evaluated by Western Blot (WB) (Figure 5) which revealed a decrease in
lamin A/C expression after 24 h with an even greater decrease after 96 h compared to control cells
(non-targeting siRNA named as Scramble and cells without transfection named as control). After 96
h, the expression of lamin A/C was down-regulated by about 70% (Figure 5), and the number of RS
cells decreased from 48.37 to 25% in the HDLM2 siRNA lamin A/C when compared to the Scramble.
Subsequent time points of 120 h and 144 h were investigated to understand the complete kinetics
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of siRNA-mediated lamin A/C silencing and its effects in the 3D nuclear organization of telomeres
(Figure 6). After 96 h, the degradation of complementary lamin A/C mRNA molecules started to
decrease as shown in Figure 5. To analyze the effects of siRNA on the 3D nuclear organization of
telomeres we combined the immuno-staining for lamin A /C with Q-FISH.
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Figure 5. siRNA silencing of lamin A/C in HDLM-2. Lamin A/C expression was monitored by
Western Blot after siRNA lamin A /C transfection in different concentration (12.5 nM, 25 nM and 50
nM) for 24 h (A), 48 h (B), 72 h (C) and 96 h (D). siRNA Scramble was used as a negative control and
Cyclophilin B was used as a loading control. The fold-decrease for the siRNA is relative to the negative
control (Scramble for each concentration) and the Scramble is relative to control without transfection
(Control). These experiments were performed in triplicate using cells from different passages.
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Figure 6. Investigation of siRNA silencing of lamin A/C in HDLM-2 for additional time points. Lamin
A/C expression was monitored by Western Blot after siRNA lamin A /C transfection for 96 h, 120 h
and 144 h (50 nM). siRNA Scramble was used as a negative control and Cyclophilin B was used as a
loading control. The fold-decrease for the siRNA is relative to the negative control (Scramble for each
concentration) and the Scramble is relative to control without transfection (Control). These experiments
were performed in triplicate using cells in different passages.
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Nuclei of 30 H and 30 RS cells transfected with siRNA lamin A/C were used for the telomere
analysis. Scramble H and RS cells were used as controls. siRNA treated H cells, after 96 h, were
characterized by a decrease in the average telomere signal intensity (p = 0.0119), and by changes in the
overall telomere spatial organization, as demonstrated by an increased a/c ratio, when compared to
the control (p = 0.0079). The increased a/c ratio was also observed after 120 h (p = 0.0038) and 144 h (p
=0.0015). siRNA treated RS cells, after 96 h, were characterized by an increase in the total number of
telomeres (p = 0.0013), an increase in number of telomere aggregates (p = 0.0073), an increase in nuclear
volume (p < 0.0001), and a decrease in average telomere signal intensity (p = 0.0006) when compared to
the Scramble control. The nuclear volume was still increased after 120 h (p < 0.0001) and 144 h (p =
0.0057).

Moreover, the comparison among the 96 h, 120 h and 144 h time points revealed other telomere
related abnormalities. In siRNA treated H cells, while both the total number of signals (p = 0.0308) and
the total number of aggregates (p = 0.0473) increase from 96 h to 144 h, the average telomere intensity
(p = 0.0081), the total telomere signal intensity (p = 0.0311), the a/c ratio (p < 0.0001) and the nuclear
volume (p < 0.0001) decrease from 96 h to 144 h. Total number of telomere signals (p = 0.0280) and
the total number of telomere aggregates (p = 0.0208) are found to be increased also in siRNA treated
RS cells after 144 h when compared to 96 h, and the average telomere intensity (p = 0.0002), the total
telomere signal intensity (p = 0.0318) and the nuclear volume (p = 0.0027) decrease as observed in the
H cells. Prolonged downregulation of lamin A/C induced genomic instability in both H and RS cells,
suggesting a prominent role of lamin A/C in the maintenance of telomere 3D spatial organization.

