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ABSTRACT 

Background: Multiple Myeloma (MM) is an oligoclonal cancer of plasma cells. Currently, 

MM is an incurable disease. MM displays altered gene expression, chromosome aberrations 

and altered chromosome position, which contributes to high genomic instability of MM cells. 

Lamin A/C is a nuclear protein that plays a critical role in the maintenance of genomic stability 

and nuclear architecture. Recently, our group observed that expression of lamin A/C was 

upregulated in MM patient samples compared to normal B-lymphocytes. Therefore, our 

objective was to investigate the role of lamin A/C on genome organization in MM. Methods 

and Results: The expression of lamin A/C in MM cell line (RPMI-8226) was confirmed by 

western-blot (WB) and immunofluorescence analysis. Downregulation of lamin A/C was 

performed using two different small interfering RNAs (siRNA), for two different regions of 

lamin A/C mRNA, as well as scrambled siRNA (scrRNA), used as a control. siRNA reduced 

the levels of lamin A/C in ∼80% in RPMI-8226 after 72-96 hours of transfection compared to 

scrRNA (both siRNAs). The impact of lamin A/C downregulation on chromosome territories 

(CT) and cell viability in MM was further analysed. The CT analysis revealed changes in CT 

4,9,11,14,16,18, and 22. These chromosomes moved from the nuclear periphery to the nuclear 

center in RPMI 8226 after lamin A/C downregulation, compared to the scrRNA. Gene 

expression varies according to CT position. Analysis of siRNA lamin A/C treatment (RPMI-

8226, 72 hours - quantitative PCR) shows upregulation of genes related to cell proliferation 

and cell survival. However, no changes in proliferation were observed. Analysis of chromatin 

changes using super resolution microscopy shows that downregulation of lamin A/C induces 

chromatin condensation (in 24 to 48 hours), followed by chromatin de-condensation (72 to 96 

hours) in compared to scrRNA. Summary and Conclusion: Lamin A/C protein levels and 

their impact on MM cells is poorly understood. Lamin A/C plays a role in genome organization 

and chromosome positioning in MM. Its disruption alters chromosome positions and the 
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expression of genes involved in MM pathogenesis. This study addresses the role of nuclear 

architecture in MM and highlight new insights of targeting genome organization for cancer 

treatment.  
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1. INTRODUCTION  

1.1. Multiple Myeloma Epidemiology  

 According to the Global Cancer Statistics of 2020, Multiple Myeloma (MM) accounts 

for approximately 1% of all cancer diagnoses worldwide (Sung et al., 2021). A total of 176,000 

new cases were observed in 2020, which 9,000 of cases being male and 77.000 being females 

(Sung et al., 2021). The mortality rate for the same period was 117,000, mostly occurring in 

males (Padala et el., 2021, Sung et al., 2021). Developed countries, such as Australia, Western 

Europe, and the USA display highest MM incidence rates, especially in African American 

population compared to other ethnicities (Padala et el., 2021). The average age of MM 

diagnosis is 70 years, characterizing it as a disease of older adults (Kaweme et al., 2021). In 

Canada, more than 4000 new diagnoses are expected for 2022, being the 3rd most frequent 

hematological cancer (Brenner et al., 2022). Furthermore, according to the Canadian Cancer 

Society, the incidence of MM still trends to increase overtime, especially with population 

aging. In 2022, more than 1600 lives are expected to be lost to MM, with mostly affected males 

(Brenner et al., 2022). 

1.2. Multiple Myeloma Pathophysiology  

 Multiple Myeloma is an incurable oligoclonal cancer of plasma cells characterized by 

accumulation of aberrant plasma cells in bone marrow and production of an abnormal antibody 

called M protein (Hemminki et al., 2021, Sadaf et al., 2022). In most cases, MM produces IgG 

(52%) immunoglobulins, followed by IgA (21%), light-chain (16%) and in less than 5% of the 

cases produces IgD and IgM (Hemminki et al., 2021). Furthermore, some cases of oligo-

secretion or non-secretion of M protein have also been reported (Kyle et al., 2003).  

Multiple Myeloma is the latest stage of a progressive disease, preceded by two initial 

stages that are refereed as monoclonal gammopathy of unknown significance (MGUS) and 



2 
  

smoldering multiple myeloma (SMM) (Georgakopoulou et al., 2021). MGUS is characterized 

by the absence of symptoms and 10% of aberrant plasma cells inside bone marrow. The risk of 

progression from MGUS to MM is 1% per year and overall age of diagnosis is around 50 years 

(Kyle et a., 2018).  SMM is defined by the absence of symptoms and the accumulation of 10-

60% of plasma cells inside the bone marrow, with a risk of progression to MM of 10% per year 

(Schmidt et al., 2021, Sadaf et al., 2022). Finally, MM can be defined as accumulation of more 

than 10% of aberrant plasma cells inside bone marrow and presence of end organ damage 

(Hemminki et al., 2021).  

Most frequently observed MM symptoms can be summarised by the acronym CRAB, 

represented by hypercalcemia, renal failure, anemia, and bone lesions (Nakaya et al., 2017). 

Altered balance of osteoblast and osteoclast activity mediated through secreted cytokines from 

MM cells causes severe bone lesions and osteoporosis (Reagan et al., 2015, Zagouri et al., 

2017). Increased osteoclast activity has been shown to promote MM development through 

secretion of growth factors, which creates a growth loop between osteoclasts and MM cells 

(Reagan et al., 2015). Other than that, increased bone resorption resulted from osteoclast 

activity has shown to drive hypercalcemia, observed in 15% of newly diagnosed MM patients 

(Zagouri et al., 2017).  

 Renal failure is one of the most common symptoms observed in MM patients. It is 

present in almost 50% of new diagnoses (ACHIM et al., 2021). The underlying mechanism 

behind kidney injuries is complex and mostly chronic, but secretion of free light-chain by MM 

cells seems to play a major role in this process (Bridoux et al., 2021, Menè et al., 2022). 

Increased protein retention in nephrons cause accumulation of water and damage to epithelial 

cells (Liu et al., 2019). Physiological compensatory mechanism induces water reabsorption, 

often counteracted by high calcium concentration in blood (characteristic on MM patients), 

which leads to increase hydraulic pressure in nephrons, contributing to acute kidney injury 
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(Bridoux et al., 2021, Menè et al., 2022). Other mechanisms also take place due to massive 

accumulation of immunoglobulin free light-chains into glomerular tubules, contributing to 

chronic proteinuria (Bridoux et al., 2021).  

 Infiltration and proliferation of MM cells inside the bone marrow promotes impairment 

of erythropoiesis (production of red blood cells) and deregulation of iron metabolism, leading 

to MM associated anemia (Banaszkiewicz et al., 2019, Rassner et al., 2020). Release of 

cytokines by MM cells, decreased production of erythropoietin, and reduction in iron 

reabsorption, associated with kidney failure, seems to play a major role in this process (Maes 

et al., 2010, Banaszkiewicz et al., 2019, Rassner et al., 2020). Moreover, some 

chemotherapeutic agents have been shown to induce hemolysis, contributing to MM associated 

anemia (Rassner et al., 2020).  

 Beyond CRAB, MM patients present a variety of secondary symptoms mostly related 

to standard clinical manifestations of the disease. Most common involves neuropathy, 

amyloidosis, body pain, systemic infections, fatigue, and peripheral sensory loss, among others 

(Talamo et la., 2010, Lu et al., 2021, Dissanayaka et al., 2022, Khalyfa et al., 2022). This 

highlights a heterogeneous and complex disease phenotype that severely affect a patients’ life 

quality.  

1.3. Multiple Myeloma Genomic Landscape  

 MM has a complex genomic landscape characterized by the acquisition of several 

chromosomal abnormalities and somatic gene mutations. Most common genomic alterations 

involve chromosome aneuploidies (gain or loses of chromosomes or chromosome parts), 

chromosome translocations mostly comprising the immunoglobulin heavy-chain locus, placed 

on chromosome 14q32, and gene mutations that drive disease progression (Morgan et al., 2012, 

Corre et al., 2015, Manier et al., 2017). The etiology of MM genome instability is still 



4 
  

unknown, but several studies have been pointing to a role of clonal evolution that occurs from 

pre-malignant stages to MM and during MM (Landgren et al., 2009, Roschke et al., 2013, 

Manier et al., 2017). Chromothripsis (chromosome rearrangement often involving one or two 

chromosomes) and chromoplexy (complex structural rearrangement involving multiple 

chromosomes) events were thought to be drivers of genomic instability in MM cells 

(Kloosterman et al., 2014, Ashby et al., 2019). However, recent studies have shown the 

acquisition of consecutives chromosome abnormalities would lead to tumor adaptability and 

clonal heterogeneity that would carry the disease to final stages of development or could trigger 

patient remission after treatment (Roschke et al., 2013, Manier et al., 2017, Maura et al., 2019, 

Bustoros et al., 2020, Furukawa et al., 2020, Neuse et al., 2020). 

1.4. Chromosomal Abnormalities and Somatic Gene Mutation 

 Structural chromosome abnormalities are thought to be early events in 

myelomagenesis, being present in pre-malignant stages of disease (Bolli et al., 2018). 

Chromosome translocations, mostly involving the immunoglobulin heavy-chain (IGH) locus, 

placed on chromosome 14, drives tumorigenesis by enhancing the expression of oncogenes 

(Maura et al., 2019) (Figure 2). The most frequent translocations associated with MM are t(4; 

14), t(6; 14)  t(11; 14), t(14; 16), and t(14; 20) (Bergsagel et al., 2001). The t(4; 14) triggers the 

expression of fibroblast growth factor receptor 3 (FGFR3) gene located on chromosome 4, 

present in 15% of MM patients, commonly associated with MM’s poor prognosis and low 

response to chemotherapy  (Keats et al., 2003, Brito et al., 2009, Chng et al., 2014, Barwick et 

al., 2019) (Figure 2). The t(6; 14) is rare, being present in 1% of MM patients and triggers the 

overexpression of the Cyclin D3 gene (CCDN3) (Barwick et al., 2019, Abdallah et al., 2020) 

(Figure 2). Patients carrying the t(6; 14) were classified as high-risk and less responsive to 

immunomodulatory drug-based treatment (Abdallah et al., 2020). The t(11; 14) is the most 

common, being present in almost 20% of MM patients and triggers the overexpression of the 
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Cyclin D1 gene (CCDN1) (Manier et al., 2017, Barwick et al., 2019). Investigations of patients 

carrying the t(11; 14) revealed better overall survival rate, compared to patients with other 

structural chromosomal alterations (Gertz et al., 2005, Stewart et al., 2007, An et al., 2013) 

(Figure 2). Translocation (14; 16) and t(14; 20) drive the overexpression of c-MAF and MAFB 

genes, respectively, being associated with poor patient outcome (Maura et al., 2019, Murase et 

al., 2019, Goldman‐Mazur et al., 2020) (Figure 2). Furthermore, t(14; 16) was shown to induce 

MM resistance to proteasome inhibitor therapy (Qiang et al., 2016). Translocations involving 

the immunoglobulin light-chain locus (IGL), located on chromosome 21, are also present in 

MM, mostly rearranged with MYC gene (Walker et al., 2015, Barwick et al., 2019). MYC 

translocations have been observed in 14% of MM patients, commonly associated with a 

patient’s poor prognosis (Walker et al., 2015, Barwick et al., 2019). 

 Besides structural chromosomal abnormalities, MM also display chromosome 

aneuploidies (gains or loses of whole chromosomes or chromosome parts) (Chretien et al., 

2015). Whole chromosome trisomy often involving odd numbered chromosomes, such as 3, 5, 

7, 9, 11, 15, 19, 21, have been reported in MM patients (Chng et al., 2006, Chretien et al., 2015, 

Aktas Samur et al., 2019) (Figure 2). Hyperploid MM is associated with good patient outcome 

when other chromosomal abnormalities are absent (Chng et al., 2006, Manier et al., 2017, 

Barwick et al., 2019). Additionally, deletion of 1p, del(12p), del(13p), del(13) whole 

chromosomes, del(16p), del(17p), and 1q gain have also been reported in MM patients 

harboring chromosome aneuploidies (Morgan et al., 2012, Maura et al., 2019) (Figure 2). Loss 

of tumor suppressor genes, through chromosome deletions is associated with MM progression 

and patient poor prognosis (Fonseca et al., 2001, Shaughnessy et al., 2005, Fonseca et al., 2009, 

Boyd et al., 2011, Manier et al., 2017).  

 In MM, somatic gene mutations often affect survival pathways, gene repair 

mechanisms, cell cycle pathways, and gene expression profile (Chapman et al., 2011, Lohr et 
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al., 2014, Bolli et al., 2018). Next generation sequencing (NGS) data of MM samples described 

several gene mutation across MM genome, even in pre-symptomatic stages (Bolli et al., 2018, 

Bolli et al., 2018, Samur et al., 2020, Furukawa et al., 2020, Yellapantula et al., 2020). 