2.6. DNA Structure and Stucture of DNA-Poor Spaces in siRNA Treated HL Cell Line

Structured illumination microscopy (SIM) of 30 H and 30 RS cells from three independent siRNA
lamin A/C samples (50 ng, 96 h) (Figure 7B,E respectively) and Scramble controls (Figure 7A,D
respectively) were used to compare the 3D structural organization of the nuclear DNA of the two
experimental arms. We used a granulometry-based measurement technique to quantify both the DNA
structure and the structure of DN A-free space inside interphase nuclei [8]. The cumulative distributions
of structure sizes (Figure 7C,F) have been plotted. Two-sided, two-sample Kolmogorov-Smirnov
test showed that although the size distribution of both the DNA structure (p = 0.26) and DNA-free
space (p = 0.37) was not significantly different between siRNA transfected H cells and Scramble H
cells, the comparison between siRNA transfected RS cells and Scramble RS cells showed a difference.
Both the DNA structure (p < 0.001) and structure of the DNA-free space (p < 0.001) contained finer
structure for siRNA lamin A/C cells, suggesting a prominent role of lamin A/C in the nuclear
architecture maintenance.



Cancers 2018, 10, 286

C DNA structure

——— H Scramble

09 H siRNA

Cumulative distribution

10 10°
Diameter [um]

F DNA structure

——— RS Scramble
RS siRNA

o
)

o
1)

=}
~

Cumulative distribution
o
o

10 10°
Diameter [um]

Curnulative distribution

Cumulative distribution

o
w

5pum

Structure of the DNA-free space

10 0of 18

——— H Scramble
H siRNA

10 10°
Diameter [um]

Structure of the DNA-free space

——— RS Scramble
RS siRNA

o
QY

o
1=

o
o

o
o~

10 10°
Diameter [um]

Figure 7. Granulometry analysis of siRNA lamin A/C cells and Scramble cells: (A) SIM image
of Scramble H cell; (B) SIM image of siRNA H cell; (C) Measurements of the size distribution of
DNA structure and structure of the DN A-free space in SIM images of Hoechst (33258) stained nuclei
of 30 H cells from three independent experiments; (D) SIM image of Scramble RS cell; (E) SIM
image of siRNA RS cell; (F) Measurements of the size distribution of DNA structure (H: p = 0.26; RS:
p <0.001) and structure of the DNA-free space (H: p = 0.37; RS: p < 0.001) in SIM images of Hoechst
(33258) stained nuclei of 30 RS cells from three independent experiments. Two-sided, two-sample

Kolmogorov-Smirnov test was used to determine statistical significance.
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3. Discussion

Our study is the first one to describe different lamin A/C 3D nuclear organizational patterns
leading to progressively complex nuclear matrix compartmentalization by laminar structures in H
and RS cells in cHL-derived cell lines and in patients’ diagnostic pre-treatment lymph nodes that are
distinct from what is seen in normal lymphocytes, and in non-neoplastic (inflammatory) lymphocytes
in the same lymph nodes.

H and RS cells from classical Hodgkin’s lymphoma-derived cell lines showed high lamin A/C
expression. In contrast, isolated resting PBLs were lamin A/C negative or presented weak lamin A/C
staining. Immunohistochemical analysis confirmed that LPS-activated B cells stained positively for
lamin A/C and were used as a control for H and RS cells from HL-derived cell lines.

It has been demonstrated that dysregulation of lamin A/C can affect DNA transcription,
replication and repair, inducing genomic instability which leads to cancer progression [27-29].
Lamin A/C, in fact, plays a role in mitosis by regulating mitotic spindle assembly and positioning [16].
Since RS cells are characterized by an increased number of mitotic spindles, and incomplete spindles
are regularly detected [6], lamin A/C could be involved in the multinucleation process. In order to
verify the role of lamin A /C in this process, we performed silencing experiments of the lamin A/C
mRNA through siRNA transfection. The number of RS cells after 96 h was found to be decreased.
It has been demonstrated that telomere loss and aggregation in RS cells interferes with the endomitotic
process [7]. Telomere analysis through the different time points showed that siRNA treated H and RS
cells were characterized by an increased genomic instability, with an increase in the number of short
telomeres and telomere aggregates, revealing that lamin A/C is crucial for the multinucleation process.
In addition, silencing of lamin A /C led to a progressive disruption of nuclear DNA organization in
siRNA lamin A /C treated cells when compared to the control, suggesting that lamin A/C plays an
important role in determining the nuclear structure.

Our findings indicated that H and RS cells had an irregular lamin 3D distribution pattern
compared to the 3D structure of lamin A/C in LPS-activated lymphocytes, which displayed a
continuous spherical protein matrix surrounding the nucleus. Specifically, H and RS cells were
characterized by the presence of lamin A/C invaginations, points of protein accumulation, and
internal lamin structures that subdivide the nuclei into multiple compartments. According to the
organization of the internal structures and number of resulting sub-compartments, we defined five
different groups for the H cells (0-A-B-C-D), and four different groups for the Reed-Sternberg cells
(bi-nuclear, tri-nuclear, tetra-nuclear and multi-nuclear). Pattern 0 of H cells is morphologically similar
to the regular one characteristic of LPS-activated lymphocytes, except for localized accumulation of
lamin A/C. Pattern A is characterized by an irregular lamin A/C 3D spatial distribution and the
presence of invaginations and short internal lamin structures. Pattern B presents one long lamin
internal structure, which divides the H cell nuclei into two distinct compartments. We supposed
that this lamin A /C compartmentalization could anticipate the transition of a mono-nuclear H to a
bi-nuclear RS cell, making lamin A/C a useful tool to predict the future behavior of the cell. Pattern C
is characterized by the presence of multiple internal lamin structures which divide the cell into three
different portions, either foreshadowing a transition from H to tri-nuclear RS cell or indicating that
this is an end-stage H cell unable to perform further nuclear division. Pattern D shows a division into
four different regions and could either anticipate a transition from a mono-nuclear H to tetra-nuclear
RS cell, or again indicate an end-stage H-cell no longer capable of dividing.

To investigate the above hypothesis, we divided the H and RS cells from three independent
experiments (90 cells total for each cell type) into different groups according to which specific pattern
they showed. The obtained percentages are consistent with the hypothesis that a significant proportion
of mono-nuclear H-cells is still capable of progression to RS-cells [30]. However, considering that likely
not every mono-nuclear H cell will complete the transition to a RS cell [6], lamin A/C may be a useful
tool in predicting the future behavior of an H cell and, therefore, of the neoplastic population of any
given patient on the whole.
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The analysis of the HL patient samples confirmed the presence of the patterns we observed in
the Hodgkin cell lines, with most of the H cells expressing patterns similar to the one of the activated
lymphocytes. More complex ones, like pattern B or pattern C, were observed with lower frequency.
Though in histological slide preparations the thickness of the cutis 5 um, and, therefore, never includes
the whole nuclear volume of H- and RS-cells, our collective data suggest that the observed differences
in lamin A /C spatial organization is likely to be linked to an alternative, aberrant remodeling of the
lamin A/C protein in H and RS cells, as compared to normal lymphocytes. However, a larger cohort
of patients will be required to confirm the distribution of lamin A/C patterns among the H and RS cell
population in the lymph node.

It is known that lamin A/C plays a crucial role in maintenance of genome organization, since it is
responsible for chromosomal crosslinking and chromosomal anchoring by binding to the telomeres via
the shelterin protein TRF2 (telomere repeat binding factor 2) [31,32]. cHL is, however, characterized by
genomic instability [8,33,34], and it has been previously demonstrated that 3D direct telomere-TRF2
interaction is severely disrupted in H- and RS-cells [35]. In order to explore whether the telomeres of H
and RS cells would bind to the internal lamin A /C structure, we performed immuno-staining for lamin
A/C combined with telomere Q-FISH. Our results revealed that lamin is binding the telomeres in a low
percentage in both cell types. Future studies on the direct interaction between lamin A /C and TRF2
will be necessary to understand if lamin A/C is actively involved in disruption of the telomere-TRF2
interaction process.

In summary, our results show that lamin A/C spatial organization may be instrumental in the
transition from mononuclear H- to bi- and multi-nucleated RS-cells and that the technology of 3D
analysis holds the potential for becoming an invaluable predictive tool in the clinical management
of this complex disease. However, live cell imaging for visualization of lamin will be necessary to
follow not only the formation of the internal lamin A /C structures but to confirm their impact in the
multinucleation process.