However, somatic gene mutations were not described as drivers of MM progression from 

asymptomatic stages, occurring mostly in late stages of MM disease as a consequence of clonal 

evolution and tumor adaptability (Bolli et al., 2018, Samur et al., 2020, Furukawa et al., 2020, 

Maura et al., 2020).  

1.5. Multiple Myeloma Clinical Treatment and Current Challenges  

 Discovery and introduction of new drugs changed MM treatment approach over time. 

Today, first line treatment options vary according to disease phenotype and secondary patient’s 

characteristics, such as age and any presence of comorbidities (Palumbo et al., 2011, Moreau 

et al., 2015, Rajkumar et al., 2018, Kumar et al., 2019). Disease phenotype (presence of CRAB 

symptoms and M protein) is predominantly determining the choice of treatment, once presence 

of multiple end organ damage, and genomic abnormalities, can lead to adverse patient outcome 

and heterogeneous response to treatment (Chng et al., 2014, Lonial et al., 2015, Palumbo et al., 

2015).  

 The treatment of MM often involves usage of different drugs with multiple targets and 

distinct mechanisms of action. The most common drug classes in use are proteasome inhibitors 

(PIs), corticosteroids, immune-modulatory drugs (IMIDs), monoclonal antibodies (mAbs), 

histone deacetylase inhibitors (iHDACs), nuclear export inhibitors and high-dose 

chemotherapy (HDC) associated with autologous stem cell transplantation (ASCT) (Cejalvo et 

al., 2017, Al Hamed et al., 2019, Rajkumar et al., 2019). The order and combination of drugs 

used before ASCT have been widely tested in clinical trials and the combination of PI 

(bortezomib), corticosteroid (dexamethasone), and IMID (thalidomide), has become the 
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standard procedure prior ASCT (Cavo et al., 2010, Moreau et al., 2011, Rosiñol et al., 2012) 

(Figure 3).  

 The use of PI in MM relies on inhibiting degradation of pro-apoptotic proteins, 

suppression of nuclear factor B (NFκB) pathway (decreasing degradation on IkBs) and increase 

expression of pro-apoptotic proteins of B-cell lymphoma 2 protein (Bcl-2) family (Richardson 

et al., 2003, Chen et al., 2011). Furthermore, use of Bortezomib has shown to stimulate 

osteoblast activity through alkaline phosphatase production and inhibit osteoclast-mediated 

bone degradation, thus preventing bone resorption (Zangari et al., 2006, Mohty et al., 2014). 

Moreover, PI have been used for treatment of newly diagnosed MM patients as well as in 

refractory/relapsed MM, when associated with other drugs (Kuhn et al., 2009, Campbell et al., 

2015, Dimopoulos et al., 2016). However, acquisition of resistance mechanisms to PIs activity 

was reported in MM. Punctual gene mutations in proteasome subunits associated with 

overexpression of proteasome proteins and enhanced proteasome activity has been associated 

with resistance to PI in MM (Brünnert et al., 2019, Xie et al., 2020). Furthermore, epigenetic 

modulation through histone acetylation, MM clonal evolution as well as exosome-transfer 

mediated resistance by tumor microenvironment cells also plays a key role in MM resistance 

to PI (Xu et al., 2019, Xie et al., 2020) (Figure 3).  

 Immune-modulatory drugs such as Thalidomide, Lenalidomide, and Pomalidomide 

targets different pathways related to MM development. They inhibit the interaction of MM 

cells with stroma cells in bone marrow (BM), inhibit the secretion of several interleukin and 

growth factors, essential for MM cells growth, decreases of inflammatory responses, and 

increase in proliferation of T-cell lymphocytes as well as natural killers (Anderson et al., 2005, 

Kotla et al., 2009, Lagrue et al., 2015). Moreover, lenalidomide has shown anti-angiogenic 

activity, thus impairing formation of new vessels required for growth of primary and secondary 

tumors (Anderson et al., 2005, Kotla et al., 2009). Despite this, MM cells develop different 
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resistance mechanisms to IMIDs. Some studies have shown that MM cells acquire point 

mutations in the cereblon protein gene (main binding target of IMIDs), impairing IMIDs effects 

(Kortüm et al., 2016). Other studies have shown that overexpression of competitive binding 

proteins of cereblon have been associated with IMIDs resistance in MM (Zhu et al., 2014). 

Furthermore, the role of the tumor microenvironment driving MM clonal evolution has been 

also associated with IMIDs resistance (Suzuki et al., 2021) (Figure 3).  

 The use of monoclonal antibodies to treat MM has shown promising results in newly 

diagnosed MM patients, as monotherapy, and in relapsed/refractory MM, when combined with 

other drugs (Usmani et al., 2014, Lonial et al., 2015, Lonial et al., 2016, Orlowski et al., 2018). 

Monoclonal antibodies targeting CD38 or CS1 antigens on the surface of MM cells, such as 

Isatuximab, Daratumumab, and Elotuzumab, promote MM killing through immune-mediated 

complex mechanisms (Collins et al., 2013, Krejcik et al., 2016, van de Donk et al., 2016). 

Furthermore, the new explored B-cell maturation antigen (BCMA) associated with drug 

conjugates or chimeric antigen receptor modified T-cell therapy (CAR-T) showed remarkably 

anti-myeloma activity and minimal residual disease after treatment (Shah et al., 2020). 

However, heterogeneous expression of surface antigens has been associated to MM resistance 

to mAbs therapy (Nijhof et al., 2015, Nijhof et al., 2016). Furthermore, loss or decrease 

expression of the target antigens surfaces, and increase expression of CD55 and CD59 (self 

recognizing antigens for complement system) have been observed in refractory/relapsed MM 

(Nijhof et al., 2015, Nijhof et al., 2016, D’Agostino et al., 2020) (Figure 3).  

 Histone deacetylase inhibitors (iHDACs) have been recommended for the treatment of 

refractory/relapsed MM, usually associated with other drugs (Siegel et al., 2014, San-Miguel 

et al., 2014, Hansen et al., 2018). iHDACs promote expression of tumor-suppressor genes 

previously silenced by aberrant chromatin acetylation (Laubach et al., 2015). iHDACs also 

induce apoptosis through regulation of pro-apoptotic proteins and association with protein 
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recycling systems (Laubach et al., 2015, Yee et al., 2018). The mechanism of resistance to 

iHDACs in MM remains elusive, but up-regulation of survival pathways has been associated 

with resistant MM cell clones (Chüeh et al., 2017).  

Even though introduction of new drugs and changes in therapeutical approaches have 

improved patient overall survival, MM remains an incurable disease. Challenges remain 

regarding discovery of new disease biomarkers, risk stratification algorithms, strategies to 

overcome disease resistance and improvements on disease diagnosis of pre-symptomatic forms 

of the disease.  

1.6. High-order Genome Architecture in Human Cells  

 The human genome is hierarchically organized (Berezney et al., 2002, Chang et al., 

2018, Soler-Vila et al., 2020). Such organization is necessary given the DNA length compared 

to nuclear size (Berezney et al., 2002, Zinchenko et al., 2018). First, nucleotides interact 

through hydrogen bounds to create the DNA helix structure (Yakovchuk et al., 2006). Such 

organization is a key element conferring DNA stability and folding (Yakovchuk et al., 2006, 

Privalov et al., 2018). The double strand DNA associated with histones and other proteins give 

rise to nucleosomes (Oudet et al., 1975). Small interactions between nucleosomes occur in 

order to build the 30nm chromatin fibers (Adkins et al., 2004). Chromosome scaffold proteins 

interacts with chromatin fibers to generate chromatin loops (Hansen et al., 2020). The loop-

chromatin organization is essential for gene expression regulation as well as chromatin 

interaction (Schoenfelder et al., 2015, Sanborn et al., 2016, Yu et al., 2021). Chromatin 

segregation mediated by chromosome scaffold proteins give rise to chromatin domains 

(chromatin loops aggregates surrounded by interchromatin spaces) (Nozaki et al., 2017, Shaban 

et al., 2018). Organization of chromatin domains in specific areas of human nuclei represents 
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the highest level of genome organization, as entitle chromosome territories (CT) (Cremer et 

al., 2010, Kinney et al., 2018).  

 Chromosomes are non-randomly organized and occupy distinct areas in interphase 

nuclei (Tanabe et al., 2002, Bolzer et al., 2005, de Castro et al., 2022) (Figure 1). Some studies 

demonstrate that chromosomes would follow a size rule of distribution (big chromosomes 

would be located at nuclear periphery while small chromosomes would be located at nuclear 

center) (Sun et al., 2000, Tanabe et al., 2002, Bolzer et al., 2005) (Figure 1). Others have 

implied that gene density would determine chromosome position (gene-rich chromosomes 

would be located at nuclear center, while gene-poor chromosomes would be placed at nuclear 

periphery) (Mayer et al., 2005, Tanabe et al., 2005) (Figure 1). The chromosome position is a 

key element regulating gene expression (Mahy et al., 2002, Malyavantham et al., 2008, Han et 

al., 2020) (Figure 4). Highly transcribed genes are placed in nuclear center, where most of the 

transcriptional machinery is located, while late replicating genes are commonly found on 

nuclear borders, where transcriptional machinery is less concentrated (Mahy et al., 2002, 

Malyavantham et al., 2008). Furthermore, extraterritorial gene expression has been reported, 

where genes move outward their CT for transcription, returning to their CT position after 

replication (Williams et al., 2003, Wegel et al., 2005). Besides this, several studies have 

demonstrated that chromosome positions are cell type specific and may alter position according 

to differentiation cell status (Kuroda et al., 2004, Mayer et al., 2005, Wegel et al., 2005, Sehgal 

et al., 2016). Moreover, CT studies revealed a portion of chromosomes (Ch 13, 14, 15, 21, and 

22) that associate with the nucleoli, to transcribe ribosomal proteins (van Sluis et al., 2020, 

Mangan et al., 2021) (Figure 1).  



11 
  

Figure 1 – Chromosome Territories organization rules. 

Figure 1. Chromosome territories etiology models and factors influencing chromosome 

organization. Image from Lima et al., 2022.  

1.6.1. Chromosome Territories in Multiple Myeloma 

 In multiple myeloma chromosome territories are altered. Sathitruangsak et al. (2017) 

reported that position of chromosomes 4, 9, 11, 14, and 18 is more internal located compared 

to normal B-lymphocytes (Figure 2). The consequences of CT alteration in MM gene 

expression were not investigated, but studies using MM-derived patient samples revealed that 

several genes placed on those chromosomes were up regulated (Broyl et al., 2010, Chen et al., 

2022). Furthermore, several studies have been associating chromosome position with the 

acquisition of MM translocations. Balajee et al. (2018) showed that frequency of chromosome 
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translocation in B-lymphocytes irradiated with X-ray and neutrons were dependent of 

chromosome proximity. Others have shown that chromosome proximity would facilitate 

intermingling of chromosome parts, thus facilitating translocation event to occur (Branco et al., 

2006, Righolt et al., 2011). Moreover, chromatin analysis of MM samples using super-

resolution microscopy revealed a less condensed open chromatin (Sathitruangsak et al., 2015) 

(Figure 2). Regulation of chromatin state in MM has been associated with changes on gene 

expression that may favor disease progression (Jin et al., 2018, Ordoñez et al., 2020). However, 

it is not clear if alteration of CTs drives myelomagenesis or if it is a consequence of 

tumorigenesis process. Furthermore, altered expression of nuclear proteins has been associated 

with aberrant chromatin organization, commonly correlated to cancer development 

(Prokocimer et al., 2006, Sunkara et al., 2018).  

Figure 2 – Chromatin architecture in Multiple Myeloma.  
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Figure 2. Altered chromatin organization in Multiple Myeloma. Changes of chromosome 

position and chromatin state seems to play a role in Multiple Myeloma development. Image 

from Lima et al., 2022. 

1.7. Lamin A/C  

1.7.1. Lamin A/C Role on Genome Organization, Gene Expression and Cancer 

Lamin A/C is an intermediate filament protein type V (Dittmer et al., 2011). It is a 

product of human LMNA gene, which encodes for both Lamin A and Lamin C proteins (Dittmer 

et al., 2011). Alternative message RNA splicing at exon 10 leads to the expression of Lamin C 

(Dittmer et al., 2011, Al-Saaidi et al., 2015). Lamin A/C is commonly located at the inner 

nuclear lamina, and it also forms a nucleoplasm network, in association with other proteins 

(Dittmer et al., 2011, Naetar et al., 2017). Furthermore, lamin A/C has been involved in the 

regulation of different cellular processes, such as nuclear structural stability, cell motility, cell 

differentiation, mechanosensory responses, gene expression regulation, DNA damage repair 

mechanism, telomere protection and chromatin organization (Mewborn et al., 2010, Dittmer et 

al., 2011, Singh et al., 2013, Wood et al., 2014, Piekarowicz et al., 2017, Ranade et al., 2019, 

Srivastava et al., 2021). In addition, lamin A/C has emerged as a key protein regulating 

chromosome position, as its depletion leads to changes in chromosome territories (Ranade et 

al., 2019).   