4. Materials and Methods

4.1. Lymphocyte Isolation and Stimulation

Peripheral blood lymphocytes (PBLs) were isolated from peripheral blood from healthy donors
through Ficoll-gradient centrifugation (Ficoll-Paque™ Plus, 17-1440-02, GE Healthcare, Little Chalfont,
UK). Blood was diluted with PBS (3.5:1) and settled with a ratio of 1.5:1 on Ficoll. The obtained buffy
coat was collected and washed twice in a PBS solution. Stimulation of B-lymphocytes was obtained
culturing PBLs with 50uM of Lipopolysaccharides (LPS) (SIGMA, L2630, St. Louis, MO, USA) for 72 h.
Isolated resting and LPS-activated PBLs were then placed onto poly-l-lysine (SIGMA, p8920, St. Louis,
MO, USA) coated slides.

4.2. Cell Lines

Three different EBV-negative cHL derived cell lines were used for this study: Nodular Sclerosis
cHL derived cell lines HDLM-2 and L-428, and Mixed Cellularity cHL derived cell line L-1236 (DSMZ,
Braunschweig, Germany). The HDLM-2 and L-428 cell lines were grown in RPMI-1640 medium,
supplemented with 20% fetal bovine serum (FBS), 1% L-glutamine, 1% sodium pyruvate, and 1%
penicillin—streptomycin (reagents from Invitrogen/Gibco, Burlington, ON, Canada). The L-1236 cell
line was grown in RPMI-1640 medium, supplemented with 10% FBS, 1% L-glutamine, 1% sodium
pyruvate, and 1% penicillin—streptomycin. Cells were incubated at 37 °C with 5% CO; in a humidified
atmosphere. Fresh slides were prepared before every experiment spreading the cells onto poly-L-lysine
coated slides.
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4.3. Immunohistochemistry

Primary Anti-Lamin A (rabbit polyclonal, ab26300, Abcam Ltd., Cambridge, UK) and secondary
Goat Anti-rabbit Alexa 488 (Molecular Probes, Waltham, MA, USA) antibodies were used for
immunohistochemical analysis of lamin A/C at a dilution of 1:200 and 1:500 respectively in 4%BSA /4 x
SSC blocking solution. Primary Anti-Lamin B1 (rabbit polyclonal, ab16048, Abcam Ltd. UK) and
secondary Goat Anti-rabbit Cy3 (AP187C, Sigma Chemical, St. Louis, MO, USA) antibodies were
used for immunohistochemical analysis of lamin B1 at a dilution of 1:200 and 1:500 respectively
in 4%BSA/4x SSC blocking solution. The cells were fixed in 3.7% formaldehyde/1x PBS and
permeabilized with 0.1% Triton-X 100. 1x PBS washes were performed to wash the solutions off.
Slides were then incubated with primary antibody for 45 min at 37 °C, humidified atmosphere. 1x PBS
washes were performed to wash away the extra primary antibody. Incubation with secondary antibody
was performed for 30 min at 37 °C, humidified atmosphere. 1x PBS washes were performed to wash
away the extra antibody. DNA of the nuclei was counterstained with DAPI. Vectashield was used as
mounting medium to prevent photo-bleaching of the sample.

4.4. Lamin A/C Patterns Quantitative Analysis

The quantitative measurements of the lamin A/C patterns have been performed on the cHL
derived cell line HDLM-2, on 30 H and 30 RS cells from three independent experiments. 2D images of
H and RS cells representing the identified pattern were selected and used for the quantitative analysis
on ZEN Blue Version 2.3 Software (Carl Zeiss, Jena, Germany). The Draw Spline Contour tool of ZEN
was used to manually select two distinct areas: (i) the external lamin A /C fluorescent signal (I) and
(ii) the internal lamin A /C fluorescent signal (I;). Total external lamin A/C signal intensity and total
internal lamin A /C signal intensity were calculated. A ratio of the resulting intensities (I /1;) was
calculated for every cell. The obtained ratios from cells having the same pattern were averaged and
compared with the ratios obtained for the other patterns.

4.5. cHL Patient Samples

We analyzed 12 primary Hodgkin’s lymphoma paraffin embedded pre-treatment lymph node
samples from patients diagnosed with cHL. The patients” information are summarized in Table 3.
The patients were consented to participate into this research, which was approved by the research
ethics board at the Jewish General Hospital in Montreal (protocol 16-016).

Formalin-fixed, paraffin-embedded tissue slides (5 um thickness) were deparaffinized at room
temperature in xylene until the paraffin was completely dissolved away, and then placed in 100%
ethanol. The slides were subsequently rehydrated in a descending gradient of ethanol-water
solutions to 50% ethanol, and transferred to PBS before fixation in 3.7% formaldehyde/1x PBS.
The immuno-staining protocol for lamin A /C applied was the same one used for the Hodgkin derived
cell lines, with the addition of an antigen-retrieval treatment before the permeabilization in Triton-X.
For this step, we incubated the slides in the Target Retrieval Solution (DAKO, 51700, Santa Clara, CA,
USA) for 20 min at 90 °C, and then 20 min at room temperature (RT).

4.6. Immuno-Staining for Lamin A/C/Telo-Q-FISH

The combined quantitative 3D lamin A /C-telomere immuno Q-FISH protocol used in this study
has been previously described by Knecht and Mai in 2017 [36]. In addition to the immuno-staining
procedure, Q-FISH was performed using Cy3- labeled peptide nucleic acid (PNA) probe (Dako,
Glostrup, Denmark). Slides were placed in 70% formamide/10 mM, then washed in 0.1 x SSC at 55 °C.
An additional wash in 2x SSC/0.05% Tween 20 was performed. A second incubation with primary
and secondary antibodies was performed before DAPI counterstaining.
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4.7. siRNA Silencing and Western Blot

Lamin A/C expression was monitored by Western Blot after siRNA lamin A/C transfection
in different concentration (12.5 nM, 25 nM and 50 nM) for 24 h (Figure 5A), 48 h (Figure 5B), 72 h
(Figure 5C) and 96 h (Figure 5D). siRNA lamin A/C transfection with 50 nM was also performed
on two additional time points—120 h and 144 h (Figure 6)—to investigate the complete kinetics of
siRNA-mediated lamin A /C silencing. siRNA Scramble was used as a negative control and Cyclophilin
B was used as a loading control. The fold-decrease for the siRNA is relative to the negative control
(Scramble for each concentration) and the Scramble is relative to control without transfection (Control).
All numbers are indicated under each column. These experiments were performed in triplicate using
cells from different passages.

4.8. 3D Image Acquisition

3D conventional imaging of 30 H, 30 RS, and 30 Lymphocytes was performed using ZEISS Axio
Imager.Z2 (Carl Zeiss, Toronto, ON, Canada) with a cooled AxioCam HR B&W, FITC, Cy3 and DAPI
filters in combination with a Planapo 63x/1.4 oil objective lens (Carl Zeiss). 60 z-stacks were imaged
for every fluorophore of every cell with a 200 nm step among the stacks. Images were obtained using
AxioVision 4.8 (Carl Zeiss), deconvolved using the constrained iterative restoration algorithm with
Theoretical PSF and Clip Normalization, and rendered using the Maximum Module.

The automated image acquisition of interphase nuclei was performed using the ScanView system
[Applied Spectral Imaging (ASI)], using a Zeiss Imager Z2 microscope with a Basler CCD camera.
For scanning purposes, the microscope was equipped with a motorized nine-slide stage (Mérzhauser,
Wetzlar, Germany). The 3D-images were acquired with dry 40x objective and a 0.6x c-mount
(Olympus, Tokyo, Japan) taking 9 focal planes per cell. The axial sampling distance between planes,
Dz, was 300 nm. Exposure times were constant at 1 ms (DAPI) and 100 ms (FITC) throughout
the experiments. The tissue sample mode with cell circularity setting of 1.4 was used to enable
segmentation of touching cells and cell detection. Cells touching the border of the field of view were
excluded. Approximately 1000 were scanned and analyzed. For data acquisition and analysis the
software modules GenASIs and SpotScan were used.

3D SIM imaging was performed using Zeiss PS.1 Elyra microscopy system equipped with
63x 1.4 NA objective lens and IXon 885 EMCCD Camera (Andor, Oxford, UK). Images were acquired
using 1.518 refractive index (RI) immersion oil. 405 nm laser was used for excitation of the DAPI
channel. SIM grating period of 28 pm was used. The step between z-planes (Az), was set at 0.091 um.
The images were reconstructed with ZEN 2012 black edition software (Carl Zeiss, Jena, Germany) with
Noise filter set to —3.0 and deactivation of the Baseline Cut option. Pixel size resulted 40 nm in the
reconstructed image.