 Lamin A/C provides attachment regions for the genome through direct interaction with 

chromatin or by association with other proteins (Wood et al., 2014, Naetar et al., 2017). Some 

studies demonstrate that lamin A/C is required for heterochromatin position at nuclear 

periphery, and in its absence, heterochromatin moved to nuclear center (Solovei et al., 2013).  

Furthermore, lamin A/C also interacts with nucleoplasm chromatin in genomic regions called 

lamina associated domains (LADs), mostly mediating gene expression regulation (Naetar et 



14 
  

al., 2017). In fact, nuclear investigations showed that around 60% of lamin A/C is found into 

the nucleoplasm, representing a high mobile and dynamic structure (Broers et al., 1999, 

Bronshtein et al., 2015). Mutations in both Lamin A and Lamin C gene causes inner nuclear 

lamina instability and disassemble of Lamin nucleoplasm (Broers et al., 2005). Additionally, it 

was demonstrated that lamin A/C binds to telomeric ends and telomeric interstitial sequences 

through association with telomere repeating binding factor 2 (TRF2), providing telomere 

protection and chromosome organization (Wood et al., 2014). Loss of functional lamin A/C 

has been associated to increased telomere mobility and altered chromatin dynamics (Bronshtein 

et al., 2009, De Vos et al., 2010, Bronshtein et al., 2015).  

Lamin A/C is key for the maintenance of chromosome territories. Several studies have 

shown that absence of lamin A/C or point mutations in the LMNA gene causes chromosomes 

to intermingle. Bronshtein et al. (2015) showed, using live cell imaging-based methods, that 

depletion of lamin A/C increases chromatin mobility. Furthermore, mutations in the LMNA 

gene were associated with mispositioning of chromosome 13 and altered gene expression in 

heart-derived cells (Mewborn et al., 2010, Puckelwartz et al., 2011). In lamin A/C deficient 

cells, condensation of CT and repositioning of centromeric heterochromatin were observed 

(Galiová et al., 2008). Moreover, recent studies demonstrate that downregulation of lamin A/C 

and other nuclear proteins causes CT changes as well as gene repositioning in the nucleoplasm 

(Ranade et al., 2019).  

Changes of chromatin position have been associated with altered gene expression. 

Chromatin replication events and transcriptional machinery are more concentrated at the 

nuclear center compared to nuclear periphery (Tanabe et al., 2002, Malyavantham et al., 2008, 

Malyavantham et al., 2008). In fact, attachment of genes to the nuclear lamina leads to gene 

transcription suppression while movements towards nuclear center showed to increase gene 

expression (Reddy et al., 2008, Peric-Hupkes et al., 2010, Shevelyov et al., 2018, Shevelyov et 
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al., 2019). Besides high-order chromatin regulation of gene expression, lamin A/C also 

interacts with gene promoter regions and transcription factors regulating both gene expression 

and gene repression (Lund et al., 2013, Ikegami et al., 2020). Furthermore, lamin A/C also 

associates with histone proteins, thus promoting indirect gene expression regulation (Lund et 

al., 2013, Dittmer et al., 2011, Osmanagic-Myers et al., 2015). Moreover, loss of lamin A/C 

has shown to affect gene expression even outside of LADs (Lund et al., 2013).  

1.7.2. Lamin A/C in Cancer 

Reports of lamin A/C in cancer are controversial and have described both its enhanced 

and decreased expression (Foster et al., 2010, Wang et al., 2015, Sakthivel et al., 2016). Studies 

in hematological malignancies such as leukemia and lymphomas have shown downregulation 

of lamin A/C through hypermethylation of LNMA promoter (Foster et al., 2011, Redwood et 

al., 2011). Furthermore, demethylation agents have shown to revert lamin A/C downregulation 

in neuroblastoma cells (Rauschert et al., 2017). On the other hand, overexpression of lamin 

A/C in breast cancer cell lines were associated with increased circulating tumor cells (CTCs) 

in the bloodstream through a mechanism of sheer-stress resistance (Mitchell et al., 2015). 

Lamin A/C downregulation has been implicated in decreased CTCs number in bloodstream 

(Mitchell et al., 2015). Furthermore, an increase in lamin A/C expression was associated with 

the attachment of CTCs to epithelial cells, facilitating the metastatic process and the formation 

of new tumor sites (Zhang et al., 2017). In prostate cancer, lamin A/C overexpression was 

associated to enhanced cell growth, migration, and cancer invasiveness, thus promoting an 

aggressive phenotype in prostate cancer cells (Kong et al., 2012).  

Overall, there is no expression pattern of lamin A/C when it comes to cancer cells as many 

studies reported. However, heterogeneous expression of lamin A/C has been correlated to 

cancer aggressiveness, mostly varying according to cancer type (Dubik and Mai, 2020). 
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Therefore, some authors have proposed lamin A/C as a cancer biomarker or prognostic factor 

as its modulation is related to the tumorigenesis process and to cancer progression (Dubik and 

Mai, 2020).   

2. RATIONALE 

Lamin A/C expression varies depending on the cancer types. It is thought to promote cancer 

aggressiveness and contribute to cancer progression. In our preliminary data, we observed that 

lamin A/C was overexpressed in a multiple myeloma cell line and in myeloma cells of 10 

primary treatment-naïve myeloma patients, compared to normal B-lymphocytes. Therefore, I 

examined if the disruption of lamin A/C in the MM cell line RPMI 8226 by siRNA, shRNA, 

or CRISPR/Cas 9 will lead to disruption of chromosome territories, and, as a result, impair cell 

division in myeloma cells. This work represents a new approach in the field of genomic 

instability, nuclear genome architecture and in translational research into multiple myeloma.  

3. HYPOTHESIS  

Lamin A/C is required for the maintenance of the chromosome territories in multiple 

myeloma. In its absence, chromosomes will intermingle and recombine as they are no longer 

able to maintain their regular positions in their territories and this will prevent proper cell 

division. 

4. OBJECTIVES 

Aim 1. Disruption of lamin A/C to identify the role of lamin A/C on genome 

organization and chromosome territories in myeloma cells 

Aim 2. Analysis if lamin A/C downregulation will affect cell viability and gene 

expression in MM cells. 
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5. MATERIAL AND METHODS  

5.1. Cell lines 

 MM cell lines, RPMI 8226 (CRM-CCL-155™) and MM.1R (CRL-2975™), were 

obtained from ATCC®. The cell lines were maintained using Gibco™ RPMI 1640 medium 

(ATCC modified – 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L 

glucose, and 1500 mg/L sodium bicarbonate,) supplemented with 10% Fetal Bovine Serum 

(FBS) and 1% Penicillin-Streptomycin (reagents from Gibco, Burlington, ON, Canada). The 

cells were cultured in Nunc™ EasYFlask™ 75cm2 (Thermo Scientific, Roskilde, Denmark), 

kept at standard conditions of CO2 (5%) and temperature (37°C) and sub-cultured every 48-72 

hours, according to their specific doubling time.   

5.2. Protein Extraction and Quantification – Lamin A/C expression in MM cell lines 

 RPMI 8226 and MM.1R were cultivated in 75cm2 flasks util 80% confluency could be 

observed using inverted light microscopy. MM.1R was harvested using cell scrapers (Thermo 

Scientific™, NY, USA) followed by centrifugation at 1200 rpm for 5 minutes. RPMI 8226 

were harvested using 10 ml serological pipets (Thermo Scientific™, NY, USA) followed by 

centrifugation at 1200 rpm for 5 minutes. After centrifugation, the supernatant was removed, 

using serological 10 ml pipets, and the cells were washed once using cold 1X Phosphate 

Buffered Saline (PBS), pH 7.4, followed by centrifugation at 1200 rpm for 5 minutes. Then, 

the supernatant was removed, using serological 10 ml pipets, followed by addition of 50-200 

µl of cold RIPA buffer (with addition of Pierce Protease Inhibitor Tablets and Phosphatase 

Inhibitor Cocktail) (Thermo Scientific™, NY, USA). RIPA volume was determined according 

to the cell pellet size. The cells were incubated in ice for 15 minutes followed by sonication for 

10 seconds. The cells were then centrifugated at 13.000 rpms for 6 minutes at 4°C. The 
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supernatant was collected and transferred to a new tube. The proteins were storage at -20°C 

until further analysis.   

In this study, all proteins were quantified using the Pierce™ BCA Protein Assay Kit 

(Pierce Biotechnology, Rockford, IL, USA) according to manufacturer’s instructions. 

5.3. Western Blot Analysis  

 The proteins were mixed with 2X Laemmli Sample Buffer (65.8 mM Tris-HCl, pH 6.8, 

2.1% SDS, 26.3% (w/v) glycerol, 0.01% bromophenol blue and 0.05% (v/v) of β-

mercaptoethanol) in a 1:1 ratio (v/v), followed by heating at 80°C for 5 minutes. Proteins were 

loaded (30µg) in polyacrylamide gels (5% acrylamide/bis-acrylamide for stacking gel and 10% 

acrylamide/bis-acrylamide for resolving gel) and allowed to run for 30 minutes at 55V followed 

by 60 minutes at 110V. The proteins were transferred to nitrocellulose membranes (0.45µm) 

(Bio-Rad Laboratories, Mississauga, ON, Canada) using Pierce™ 1-Step Transfer Buffer and 

the Pierce Power Blot Cassette (Thermo Scientific, NY, USA) for 7 minutes at 25V. After 

transfer step, the membranes were blocked in 5% Blotting Grade Blocker Non-Fat Dry Milk 

(Bio-Rad Laboratories, Mississauga, ON, Canada) in Tris-buffered saline with 0.1% Tween-

20 (TBS-T) for 1 hr. All antibodies were diluted in block solution (5% milk in TBS-T). The 

membranes were incubated with rabbit anti-human Lamin A antibody (1:1000, Abcam® Plc, 

MA, USA) and mouse anti-human α-tubulin (1:5000, Abcam® Plc, MA, USA) on a shaker, 

overnight at 4°C. After incubation with primary antibody, the membranes were washed three 

times in 1X TBS-T for 10 minutes, room temperature (RT), shaking. After washing, the 

membranes were incubated with secondary antibodies goat anti-rabbit (1:5000, Abcam® Plc, 

MA, USA) and goat anti-mouse (1:5000, Abcam® Plc, MA, USA) for 1 hour, at RT, shaking. 

The membranes were washed three times in 1X TBS-T for 10 minutes, followed by incubation 

with enhanced chemiluminescence (ECL) solution (Immobilon, Millipore, MA, USA), 
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according to manufacturer’s instructions. Protein signals was acquired using the C-digit blot 

scanner (Licor, NE, USA). The western analyses were performed using the pixel densitometry 

obtained using software ImageJ (NIH, ImageJ 1.49v, Madison, WI, USA) of target bands 

(lamin A/C) and its respective constitutive bands (α-tubulin). The protein of interest was 

normalized to its the respective constitutive protein (α-tubulin). All WB assays were done in 

triplicate. 

5.4. Lamin A/C downregulation using siRNA 

Transient downregulation of lamin A/C was performed using siRNA lamin A/C (Target 

Sequence: GGUGGUGACGAUCUGGGCU), while scrambled RNA (scrRNA) (Target 

Sequence: UAGCGACUAAACACAUCAA) was used as a negative control for the silencing. 

The cell (RPMI 8226 – 1x106) underwent electroporation with 2µM of siRNA lamin A/C as 

well as 2µM of scrRNA, using Nucleofector® 2b Device (Lonza Canada Inc, QC, Canada), 

according to the manufacture’s instructions. After electroporation, the cells were transferred to 

6-well plates (Nunc™ Cell-Culture Treated Multidishes, Thermo Scientific, NY, USA), 

cultured for 0 to 96 hours, under standard conditions of CO2 (5%) and temperature (37°C). In 

order to analyse lamin A/C downregulation kinetics, cells were harvested every 24 hours until 

96 hours, for protein extraction, quantification and western blot analysis as previously 

described.  These experiments were performed in triplicate.  

5.5. Trypan Blue exclusion Assay  

 Trypan blue exclusion assay was performed in RPMI 8226 to analyse the impact of 

lamin A/C downregulation to cell viability. The cells (1x106) underwent electroporation with 

2µM of siRNA lamin A/C and 2µM of scrRNA, as previously described here. After 

electroporation, cells were transferred to 6-well plates (Nunc™ Cell-Culture Treated 

Multidishes, Thermo Scientific, NY, USA) and maintained under standard conditions of CO2 
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(5%) and temperature (37°C). After 24 hours the cells were homogenized, 10µl was collected 

and mixed with trypan blue solution 0.4% (Thermo Scientific, NY, USA) in a 1:1 ration, 

followed by cell counting using hemocytometer.  

5.6. MTT assay 

  MTT assay was used to analyse the impacts of lamin A/C downregulation on cell 

proliferation, in RPMI 8226. The cells (1x106) underwent electroporation with 2µM of siRNA 

lamin A/C and 2µM of scrRNA, as previously described above. After electroporation, the cells 

were seeded in 96-well plates (Thermo Scientific, NY, USA) at 5x104 cells per well and cell 

proliferation was analysed through metabolism of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) to its insoluble form of formazan crystals. Every 24 hours 

MTT solution (5mg/ml of MTT in ddH2O) was added to the wells to a final concentration of 

0.5mg/ml, followed by incubation at 37°C, for 4 hours. After incubation, the cells were 

centrifuged at 1600 rpm for 5 minutes, followed by media removal, using multichannel pipets 

(Eppendorf, Mississauga, ON, Canada). Formazan crystals were solubilized using 200µl of 

Dimethyl sulfoxide (DMSO) (Millipore Sigma, Merck, MA USA) per well, and absorbance 

were acquired using Spectra max 190 (Molecular devices, CA, USA) at 570nm wavelength. 

All MTT assays were done in triplicate. 96-well plate background absorbance were subtracted 

by specific sample optical densitometry. 

5.7. Immunostaining of Lamin A/C  

 RPMI 8226 (1x106 cells) underwent electroporation with 2µM of siRNA lamin A/C as 

well as 2µM of scrRNA, as previously described here. After electroporation the cells were 

seeded in 6-well plates (Nunc™ Cell-Culture Treated Multidishes, Thermo Scientific, NY, 

USA) and incubated at standard conditions of CO2 (5%) and temperature (37°C). After 96 

hours the cells were harvested and centrifuged at 800 rpm for 10 minutes. The supernatant was 
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removed, and cells were washed once with 1X PBS (37°C), followed by centrifugation at 800 

rpm for 10 minutes. The supernatant was removed, followed by addition of 200 µl of 1X PBS 

(37°C) to concentrate the cells. The cells were seeded in pre-coated (10% of poly-L-lysin - 

Millipore Sigma, Merck, MA USA) glass slides (Orsatec, BY, Germany) and fixed in 

3.7%formaldehyde / 1xPBS for 10 minutes (RT). The slides were washed three times in 1X 

PBS (RT) for 5 minutes, shaking, followed by incubation with 0.1% Triton X-100, for 12 

minutes (Millipore Sigma, Merck, MA USA). The slides were washed three times in 1X PBS 

(RT) for 5 minutes, shaking, followed by incubation with blocking solution (4% bovine serum 

albumin (BSA) (Millipore Sigma, Merck, MA USA) in 4X saline-sodium citrate (SSC) buffer) 

for 1 hour at 37°C in humidified atmosphere. After 1 hour, the slides were incubated with 

primary antibody (rabbit anti-human Lamin A 1:100, Abcam® Plc, MA, USA) diluted in block 

solution, overnight at 37°C in humidified atmosphere. After primary antibody incubation, the 

slides were washed three times with 1X PBS (RT) for 5 minutes, shaking, followed by 

incubation with secondary antibody (1:500 goat anti-rabbit conjugated with Cy5 fluorophore, 

Thermo Scientific, NY, USA) diluted in blocking solution, for 1 hour at 37°C, in humidified 

atmosphere. After secondary antibody incubation, the slides were washed three times with 1X 

PBS (RT) for 5 minutes, shaking, followed by incubation with 0.1µg/ml of 4′,6-diamidino-2-

phenylindole – DAPI, for 5 minutes at RT. The DAPI excess was removed by washing slides 

once with 1X PBS (RT) for 1 minute, shaking. The slides were mounted using Glycerol-based 

mounting medium Vectashield (Vector Laboratories Inc, Burlingame, CA, USA) to prevent 

photobleaching of the fluorophore.  

5.8. λ light-chain quantification 

 RPMI 8226 underwent electroporation with siRNA and scrRNA as previously 

described here. The cells were maintained in 6-well plates until 96 hours at regular conditions 

of CO2 (5%) and temperature (37°C). Every 24 hours the media was collected and storage at -
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20°C. After collection of all time points, proteins were quantified as previously described here 

and media underwent western blot analysis (100 µg of protein) using goat anti-human (IgG, 

IgM, IgA) polyclonal antibody (1:2000, Abcam® Plc, MA, USA) followed by rabbit anti-goat 

(1:5000, Thermo Scientific, NY, USA). λ light-chain protein was normalized by total protein 

signals obtained using Ponceau S (0.01% in 1% acetic acid) staining (Millipore Sigma, Merck, 

MA USA). These experiments were performed in triplicate. 

5.9. Gene expression – qPCR 

5.9.1. RNA extraction and quantification  

 RPMI 8226 underwent electroporation with siRNA lamin A/C and scrRNA, as 

previously described here. The cells were maintained in 6-well plates at regular conditions of 

CO2 (5%) and temperature (37°C). After 72 hours, the cells were harvested for RNA extraction 

using RNeasy Kit (Qiagen, ON, CA) according to manufacturer's instructions. After extraction, 

RNA integrity was analysed by electrophoreses in 1% agarose gel, in 1X TAE (Tris-base, 

acetic acid, Ethylenediaminetetraacetic acid – EDTA).  RNA was quantified using 

spectrophotometer NanoDrop™ 1000 (Thermo Scientific, NY, USA). 

5.9.2. cDNA synthesis and qPCR 

 Complementary DNA (cDNA) was produced by reverse transcriptase reaction, using 

AMV LongAmp® Taq RT-PCR Kit (New England Biolabs Inc., MA, USA), according to 

manufacture’s instructions. Quantitative polymerase-chain reaction (qPCR) was performed 

using the LunaScript® Multiplex One-Step RT-PCR Kit (New England Biolabs Inc., MA, 

USA), according to manufacture’s instructions. qPCR data was expressed as fold change 

product (2-ΔΔCT). Human Hemoglobin subunit beta (HBB) gene was used for Ct normalization. 

Primers used for qPCR are listed bellow (Table 1).  
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Table 1. Primer List 

 

5.10. Fluorescence in situ hybridization - FISH in Metaphase chromosomes 

(Validation) 

In order to attest the specificity of the whole chromosome painting probe, fluorescence in 

situ hybridization was used in chromosome metaphase spreads of MM.1R. 

5.10.1. Metaphase preparation  

 MM.1R cell line was cultivated in 75cm2 flasks, at standard conditions of CO2 (5%) 

and temperature (37°C) until 70% confluence could be observed, using inverted light 

microscopy. The cells were incubated with nocodazole 1µg/ml (Millipore Sigma, Merck, MA 

USA) for 4 hours, at 37°C, to induce cell cycle arrest. The cells were harvested using 0.25% 

Trypsin/ 0.02% EDTA (Ethylenediaminetetraacetic acid) (Thermo Scientific, NY, USA) 

followed by centrifugation at 800 rpm for 10 minutes. After centrifugation, supernatant was 

discarded, and cells were washed once using 1X PBS (37°C) followed by centrifugation at 800 

 

Gene Name Sequence (5'->3') 

FGFR3 (F) CAGGCATCCTCAGCTACGGG 

FGFR3 (R) GCGTTGGACTCCAGGGACA 

RHOH (F) CTGAAGCCGTGGAGAACGCT 

RHOH (R) TTCTCCCTGCCCATCCAAGC 

PAX5 (F) CACTCCCGGATGTAGTCCGC 

PAX5 (R)  ACCCCAGGCTTGATGCTTCC 

CCND1 (F) TGCCAACCTCCTCAACGACC 

CCND1 (R)  GTAGTTCATGGCCAGCGGGA 

MAF (F) GCTTCCGAGAAAACGGCTCG 

MAF (R)  AGCTGGAATCGCGTGTCAGA 

BCMA (F) TGTAATGCAAGATCAGGTCTCCTGG 

BCMA (R)  ACTCGAGGCCTCTCGGAAGA 

MALT1 (F) GGAAGAACAGATGAGGCAGTGGA 

MALT1 (R)  CGCCAAAGGCTGGTCAGTTG 

BCL2 (F) GAGTTCGGTGGGGTCATGTGT 

BCL2 (R)  AGCCCAGACTCACATCACCAAG 

BCL3 (F) AGCAGCCTCAAGAACTGCCA 

BCL3 (R) 

HBB (F) 

HBB (R)  

GGATGTCGATGACCCTGCGG 

CGGCGGCGGGCGGCGCGGGCTGGGCGGCTTCATCCACGTTCACCTTG 

GCCCGGCCCGCCGCGCCCGTCCCGCCGGAGGAGAAGTCTGCCGTT 
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rpm for 10 minutes. After washing, supernatant was discarded and 0.75M of fresh prepared 

potassium chloride - KCL (37°C) was added. The cells were incubated in water bath (37°C) 

for 40 minutes, with cell mixing every 5 minutes using Pasteur pipes (Millipore Sigma, Merck, 

MA USA). After KCL incubation, cells were fixed using 3:1 methanol/ acetic acid solution 

(Millipore Sigma, Merck, MA USA) followed by centrifugation at 800 rpm for 10 minutes. 

Supernatant was discarded and cells were washed using in 3:1 methanol/ acetic acid solution, 

followed by centrifugation at 800 rpm for 10 minutes. This process was repeated three times. 

After washing, metaphases were stored in 3:1 methanol/ acetic acid solution at -20°C until 

further experiments. All metaphases preparation were done in triplicate.  

5.10.2. Fluorescence in situ hybridization – FISH in Metaphase chromosomes  

 Fluorescence in situ hybridization of metaphase chromosomes was used to validate the 

specificity of whole chromosome painting probes (ASI, CA, USA). MM.1R metaphases were 

prepared as previously described here. Metaphase chromosomes were placed onto glass slides 

by air dropping (Orsatec, BY, Germany) followed by washing in 2X SSC, for 10 minutes, at 

RT, shaking. After washing slides were incubated with RNAase A (100µg/ml in 2X SSC) 

(Millipore Sigma, Merck, MA USA) for 1 hour, at 37°C followed by washing three times in 

2X SSC, for 5 minutes, at RT, shaking. Then, slides were incubated with pepsin (50µg/ml in 

freshly prepared 0.01M hydrogen chloride – HCL) for 1 hour, at 37°C, followed by washing 

two times in 1X PBS and once with 1xPBS/50mM magnesium chloride (MgCl2), for 5 minutes, 

at RT, shaking. Next, cells were fixed using 1% formaldehyde (Millipore Sigma, Merck, MA 

USA) in 1xPBS+50mM MgCl2, for 10 minutes at RT, followed by washing once in 1X PBS, 

at RT, shaking. Then, slides underwent dehydration using ethanol 70%, 90% and 100%, 

consecutively, for 3 minutes each, at RT. The slides were prewarmed at 70°C for 5 minutes, 

followed by denaturation in 70% formamide/2X SSC, pH 7.0 (Millipore Sigma, Merck, MA 

USA) for 2 minutes at 70°C. Immediately after, slides underwent dehydration using ice cold 
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ethanol (-20°C) 70%, 90% and 100%, consecutively, for 3 minutes each. Human whole 

chromosome painting probes (chromosomes 4, 9, 11, 14, 16, 18, 19, 22) underwent 

denaturation for 7 minutes, at 80°C, followed by incubation in water bath at 37°C for 30 

minutes. After denaturation, the probes were placed over dehydrated slides and incubated at 

37°C, overnight. Next day, the slides were washed three times in 50% formamide in 2X SSC 

at 45°C, for 5 minutes, shaking, followed by washing two times in 4X SSC/0.1% Tween 20 

(Millipore Sigma, Merck, MA USA) at 45°C, shaking and once in 2X SSC at 45°C, for 5 

minutes. The DNA was counterstained with DAPI 0.1µg/mL, for 5 minutes followed by slide 

mounting using Vectashield (Vector Laboratories Inc, Burlingame, CA, USA). Whole 

chromosome painting probes validation is shown in supplementary figure1.  

5.10.3. 3D Fluorescence in situ hybridization – 3D-FISH in interphase cells 

Chromosome territories of health patient derived lymphocytes, MM.1R, and RPMI 

8226 with lamin A/C downregulation using siRNA were investigated using fluorescence in situ 

hybridization in interphase cells. RPMI 8226 underwent electroporation with siRNA and 

scrRNA as previously described here. The cells were maintained in 6-well plates for 96 hours 

until harvesting. MM.1R were maintained in 75cm2 flasks, at standard conditions of CO2 (5%) 

and temperature (37°C) until harvesting using trypsin 0.25%. After harvesting the cell lines 

(MM.1R, RPMI 8226 siRNA and scrRNA) were washed in 1X PBS (37°C) and seeded at pre-

coated (10% poly-L-lysin) glass slides.  

Lymphocytes from healthy donors were obtained from blood and diluted with PBS 

(3.5:1) and layered on top of Ficoll (GE Healthcare Life Sciences, Baie d’Urfe, Quebec) with 

a ratio of 1.5:1. The obtained buffy coat was collected and washed twice in a PBS solution. 

The cells were then placed onto Poly-L-lysine coated slides before being fixed in a 3.7% 

formaldehyde solution for 10 minutes. The slides were then dehydrated with increasing ethanol 
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(EtOH) concentrations of 70%, 90% and 100%. Dehydrated slides were then stored at -20 ◦C. 

Rehydration of the slides in decreasing EtOH concentrations was performed before starting 

with the protocol to maintain the cell 3D structure. This study was approved by the Research 

Ethics Review Board on Human Studies of the University of Manitoba (Ethics Reference No. 

H2010:170). 