4.9. Image Analysis

For co-localization of lamin A/C and telomeres, following deconvolution of the images, a
minimum of 30 H and 30 RS cells from three independent experiments on the HDLM-2 cell line
were processed using NIH Image ] Software (version 1.52e) and Tools for Analysis of Nuclear
Genome Organization (TANGO) software (version 0.97) [25,26]. All structures were segmented
using the stock segmentation; background was subtracted for Cy3 signals with subtract background
2D. Signal quantification was performed for FITC (lamin A/C) and Cy3 (telomere) signals and simple
geometric measurements were taken for the nuclei and Cy3 signals. Co-localization was determined
through the overlap between FITC signal of lamin A/C and Cy3 signal of the telomeres.

For telomeres’ analysis of siRNA treated cells and controls, deconvolved images were converted
into TIFF files and exported for 3D analysis using the TeloView software program (version 2.0, 3D
Signatures Inc., Toronto, ON, Canada) [37]. TeloView has been used for the analysis of the following
parameters: (i) total number of telomeres’ signals; (ii) total number of telomeres” aggregates; (iii) a/c
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ratio, which represents the cell cycle-dependent nuclear telomere distribution, where values close to 1
indicate cells are in GO/G1 phase, while values bigger than 1 are in S/G2 state; (iv) nuclear volume;
(v) average telomeres’ signal intensity; (vi) total telomeres’ signal intensity.

The granulometry analysis of the DNA structure, DNA-free space and all computations were
performed using the DIPimage toolbox for Matlab (version R2012a, MathWorks, Natick, MA, USA) as
described by Righolt et al. in 2014 [8].

4.10. Statistical Analysis

Chi-square (x?) test was used to assess the differences among the frequencies observed for the
different patterns in H and RS cells. The telomeric parameters (number of telomeres, number of
telomere aggregates, nuclear volume, a/c ratio, average and total telomere signal intensity) were
compared between siRNA treated and Scramble H and RS cells, and among siRNA treated H and
RS cells from different time points using a nested factorial analysis of variance (ANOVA) or two way
ANOVA. Multiple comparisons using the least-square means tests followed in which interaction effects
between two factors were found to be significant. Two-sided, two-sample Kolmogorov—Smirnov test
was used to determine statistical significance of the differences measured in the granulometry analysis.
Significance levels were set at p = 0.05.

5. Conclusions

Lamin A/C spatial distribution in H and RS cells from cHL is characterized by an aberrant shape
and the presence of internal lamin structures and points of protein accumulation. These internal
structures subdivide the nuclei into different sub-compartments. Due to the involvement of lamin A/C
in regulating mitosis, these new findings suggest a potential role of lamin A/C in the multinucleation
process from H to RS cells.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-6694/10/9/286/s1,
Figure S1: Example of lamin B1 protein staining in cells from Hodgkin’s lymphoma (HDLM-2), Figure S2: Lamin
B1 immunostaining of lymphocytes from PB of a healthy donor, Figure S3: H and E, CD30 and lamin A/C
staining in primary Hodgkin’s lymphoma paraffin embedded pre-treatment lymph node tissues from patients
diagnosed with cHL, Figure S4: Lamin A /C expression in primary Germinal Centre (GC) centrocytes from paraffin
embedded reactive tonsil tissue from healthy controls, Table S1: Means of total area and total lamin A /C signal
intensity alongside the frequencies of the lamin A/C 3D patterns observed in cHL-derived cell line HDLM-2.
1000 cells were automatically scanned and manually divided according to the lamin A/C 3D pattern shown,
Table S2: Means and frequencies of the lamin B1 3D pattern observed in cHL-derived cell line HDLM-2. 30 H and
30 RS cells from three independent experiments were analyzed using the deconvoluted 3D reconstructions and
divided according to the lamin B1 3D pattern shown. Videos S1-55: H Cell Pattern (0,A,B,C,D), Video S6: RS Cell
Bi-nuclear, Video S7: RS Cell Multi-nuclear, Video S8: RS Cell Tetra-nuclear.
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