The slides were fixed in 3.7% formaldehyde/1X PBS for 10 minutes, at RT, followed 

by washing three times in 1X PBS for 5 minutes, at RT, shaking. The cells were permeabilized 

using 0.5% Triton X-100 (Millipore Sigma, Merck, MA USA) in 1X PBS, for 12 minutes, at 

RT, followed by washing three times in 1X PBS, at RT, shaking. 20% glycerol (Millipore 

Sigma, Merck, MA USA) in 1X PBS was used, at RT, for 40 minutes, to maintain the 3D cell 

architecture. After incubation, the slides were freeze using liquid nitrogen, thaw at RT and 

dived in 20% glycerol in 1X PBS, this process were repeated four times. After freeze and thaw 

cycles, the slides were washed three times in 1X PBS at RT, for 5 minutes each, shaking, 

followed by incubation with 0.1M of hydrogen chloride – HCL (Millipore Sigma, Merck, MA 

USA) for 5 minutes, at RT. The slides were washed twice in 1X PBS at RT, for 5 minutes, 

shaking, followed by incubation with 70% formamide/2X SSC (pH 7.0) for 1 hour, at RT. 

Whole chromosome painting probes were prepared in pares (Chromosomes 4, 9, 11, 14, 16, 

18, 19, 22) and applied to the slides after formamide incubation. The slides were heated at 80°C 

for 5 minutes followed by incubation in 37°C, overnight, in humidified atmosphere. On the day 

after, slides were washed three times in 50% formamide in 2X SSC at 45°C, for 5 minutes, 

shaking, followed by washing two times in 4X SSC/0.1% Tween 20 (Millipore Sigma, Merck, 

MA USA) at 45°C, shaking and once in 2X SSC at 45°C, for 5 minutes. The DNA was 

counterstained with DAPI 0.1µg/mL, for 5 minutes followed by slide mounting using 

Vectashield (Vector Laboratories Inc, Burlingame, CA, USA).  
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5.11. Chromatin Analysis using 3D structural Illumination microscopy – SIM 

 RPMI 8226 underwent electroporation with siRNA and scrRNA for lamin A/C as 

previously described here. The cells were maintained from 24 to 96 hours in 6-well plates at 

regular conditions of CO2 (5%) and temperature (37°C). Cells were harvested every 24 hours, 

washed once with 1X PBS (37°C), placed in glass slides and fixed in 3.7% formaldehyde/1X 

PBS, for 10 minutes, followed by three washes of 5 minutes in 1X PBS, at RT, shaking. 

Chromatin were counterstained with DAPI (10µg/ml) overnight, at 37°C in a humidified 

atmosphere. The slides were mounted using Vectashield. Three independent experiments were 

performed and total of 60 individual cells were analysed per time point.  

5.12. 2D and 3D Image Acquisition  

5.12.1. 2D Image Acquisition 

  Manual 2D imaging was performed in MM.1R chromosome metaphases, RPMI 8226 

under lamin A/C downregulation using siRNA (96 hours), and RPMI 8226 scrRNA (96 hours). 

The chromosome metaphases images were taken 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). 

Images were obtained using AxioVision 4.8 (Carl Zeiss, Toronto, ON, Canada). 20 images of 

MM.1R chromosome metaphases were acquired for each chromosome combination, in each 

experiment, totalizing 3 independent experiments. Images of RPMI 8226 (lamin A/C (Cy5) 

siRNA, 96 hours) were taken using ZEISS Axio Imager.Z1 (Carl Zeiss, Toronto, ON, Canada) 

with a cooled AxioCam HRm camera in combination with a Planapo 63x/1.4 oil objective lens 

(Carl Zeiss, Toronto, ON, Canada). Images were obtained using ZEN 2.3 blue version software 

(Carl Zeiss, Toronto, ON, Canada). Cells displaying week lamin A/C signals were selected 
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(using crop region of interest tool, on ZEN blue version software) for chromosome territories 

analysis.   

5.12.2. 3D Image acquisition  

 Manual 3D imaging was performed in human derived lymphocytes, MM.1R, RPMI 

8226 with lamin A/C downregulation using siRNA (96 hours), and in RPMI 8226 scrRNA. 

The images were taken using ZEISS Axio Imager.Z2 with a cooled AxioCam HR B&W, FITC, 

Cy3 and DAPI filters in combination with a Planapo 63x/1.4 oil objective lens. 60 z-stacks at 

200nm step-size were imaged for every fluorophore of every cell. Images were obtained using 

AxioVision 4.8, deconvolved using the constrained iterative restoration algorithm (Schaefer, 

and Herz, 2001) with Theoretical PSF and Clip Normalization.  

3D structured illumination microscopy (SIM) imaging was performed with RPMI 8226 

with lamin A/C downregulation, using siRNA (from 24 to 96 hours), and with RPMI 8226 

scrRNA (from 24 to 96 hours) 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 and DAPI were exited using a 405 

nm laser. The number of image z-stacks was adjusted based on the size of every cell. After 

acquisition, image reconstruction was performed using ZEN 2012 black edition software (Carl 

Zeiss, Jena, Germany) with Noise filter set to −3.0 and deactivation of the Baseline Cut option.  

5.13. Chromosome territories analysis 

Single-cell analysis were performed in patient derived lymphocytes, MM.1R, RPMI 

8226 siRNA lamin A/C and scrRNA using the software Chromoview® (Harizanova, Jana, 

Taylor-Kashton, and Mai, 2008, Martin et al., 2013) in DIPimage toolbox of Matlab (version 

R2012a, MathWorks, Natick, MA, USA). The relative radial position of chromosome 

territories was determined by measuring the distance between the mass center of each 
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chromosome to the center of the nucleus divided by the radius of the nucleus (Chromoview® 

- Harizanova, Jana, Taylor-Kashton, and Mai, 2008, Martin et al., 2013). The 

intrachromosomal distance was measured by tracing the distance between the chromosome 

territories pair analysed.  

5.14. Statistical Analysis  

Protein statistics were made using one-way ANOVA followed by Tukey multi-

comparison test, while p<0.05 was considered statistically significant. Graphs represented 

using GraphPad Prism 8.0 software. Chromosome territory analysis (relative radial position 

and intrachromosomal distance) were made using frequency distribution represented by a 

Gaussian curve. Chromosome territories statistics were determined by a non-parametric test 

(Man-Whitney) comparing MM cell lines with lymphocytes and comparing RPMI 8226 siRNA 

lamin A/C with scrRNA. P<0.05 was considered statistically significant. Graphs were 

prepeared using GraphPad Prism 8.0 software. Cell viability assays (Trypan Blue exclusion 

and MTT) was illustrated by a two-dimensional graph and statistics were determined by T-test, 

considering p<0.05 as statistically significant. Graphs represented using GraphPad Prism 8.0 

software. Chromatin analysis using SIM of super-resolved DNA structure, DNA-free space 

and all computations were performed using the DIPimage toolbox of Matlab (version R2012a, 

MathWorks, Natick, MA, USA). Chromatin analysis statistic was performed using non-

parametric Kolmogorov–Smirnov test considering p<0.05 as statistically significant. 

5.15. CRISPR/Cas 9 

5.15.1. Lentivirus Production  

Lentiviral particles were generated by transfecting HEK-293T (CRL-11268, ATCC®) 

cells with psPAX2, pMD2.G, and with the lentiviral vector encoding the genes of interest (Cas9 

conjugated with green fluorescent protein (GFP) or lamin A/C guides, conjugated with blue 



30 
  

fluorescent protein (BFP)). Transfection took place in 10 mL of culture medium (RPMI 1640 

ATCC modified) with 540 μL Opti-Mem (Gibco, Burlington, ON, Canada) and 36 μL X-

treamGENE DNA Transfection Reagent (Roche, Mississauga, ON, Canada). Medium was 

changed after 18 hr and replaced with Dulbecco's Modified Eagle Medium (DMEM) 

containing 20% v/v bovine serum albumin (reagents from Gibco, Burlington, ON, Canada) and 

viral particles were collected after 24 and 48 hours. Viral harvests were pooled and centrifuged 

at 1000 rpm for 3 minutes and stored at -80°C for subsequent use.   

5.15.2. Generation of Cas9 Stable Cell Lines  

 Stable Cas9 RPMI 8226 cell were generated by transducing the cell line with the 

lentiviral cas9 particles with polybrene (Millipore Sigma, Merck, MA USA) (8ug/mL) for 24 

hours. Cas9-GFP and BFP positive cells underwent fluorescence-activated cell sorting (FACS 

Aria II, BD Biosciences, ON, CA) and selection with puromycin (2μg/mL) for BFP positive 

cells (Ling et al., 2012). Media with puromycin was changed every 2 to 3 days until the 

uninfected cells showed complete cell death. Cas 9 and lamin A/C expression was analysed 

through western blot as previously described here.  

5.16. Lamin A/C downregulation using small hairpin RNA (shRNA) 

5.16.1. Lentivirus Production  

Lentiviral particles were generated by transfecting HEK-293T (CRL-11268, ATCC®) 

cells with pHR’8.2ΔR, pCMV-VSV-G, and with the lentiviral vector encoding the genes of 

interest (shRNA of human mRNA of lamin A/C). Transfection took place in 0.094 mL of 

culture medium Dulbecco's Modified Eagle Medium (DMEM) without FBS, with 6 μL of 

FUGENE DNA Transfection Reagent (Promega Corporation, WI, USA). Medium was 

changed after 24 hours and replaced with DMEM containing 20% v/v bovine serum albumin 

(reagents from Gibco, Burlington, ON, Canada) and viral particles were collected after 24 and 
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48 hours. Viral harvests were pooled and centrifuged at 1000 rpm for 3 minutes and stored at 

-80°C for subsequent use.   

5.16.2. Generation of shRNA Stable Cell Lines 

Stable downregulation of lamin A/C in RPMI 8226 was generated by transfecting RPMI 

8226 with the lentiviral shRNA lamin A/C particles with polybrene (Millipore Sigma, Merck, 

MA USA) (8uG/mL) for 24 hours. Transduced cells underwent selection with puromycin 

(2μg/mL) (Ling et al., 2012). Media with puromycin was changed every 2 to 3 days until the 

uninfected cells showed complete cell death. lamin A/C expression was analysed through 

western blot as previously described here.  

6. RESULTS 

6.1. Lamin A/C expression in Multiple Myeloma Cell lines 

Preliminary data showed overexpression of lamin A/C in treatment naïve MM patient 

samples. Therefore, I investigated lamin A/C protein levels in two MM cell lines (MM.1R and 

RPMI 8226) using immunofluorescence and western blot, in order to determine which cell line 

to use for further experiments. Figure 3A shows lamin A/C expression by immunofluorescence. 

The MM cell line RPMI 8226 have an expected nuclear ring of lamin A/C but also shows 

internal lamin A/C structures (white arrows). On the other hand, the MM cell line MM.1R, do 

not express lamin A/C in the same degree. MM.1R display a weak expression of lamin A/C by 

immunofluorescence (Figure 3A). Next, I compared the lamin A/C protein expression between 

these cell lines using western blot. Figure 3B shows lamin A/C protein expression where lamin 

A/C protein was normalized by the housekeeping protein α-tubulin. In figure 3C, we show a 

graphical representation of the densitometric analysis as a more objective parameter in 

interpreting your results/bands. RPMI 8226 express more lamin A/C compared to MM.1R 

(p<0.05). These results highlight heterogeneous expression of lamin A/C in MM cell lines. 
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Further experiments will focus on use of RPMI 8226, due to higher lamin A/C expression in 

comparison with MM.1R.  

Figure 3 – Analysis of Lamin A/C expression in MM cell lines.  

Figure 3. A - Immunofluorescence of lamin A/C in MM cell lines RPMI 8226 and MM.1R, 

showing peripheral (white arrows) and internal lamin A/C structures. B – Western Blot analysis 

of lamin A/C in RPMI 8226 and MM.1R, targeted protein was normalized by α-tubulin. C – 

RPMI 8226 shows more lamin A/C protein expression compared to MM.1R. Data expressed 

as mean ± SD. * p < 0.05 and *** p < 0.001. Blue - DAPI, Red - lamin A/C (Cy3 – Exposure 

time 120 milliseconds).  

6.2. Lamin A/C downregulation in RPMI 8226 using siRNA 

 To evaluate the effects of lamin A/C downregulation on chromosome territory positions 

and cell viability, I performed a transient downregulation of lamin A/C using two different 

siRNAs and scrambled RNA (scrRNA – control). Figure 4A shows immunofluorescence of 

lamin A/C after 96 hours of siRNA transfection. The downregulation was followed for 96 hours 

by WB. Interesting, the degree of downregulation was different within cells, and this is only 

observed by single cell analysis (Figure 4A) (white arrows). Figure 4B shows siRNA 

downregulation kinetics (0 to 96 hours), with gradual decrease of lamin A/C protein over time. 
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I compared the effectiveness of lamin A/C downregulation of two different siRNAs. They were 

used individually or in combination (Figure 4C). However, I have not observed additive effects 

in the combination experiment. Significant downregulation was observed after 24 hours of 

siRNA transfection (50% of protein expression was reduced) in both individual and 

combination approach (Figure 4C). Maximum downregulation of lamin A/C was achieved in 

48-72 hours after transfection, which showed lamin A/C protein downregulation up to 70% 

(Figure 4C). For convenience, further experiments were performed using siRNA1. 
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Figure 4 – Transient downregulation of Lamin A/C using siRNA.   
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Figure 4. A - Immunofluorescence of lamin A/C downregulation (96 hours) in RPMI 8226. 

White arrowheads illustrate loss of lamin A/C structures under siRNA treatment. B – Western 

Blot (30µg of protein) of siRNA (2µM) and scrRNA (2µM) kinetics from 0 to 96 hours in 

RPMI 8226. Two different siRNA (2µM) were used separately or in combination. α-tubulin 

expression was used as control. C – Downregulation of lamin A/C using siRNA (2µM) 

compared to scrRNA (2µM). Significant protein downregulation was observed after 24 hours. 

Protein downregulation increased over time, with maximum inhibition at 48 to 72 hours. Data 

expressed as mean ± SD. * p < 0.05 and *** p < 0.001. Blue - DAPI, Red - lamin A/C (Cy5 – 

5 seconds of exposure time).   

6.3. Cell Viability Analysis of RPMI 8226 under Lamin A/C downregulation using siRNA 

 To evaluate whether lamin A/C downregulation would impact RPMI 8226 cell 

proliferation, I used the trypan blue exclusion method and 2,5-diphenyl-2H-tetrazolium 

bromide (MTT) assay. Figure 5A and 5B show no significant difference in cell growth between 

RPMI 8226 siRNA and control cells (scrRNA) from 0 to 96 hours (Cell counting Fig 5A and 

MTT Fig 5B) with trypan blue or MTT assay. Data expressed as mean ± SD. 

Figure 5 – Analysis of cell viability in RPMI 8226 with downregulation of Lamin A/C 

using siRNA. 
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Figure 5. A- Cell counting analysis of RPMI 8226 with downregulation of lamin A/C using 

siRNA (2µM) from 0 to 96 hours. B – Indirect cell viability analysis of RPMI 8226 with 

downregulation of lamin A/C using siRNA (2µM) from 0 to 96 hours. Both approaches show 

no statistical difference between siRNA and scrRNA groups. Data expressed as mean ± SD. 

6.4. Chromosome Territory analysis of B-lymphocytes, MM.1R, and RPMI 8226 with 

downregulation of Lamin A/C using siRNA 

 To evaluate chromosome territory positions in normal B-lymphocytes, MM.1R, and 

RPMI 8226 after siRNA treatment (96 hours), I performed a 3D fluorescence in situ 

hybridization (FISH). This technique uses whole chromosome painting probes, 3D 

epifluorescence microscopy and 3D image deconvolution. Since lamin A/C downregulation 

after siRNA treatment varies within the cell population (Figure 4A), a pre-staining of lamin 

A/C was necessary to correctly select the cell population for chromosome territories analysis. 

Chromosomes 18 and 19 were selected based on previous studies using B-Lymphocytes, which 

reported peripheral location of CT 18 and internal location of CT 19 (Tanabe et al., 2002). 

Chromosomes 9 and 22, were previously reported as assuming a neighborhood position in B-

lymphocytes (Kozubek et al., 1999, Cremer et al., 2001). Chromosomes 4, 11, 14, and 16 are 

involved in common MM translocation (Pinto et al., 2020).       

Figure 6A shows the chromosomes territories 18 and 19 in B-lymphocytes, MM.1R and 

RPMI 8226. Figures 6B and 6C shows the relative radial position of chromosome territories 

related to the center of the nucleus. In the graph, 0 represents the nuclear center and 100 

represent the nuclear periphery (X- axis of graph). In the Y- axis, we can observe the frequency 

distribution of chromosome position, that displays the number of observations (chromosome 

position) in more than 100 cells. MM.1R displays a more internal position of CT 18, while 

RPMI 8226 display a periphery related position of CT 18, all compared to B-lymphocytes 

(p<0.05) (Figure 6B). Furthermore, down regulation of lamin A/C for 96 hours using siRNA 
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altered CT 18, in RPMI 8226, by moving it towards nuclear center, compared to scrRNA 

(p<0.05) (Figure 6B).  

Figure 6 – Chromosome Territory analysis of CT 18 and CT 19 in B-lymphocytes, 

MM.1R, and RPMI 8226 with downregulation of Lamin A/C using siRNA 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. A – Chromosome territories 18 (red) and 19 (green), in B-lymphocytes, MM.1R and 

RPMI 8226. B – Quantitative analysis of CT 18 in B-lymphocytes, MM.1R and RPMI 8226 

siRNA (2µM) lamin A/C (96 hours) and RPMI 8226 scrRNA (2µM) (96 hours). Analysis 

performed using Chromoview® software (Harizanova, Jana, Taylor-Kashton, and Mai, 2008, 

Righolt, et al., 2011, Martin et al., 2013). MM cell lines display altered CT 18 compared to B-
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lymphocytes. Downregulation of lamin A/C in RPMI 8226 induces CT 18 movement towards 

nuclear interior, compared to scrRNA. C - Quantitative analysis of CT 19 in B-lymphocytes, 

MM.1R and RPMI 8226 siRNA (2µM) lamin A/C (96 hours) and RPMI 8226 scrRNA (2µM) 

(96 hours). No statistical differences were observed between MM cells lines and lymphocytes 

as well as between siRNA lamin A/C and scrRNA. Data expressed as non-linear regression. *, 

# p < 0.05 and *** p < 0.001. LYMPH – B-lymphocytes. 

In Figure 6C we can observe the relative radial position of chromosome territories 19 

in B-lymphocytes, MM1.R, RPMI 8226 with downregulation of lamin A/C using siRNA (96 

hours) and RPMI 8226 scrRNA (96 hours). No statistical differences were observed between 

MM cell lines and B-lymphocytes. Lamin A/C downregulation did not alter CT 19 in RPMI 

8226, compared to scrRNA.  

 Figure 7A shows the chromosomes territories 9 and 22 in B-lymphocytes, MM.1R and 

RPMI 8226. In Figure 7B we can observe the quantitative analysis of relative radial position 

of CT 9. First, we can observe that MM cell lines display an altered CT 9 position, compared 

to B-lymphocytes (Figure 7B). MM.1R displays a more internal position of CT 9, while RPMI 

8226 displays a periphery related position of CT 9, all compared to B-lymphocytes (p<0.05) 

(Figure 10B). Furthermore, down regulation of lamin A/C for 96 hours using siRNA altered 

CT 9, in RPMI 8226, by moving it towards nuclear center, compared to scrRNA (p<0.05) 

(Figure 7B). In Figure 7C we can observe the relative radial position of chromosome territories 

22 in B-lymphocytes, MM1.R, RPMI 8226 with downregulation of lamin A/C using siRNA 

(96 hours) and RPMI 8226 scrRNA (96 hours). MM cell lines display an altered CT 22 position, 

compared to B-lymphocytes (Figure 7C). MM.1R displays a more internal position of CT 22, 

while RPMI 8226 displays a periphery related position of CT 22, all compared to B-

lymphocytes (p<0.05) (Figure 7C). Moreover, down regulation of lamin A/C for 96 hours 
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using siRNA altered CT 22, in RPMI 8226, by moving it towards nuclear center, compared to 

scrRNA (p<0.05) (Figure 7B).  

Figure 7 – Chromosome Territory analysis of CT 9 and CT 22 in B-lymphocytes, MM.1R, 

and RPMI 8226 with downregulation of Lamin A/C using siRNA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. A – Chromosome territories 9 (red) and 22 (green), in B-lymphocytes, MM.1R and 

RPMI 8226. B – Quantitative analysis of CT 9 in B-lymphocytes, MM.1R and RPMI 8226 

siRNA (2µM) lamin A/C (96 hours) and RPMI 8226 scrRNA (2µM) (96 hours). Analysis 

performed using Chromoview® software (Harizanova, Jana, Taylor-Kashton, and Mai, 2008, 

Righolt, et al., 2011, Martin et al., 2013). MM cell lines display altered CT 9 compared to B-
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lymphocytes. Downregulation of lamin A/C in RPMI 8226 induces CT 9 movement towards 

nuclear interior, compared to scrRNA. C - Quantitative analysis of CT 22 in B-lymphocytes, 

MM.1R and RPMI 8226 siRNA lamin A/C (96 hours) and RPMI 8226 scrRNA (96 hours). 

Downregulation of lamin A/C in RPMI 8226 induces CT 22 movement towards nuclear 

interior, compared to scrRNA. Data expressed as non-linear regression. *, # p < 0.05 and ***, 

### p < 0.001. LYMPH – B-lymphocytes. 

 Figure 8A shows the chromosomes territories 4 and 14 in B-lymphocytes, MM.1R and 

RPMI 8226. In Figure 8B we can observe the quantitative analysis of relative radial position 

of CT 4. First, we observe that only RPMI 8226 displays an altered CT 4 position, compared 

to B-lymphocytes, towards nuclear periphery (Figure 8B). Down regulation of lamin A/C for 

96 hours using siRNA altered CT 4, in RPMI 8226, by moving it towards nuclear center, 

compared to scrRNA (p<0.05) (Figure 8B). Figure 8C shows the relative radial position of 

chromosome territories 14 in B-lymphocytes, MM1.R, RPMI 8226 with downregulation of 

lamin A/C using siRNA (96 hours) and RPMI 8226 scrRNA (96 hours). Only RPMI 8226 

displays an altered CT 14 position, compared to B-lymphocytes, towards nuclear periphery 

(Figure 8C). Down regulation of lamin A/C for 96 hours using siRNA altered CT 14, in RPMI 

8226, by moving it towards nuclear center, compared to scrRNA (p<0.05) (Figure 8C). 
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Figure 8 – Chromosome Territory analysis of CT 4 and CT 14 in B-lymphocytes, MM.1R, 

and RPMI 8226 with downregulation of Lamin A/C using siRNA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. A – Chromosome territories 4 (red) and 14 (green), in B-lymphocytes, MM.1R and 

RPMI 8226. B – Quantitative analysis of CT 4 in B-lymphocytes, MM.1R and RPMI 8226 

siRNA (2µM) lamin A/C (96 hours) and RPMI 8226 scrRNA (2µM) (96 hours). Analysis 

performed using Chromoview® software (Harizanova, Jana, Taylor-Kashton, and Mai, 2008, 

Righolt, et al., 2011, Martin et al., 2013). RPMI 8226 display altered CT 4 compared to B-
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lymphocytes. Downregulation of lamin A/C in RPMI 8226 induces CT 4 movement towards 

nuclear interior, compared to scrRNA. C - Quantitative analysis of CT 14 in B-lymphocytes, 

MM.1R and RPMI 8226 siRNA lamin A/C (96 hours) and RPMI 8226 scrRNA (96 hours). 

RPMI 8226 display altered CT 14 compared to B-lymphocytes. Downregulation of lamin A/C 

in RPMI 8226 induces CT 14 movement towards nuclear interior, compared to scrRNA. Data 

expressed as non-linear regression. *, # p < 0.05 and ***, ### p < 0.001. LYMPH – B-

lymphocytes. 

Figure 9A shows the chromosomes territories 11 and 14 in B-lymphocytes, MM.1R and 

RPMI 8226. In Figure 9B we can observe the quantitative analysis of relative radial position 

of CT 11. First, we observe that only RPMI 8226 displays an altered CT 11 position, compared 

to B-lymphocytes, towards nuclear periphery (Figure 9B). Down regulation of lamin A/C for 

96 hours using siRNA altered CT 11, in RPMI 8226, by moving it towards nuclear center, 

compared to scrRNA (p<0.05) (Figure 9B). Figure 9C shows the relative radial position of 

chromosome territories 14 in B-lymphocytes, MM1.R, RPMI 8226 with downregulation of 

lamin A/C using siRNA (96 hours) and RPMI 8226 scrRNA (96 hours). Only RPMI 8226 

displays an altered CT 14 position, compared to B-lymphocytes, towards nuclear periphery 

(Figure 9C). Down regulation of lamin A/C for 96 hours using siRNA altered CT 14, in RPMI 

8226, by moving it towards nuclear center, compared to scrRNA (p<0.05) (Figure 9C). 
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Figure 9 – Chromosome Territory analysis of CT 11 and CT 14 in B-lymphocytes, 

MM.1R, and RPMI 8226 with downregulation of Lamin A/C using siRNA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. A – Chromosome territories 11 (red) and 14 (green), in B-lymphocytes, 

MM.1R and RPMI 8226. B – Quantitative analysis of CT 11 in B-lymphocytes, MM.1R and 

RPMI 8226 siRNA (2µM) lamin A/C (96 hours) and RPMI 8226 scrRNA (2µM) (96 hours). 

Analysis performed using Chromoview® software (Harizanova, Jana, Taylor-Kashton, and 

Mai, 2008, Righolt, et al., 2011, Martin et al., 2013). RPMI 8226 display altered CT 11 
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compared to B-lymphocytes. Downregulation of lamin A/C in RPMI 8226 induces CT 11 

movement towards nuclear interior, compared to scrRNA. C - Quantitative analysis of CT 14 

in B-lymphocytes, MM.1R and RPMI 8226 siRNA lamin A/C (96 hours) and RPMI 8226 

scrRNA (96 hours). RPMI 8226 display altered CT 14 compared to B-lymphocytes. 

Downregulation of lamin A/C in RPMI 8226 induces CT 14 movement towards nuclear 

interior, compared to scrRNA. Data expressed as non-linear regression. *, # p < 0.05 and ***, 

### p < 0.001. LYMPH – B-lymphocytes. 

Figure 10A shows the chromosomes territories 16 and 14 in B-lymphocytes, MM.1R 

and RPMI 8226. In Figure 10B we can observe the quantitative analysis of relative radial 

position of CT 16. First, we observe that only MM.1R displays an altered CT 16 position, 

compared to B-lymphocytes, towards nuclear interior (Figure 10B). Down regulation of lamin 

A/C for 96 hours using siRNA altered CT 16, in RPMI 8226, by moving it towards nuclear 

center, compared to scrRNA (p<0.05) (Figure 10B). Figure 10C shows the relative radial 

position of chromosome territories 14 in B-lymphocytes, MM1.R, RPMI 8226 with 

downregulation of lamin A/C using siRNA (96 hours) and RPMI 8226 scrRNA (96 hours). 

Only RPMI 8226 displays an altered CT 14 position, compared to B-lymphocytes, towards 

nuclear periphery (Figure 10C). Down regulation of lamin A/C for 96 hours using siRNA 

altered CT 14, in RPMI 8226, by moving it towards nuclear center, compared to scrRNA 

(p<0.05) (Figure 10C). 
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Figure 10 – Chromosome Territory analysis of CT 16 and CT 14 in B-lymphocytes, MM 

cells lines and RPMI 8226 with downregulation of Lamin A/C using siRNA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. A – Chromosome territories 16 (red) and 14 (green), in B-lymphocytes, MM.1R and 

RPMI 8226. B – Quantitative analysis of CT 16 in B-lymphocytes, MM.1R and RPMI 8226 

siRNA (2µM) lamin A/C (96 hours) and RPMI 8226 scrRNA (2µM) (96 hours). Analysis 

performed using Chromoview® software (Harizanova, Jana, Taylor-Kashton, and Mai, 2008, 

Righolt, et al., 2011, Martin et al., 2013). MM.1R display altered CT 16 compared to B-

lymphocytes. Downregulation of lamin A/C in RPMI 8226 induces CT 16 movement towards 
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nuclear interior, compared to scrRNA. C - Quantitative analysis of CT 14 in B-lymphocytes, 

MM.1R and RPMI 8226 siRNA lamin A/C (96 hours) and RPMI 8226 scrRNA (96 hours). 

RPMI 8226 display altered CT 14 compared to B-lymphocytes. Downregulation of lamin A/C 

in RPMI 8226 induces CT 14 movement towards nuclear interior, compared to scrRNA. Data 

expressed as non-linear regression. *, # p < 0.05 and ***, ### p < 0.001. LYMPH – B-

lymphocytes. 

6.5. Intrachromosomal distance analysis of B-lymphocytes, MM.1R and RPMI 8226 with 

downregulation of Lamin A/C using siRNA 

To analyse the intrachromosomal distance of CT in normal B-lymphocytes, MM.1R, 

RPMI 8226 with downregulation of lamin A/C using siRNA (2µM), and RPMI 8226 scrRNA 

(2µM), I performed a 3D fluorescence in situ hybridization (FISH) using whole chromosome 

painting probes, 3D epifluorescence microscopy and 3D image deconvolution. Analysis of 

intrachromosomal distance of CT in RPMI 8226 with downregulation of lamin A/C by siRNA 

was performed using co-immuno stanning and 3D FISH of lamin A/C and whole 

chromosomes. Single cell analysis of CT in RPMI 8226 siRNA lamin A/C cells was performed 

to analyse only cell population that was not showing lamin A/C stanning after 96 hours of 

siRNA treatment. Figures 11A-E shows the relative intrachromosomal distance between 

chromosome territories. The intrachromosomal distance was normalized by the size of the 

nucleus. In the graph, 0 represents the close CTs proximity and 100 represents the maximum 

intrachromosomal distance between CTs. In the Y- axis, we can observe the frequency 

distribution of chromosome position, that displays the number of observations (chromosome 

position) in more than 100 cells. 

Figure 11A shows intrachromosomal distance of CT 18 and CT 19 in B-lymphocytes, 

MM.1R, RPMI 8226 with downregulation of lamin A/C using siRNA (96 hours) and RPMI 
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8226 scrRNA (96 hours). No statistical differences were observed between MM.1R, RPMI 

8226, and lymphocytes as well as between siRNA and scrRNA RPMI 8226. In figure 11B we 

can observe the intrachromosomal distance of CT 9 and CT 22 in B-lymphocytes, MM.1R, 

RPMI 8226 with downregulation of lamin A/C using siRNA (2µM) (96 hours) and RPMI 8226 

scrRNA (2µM) (96 hours). Only RPMI 8226 shows statistical difference in intrachromosomal 

distance of CT 9 and CT 22, which display increased CT distance, compared to B-lymphocytes 

(Figure 11B). Lamin A/C downregulation did not alter the intrachromosomal distance of the 

CT analysed (Figure 11B).  

Figure 11C shows intrachromosomal distance of CT 11 and CT 14 in B-lymphocytes, 

MM.1R, RPMI 8226 with downregulation of lamin A/C using siRNA (96 hours) and RPMI 

8226 scrRNA (96 hours). MM cell lines display increased intrachromosomal distance 

compared to B-lymphocytes for CT 11 and CT 14 (Figure 11C). Lamin A/C downregulation 

did not alter the intrachromosomal distance of the CT analysed comparing siRNA RPMI 8226 

to scrRNA (Figure 11C). In figure 11D we can observe the intrachromosomal distance of CT 

4 and CT 14 in B-lymphocytes, MM.1R, RPMI 8226 with downregulation of lamin A/C using 

siRNA (96 hours) and RPMI 8226 scrRNA (96 hours). MM cell lines display increased 

intrachromosomal distance compared to B-lymphocytes for CT 4 and CT 14 (Figure 11D). 

Lamin A/C downregulation did not alter the intrachromosomal distance of the CT analysed 

(Figure 11D).  

Figure 11E shows intrachromosomal distance of CT 16 and CT 14 in B-lymphocytes, 

MM.1R, RPMI 8226 with downregulation of lamin A/C using siRNA (96 hours) and RPMI 

8226 scrRNA (96 hours). MM cell lines display increased intrachromosomal distance 

compared to B-lymphocytes for CT 16 and CT 14 (Figure 11E). Lamin A/C downregulation 

did not alter the intrachromosomal distance of the CT analysed comparing siRNA RPMI 8226 

to scrRNA (Figure 11E). 
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Figure 11 – Intrachromosomal distance analysis of CT 4, 9, 11, 14, 16, 18, 19 and 22 in B-

lymphocytes, MM.1R and RPMI 8226 with downregulation of Lamin A/C using siRNA 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Intrachromosomal distance analysis of CT 18 and CT 19 (A), CT 9 and CT 22 (B), 

CT 11 and CT 14 (C), CT 4 and CT 14 (D), CT 16 and CT 14 (E), in B-lymphocytes, MM.1R, 

RPMI 8226 siRNA lamin A/C (96 hours) and RPMI scrRNA (96 hours). Analysis performed 

using Chromoview® software (Harizanova, Jana, Taylor-Kashton, and Mai, 2008, Righolt, et 

al., 2011, Martin et al., 2013). A – No statistical differences were observed between MM cell 
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lines and B-lymphocytes, as well as between RPMI 8226 siRNA lamin A/C and RPMI 8226 

scrRNA. B – RPMI 8226 display increased intrachromosomal distance between CT 9 and CT 

22, compared to B-lymphocytes. Lamin A/C downregulation did not alter intrachromosomal 

distance between CT 9 and CT 22 in PRMI 8226. C – MM cell lines display increased 

intrachromosomal distance compared to B-lymphocytes of CT 11 and CT 14. Lamin A/C 

downregulation did not alter intrachromosomal distance of CT 11 an CT 14 in RPMI 8226. D 

- MM cell lines display increased intrachromosomal distance compared to B-lymphocytes of 

CT 4 and CT 14. Lamin A/C downregulation did not alter intrachromosomal distance of CT 4 

and CT 14 in RPMI 8226. E - MM cell lines display increased intrachromosomal distance 

compared to B-lymphocytes of CT 16 and CT 14. Lamin A/C downregulation did not alter 

intrachromosomal distance of CT 16 and CT 14 in RPMI 8226. Data expressed as non-linear 

regression. *p < 0.05 and ***p < 0.001. 
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6.6. Gene expression analysis in RPMI 8226 with downregulation of Lamin A/C using 

siRNA 

Changes of chromosome positions has been associated with alterations of gene 

expression (see introduction). Analysis of chromosome territories in RPMI 8226 with 

downregulation of lamin A/C using siRNA (96 hours) showed alterations of chromosome 

positions, compared to scrRNA. Therefore, to analyse the impacts of lamin A/C 

downregulation on gene expression, related to changes on chromosome position, I performed 

quantitative polymerase chain reaction (qPCR) of genes involved in MM pathogeneses. Figure 

12A shows up regulation (p<0.05) of B-cell maturation antigen (BCMA) gene placed on 

chromosome 16, Cyclin D1 (CCND1) gene placed on chromosome 11, proto-oncogene c-Maf 

(MAF) gene placed on chromosome 16, Mucosa-associated lymphoid tissue lymphoma 

translocation protein 1 (MALT 1) gene placed on chromosome 18 and B-cell lymphoma 3 

(BCL3) gene placed on chromosome 19, in RPMI 8226 with downregulation of lamin A/C (72 

hours) using siRNA compared to scrRNA (72 hours). Figure 12B shows all genes I 

investigated, their chromosome position, and chromosome territory movement of RPMI 8226 

with downregulation of lamin A/C (96 hours) using siRNA compared to scrRNA.  
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Figure 12 – Gene expression analysis of RPMI 8226 with downregulation of Lamin A/C 

using siRNA  

Figure 12. A – Gene expression analysis of PRMI 8226 with downregulation of lamin A/C 

using siRNA (72 hours). Upregulation of BCMA, CCND1, MAF, MALT 1 and BCL3 genes 

were observed, compared to scrRNA. The expression of targeted genes was normalized by 

housekeeping gene (HBB), as indicated by the dashed line. B – Genes involved in multiple 

myeloma pathogenesis, their chromosome position, and chromosome territory intermingle of 

RPMI 8226 with downregulation of lamin A/C (96 hours) using siRNA compared to scrRNA. 

Data expressed as mean ± SD. * p < 0.05 and *** p < 0.001. P – Nuclear periphery, C – Nuclear 

center, → Movement.  
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6.7. Analysis of λ light-chain production in RPMI 8226 with downregulation of Lamin A/C 

using siRNA 

Production of antibodies called M-protein is characteristic of MM disease. Several 

articles describe the role of M-protein on MM pathophysiology (see introduction). Therefore, 

to evaluate whether lamin A/C downregulation would impact M-protein production, I 

performed a western blot analysis of λ light-chain proteins, secreted by RPMI 8226. Figure 

13A shows immunoblot of RPMI 8226 (Ctrl), RPMI 8226 scramble RNA (96 hours) and RPMI 

8226 siRNA lamin A/C (96 hours). Figure 13B shows λ light-chain proteins analysis of RPMI 

8226, RPMI 8226 scrRNA and RPMI 8226 siRNA. No statistical differences were observed 

between the groups analysed. Data expressed as mean ± SD. 

Figure 13 – M-proteins analysis of RPMI 8226 with downregulation of Lamin A/C using 

siRNA. 

Figure 13. A – Wester blot (100 µg of protein) of λ light-chain proteins in RPMI 8226 (96 

hours), RPMI 8226 scrRNA (96 hours) and RPMI 8226 with downregulation of lamin A/C 

using siRNA (96 hours). B - λ light-chain protein analysis of RPMI 8226, RPMI 8226 scrRNA 

(96 hours) and RPMI 8226 with downregulation of lamin A/C using siRNA (96 hours). No 

statistical differences were observed between groups analysed. λ light-chain protein intensity 

was normalized by total protein concentration, stained with ponceau S. Data expressed as mean 

± SD. 
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6.8. Quantitative super resolution analysis of chromatin organization in RPMI 8226 with 

downregulation of Lamin A/C using siRNA 

Lamin A/C is a key protein regulating chromatin structure and organization in human cells. 

After showing that downregulation of lamin A/C leads to changes on chromosome position, I 

further investigated the chromatin compaction status. Therefore, to analyse chromatin 

organization in RPMI 8226 after downregulation of lamin A/C using siRNA and the scrambled 

RNA, I performed quantitative super resolution analysis of chromatin structures and chromatin 

poor spaces. Figure 14A illustrates chromatin organization (white signals) in RPMI 8226 

siRNA lamin A/C from 24 to 96 hours, as well as scrRNA. Dark signals were quantified as 

DNA-poor interchromatin spaces, as shown in RPMI 8226 siRNA lamin A/C as well as 

scrRNA (Figure 14A). Figure 14B shows granulometry analysis, which measures differences 

in the DNA-structure at submicron size. In the X- axis we can observe the diameter of DNA 

structures in µm while the Y-axis shows the frequency distribution of the single cell analysis 

(Figure 14B). In the zoomed right graph, we can observe decrease of chromatin structures 

diameter in RPMI 8226 siRNA lamin A/C in 24 hours and 48 hours, compared to scrRNA 

(Figure 14B). However, in 72 and 96 hours we can observe increased chromatin structures 

diameter in RPMI 8226 siRNA lamin A/C, compared to scrRNA (Figure 14B). Figure 14C 

shows dark granulometry analysis, which measures differences in the DNA-poor structures at 

submicron size. In the zoomed right graph, we can observe decrease of DNA-poor structures 

diameter in RPMI 8226 siRNA lamin A/C in 24 hours and 48 hours, compared to scrRNA 

(Figure 14C). However, in 72 and 96 hours we can observe increased DNA-poor structures 

diameter in RPMI 8226 siRNA lamin A/C, compared to scrRNA (Figure 14C). The two-sided, 

two-sample Kolmogorov-Smirnov (KS) test was used to analyse differences between RPMI 

8226 siRNA and scrRNA.  
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Figure 14– Quantitative super resolution analysis of chromatin organization in RPMI 

8226 with downregulation of Lamin A/C using siRNA  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. A – DNA staining (DAPI) of RPMI 8226 with downregulation of lamin A/C using 

siRNA and RPMI 8226 with scrRNA. B – Quantitative analysis of DNA structures in RPMI 

8226 with downregulation of lamin A/C using siRNA and RPMI 8226 with scrRNA. Decreases 

in chromatin signal diameters were observed at 24 and 48 (p<0.01) hours after siRNA 

treatment, while increases in chromatin signal diameter were found at 72 and 96 (p<0.01) hours 
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after siRNA treatment, compared to scrRNA. C – Quantitative analysis of DNA-poor structures 

in RPMI 8226 with downregulation of lamin A/C using siRNA, and RPMI 8226 with scrRNA. 

Decreases in DNA-poor signal diameters were observed at 24 and 48 hours after siRNA 

treatment, while increases in DNA-free signal diameter were found at 72 and 96 hours after 

siRNA transduction, compared to scrRNA. Data expressed as non-linear regression.  
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6.9. Lamin A/C downregulation in RPMI 8226 using shRNA 

Transient downregulation of lamin A/C using siRNA leads to heterogeneous protein 

depletion, as previously showed here. Stable protein downregulation would unravel the effects 

of prolonged lamin A/C downregulation to chromosome territories. Therefore, to evaluate the 

effects of lamin A/C downregulation on chromosome territories and cell viability, I performed 

a stable downregulation of lamin A/C using a short hairpin RNA (shRNA), and non target 

shRNA as control. Figure 15 shows western blot of lamin A/C in RPMI 8226 one week after 

shRNA treatment, 2 weeks after, 2.5 weeks and 3 weeks, α-tubulin was used as house keeping 

protein. We can observe that after 1 week of shRNA treatment, lamin A/C protein was 

downregulated, compared to non-target shRNA. However, lamin A/C levels returned to basal 

production over time. Three weeks after shRNA treatment, I observed a complete protein 

recovery (Figure 15).  

Figure 15– Lamin A/C downregulation in RPMI 8226 using shRNA  

 

 

 

 

 

Figure 15. Wester blot (30µg of protein) of lamin A/C in RPMI 8226 with downregulation of 

lamin A/C using shRNA. Downregulation of lamin A/C is shown 1 week after shRNA 

treatment. Lamin A/C protein levels recovers over time as observed after 3 weeks of shRNA 

treatment.  

 

 

Lamin A/C 

ɑ-tubulin 

- + - - + - - + - + - 

1 week 2 weeks 2.5 weeks 3 weeks 

shRNA Lamin A/C 



57 
  

6.10. Lamin A/C knockout in RPMI 8226 using CRISPR Cas9 

 To evaluate whether lamin A/C depletion would induce cell death in RPMI 8226, I 

performed lamin A/C knockout mediated through CRISPR Cas9 system. Figure 16A shows 

double positive cells for Cas 9 tagged with green fluorescent proteins (GFP) and small guide 

RNA (sgRNA) tagged with blue florescence protein (BFP) for LMNA gene. In figure 16B, we 

can observe western blot analysis of lamin A/C in RPMI 8226 double positive cells 

(GFP+/BFP+). No differences in lamin A/C protein were observed between RPMI 8226 double 

positive, compared to RPMI 8226 GFP+ (Figure 16B). α-tubulin was used as housekeeping 

protein. Figure 16C shows cell viability analysis of RPMI 8226 double positive cells compared 

to RPMI 8226 GPF +, using trypan blue exclusion assay. No statistical differences were 

observed between RPMI double positive cells and RPMI 8226 GFP+ (Figure 16C). Overall, I 

could not observe any effects of lamin A/C knockout in RPMI 8226 due to methodology 

limitations of our constitutive CRISPR Cas9 system.  
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Figure 16– Lamin A/C knockout in RPMI 8226 using CRISPR Cas9 

 

 

 

 

 

 

 

 

 

 

Figure 16. A – RPMI 8226 double positive cells for Cas9 (GFP) and sgRNA (BFP). B – 

Western blot of lamin A/C in RPMI 8226 GFP+/BFP+ and RPMI 8226 GFP+. No differences 

were observed in lamin A/C protein levels between RPMI GFP+/BFP+ and RPMI 8226 GFP+. 

C – Cell viability analysis of RPMI 8226 GFP+/BFP+ and RPMI 8226 GFP+. No differences 

in cell viability were observed between RPMI GFP+/BFP+ and RPMI 8226 GFP+. Data 

expressed as mean ± SD. 

 

 

 

Cas 9 – GFP 

sgRNA - BFP 

Lamin A/C 

ɑ-tubulin 

Cas 9 

sgRNA 

+ + + + 

- + + - 

A 

B 

C 



59 
  

7. DISCUSSION 

 MM treatment has shown improved outcomes in the past years, although, MM remains 

an incurable disease. The discovery of new therapeutical targets remains a major focus in MM. 

In preliminary data we observed that lamin A/C was overexpressed in 10 primary treatment 

naïve MM patient’s samples. Therefore, I sought to investigate if lamin A/C downregulation 

would induce cell death and the role of lamin A/C in maintenance of genomic architecture, 

specifically regarding chromosome organization. The investigation was focused on the effects 

of lamin A/C downregulation to chromosome organization, MM cell viability, gene expression, 

λ light chain production, and chromatin structure. 

 Analysis of lamin A/C protein levels in MM cell lines (MM.1R and RPMI 8226), using 

immunostaining and western blot showed that RPMI 8226 overexpress lamin A/C compared 

to MM.1R. Moreover, lamin A/C peripheral structures could be observed in RMPI 8226, while 

only few cells show lamin A/C expression in MM.1R. Heterogeneous gene expression was 

demonstrated in MM cells lines and was associated with changes in MM cell phenotype 

(Harding et al., 2018, Bagratuni et al., 2019, Bong et al., 2022). Moreover, heterogeneous gene 

expression has been implicated in differences in treatment response and resistance in MM 

(Harding et al., 2018, Bagratuni et al., 2019, Bong et al., 2022). Furthermore, report of lamin 

A/C in Hodgkin’s Lymphoma shows heterogeneous lamin A/C patterns, which may reflect 

differences in lamin A/C expression between Hodgkin’s Lymphoma cells (Contu et al., 2018). 

Changes in lamin A/C expression according to disease stages have also been reported, which 

may account for different levels of lamin A/C expression related to cell origin (Roth et al., 

2010, Hutchison et al., 2014, Bell et al., 2016). Additionally, lamin A/C expression profile and 

implications of lamin A/C variability in MM phenotype have not been addressed to date.  

 Transient lamin A/C downregulation with siRNAs showed up to 80% lamin A/C 

inhibition in RPMI 8226 from 48 to 96 hours. Moreover, immunofluorescence analysis of 
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RPMI 8226 after siRNA treatment revealed that only a few cells maintained lamin A/C 

expression after 96 hours. However, I could observe that simultaneous transduction of two 

siRNAs did not increase lamin A/C downregulation. Reports of protein downregulation in MM 

using siRNA has shown similar downregulation efficiency (up to 50% downregulation in 24 

hours) (Peng et al., 2020, Soma et al., 2022). Moreover, studies of lamin A/C downregulation, 

in cancer cells, have shown heterogeneous lamin A/C disruption, leading to cells with 

remaining lamin A/C and cells with complete protein suppression (Chaturvedi et al., 2012, 

Roncato et al., 2021). This result highlights the importance of single cell imaging analysis, 

which reveals variations in protein downregulation after siRNA treatment. 

 Cell viability analysis of lamin A/C downregulation in RPMI 8226, using trypan blue 

exclusion assay and MTT showed no statistical differences between siRNA and scrRNA. 

Literature lacks reports of transient downregulation of lamin A/C in MM and consequences in 

cell viability. However, studies in prostate cancer cell lines as well as cervical cancer shows 

that downregulation of lamin A/C by siRNA also has no effect in cell viability (Guo et al., 

2010, Salus et al, 2022). In contrast, downregulation of lamin A/C in circulating tumor cells 

causes cell death through decrease of resistance to sheer stress forces of the blood stream 

(Mitchell et al., 2015). Moreover, downregulation of lamin A/C using shRNA in prostate 

cancer cell lines showed decrease in cell colony formation, cellular migration, and invasion 

(Kong et al., 2012). Therefore, studies with focus in tumor progression events such as migration 

and invasion would address the effects of lamin A/C downregulation to late stages of MM 

development characterized by an increase in circulating tumor cells in blood stream, as called 

extramedullary plasmacytoma (Zhu et al., 2021).  

Chromosome territory analysis of normal B-lymphocytes and MM cell lines revealed 

altered chromosome position in MM. Many reports in cancer cells have shown altered nuclear 

architecture related to tumorigenesis process and cancer aggressiveness (Marella et al., 2009, 



61 
  

Bisht et al., 2022, Lima et al., 2022). Studies using patients derived MM samples shows altered 

chromosome position of CT 4, 9, 11, 14, and 18 (Sathitruangsak et al., 2017). Moreover, gene 

expression profile analysis of MM patient samples shows that genes placed on altered CT 

present aberrant expression that may promote MM progression (Broyl et al., 2010, Chen et al., 

2022). Therefore, this supports a role of chromosome position in myeloma progression. In this 

study, we also observe that CT varies within MM cells lines, which most chromosomes that 

are placed towards nuclear center in MM.1R, are located in the nuclear periphery in RPMI 

8226. Many reports on cancer cell lines have shown several differences of gene expression and 

cell phenotype between cell lines of same disease origin (Harding et al., 2018, Bagratuni et al., 

2019, Bong et al., 2022). Furthermore, alteration of nuclear proteins (Emerin, Lamina 

associated proteins, Lamin B receptor protein, lamin A/C) expression has been corelated to 

altered chromosome territories (Kinney et al., 2018, Pradhan et al., 2018, Shevelyov et al., 

2019, Vivante et al., 2019). Here, I show that expression of lamin A/C is different among 

MM.1R and RPMI 8226. Furthermore, many studies report the role of lamin A/C in attaching 

chromatin to nuclear periphery, mostly mediating gene repression (Solovei et al., 2013, 

Shevelyov et al., 2018). Overall, I suggest that differences in CT between MM cell lines, used 

in this study, correlate with the heterogeneous lamin A/C expression.  

Chromosome territory analysis also revealed that MM cell lines display an altered 

intrachromosomal distance, compared to normal B-lymphocytes. In summary, MM.1R and 

RPMI 8226 present an increased intrachromosomal distance for CT 9 and 22 (only RPMI 

8226), CT 4 and 14, CT 11 and 14 and CT 14 and 16, while in normal B-lymphocytes the 

distance between those chromosome pairs is shorter. Several publications have shown that 

chromosome neighborhood relationship accounts for increased frequency of chromosome 

translocation (Hakim et al., 2012, Balajee et al., 2018, Barwick et al., 2019). Studies using B-

lymphocytes revealed that upon exposure to radiation, the frequency of chromosome 
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translocation was inversely correlated to chromosome proximity (Balajee et al., 2018). Mouse 

models of plasmacytoma also corroborates with increased chromosome translocation regarding 

chromosome proximity (Righolt et al., 2011). Therefore, chromosome proximity would 

facilitate translocation events to occur, which may play a major role in myelomagenesis. 

Regarding the increased intrachromosomal distance reported here for MM cell lines, I suggest 

that chromatin architecture would influence the distance between chromosomes. Some studies 

report that in MM, plasma cells display increased nuclear size according to gains of 

chromosome numbers (Seili‐Bekafigo et al., 2013, Li et al., 2018, Snyers et al., 2018). Others 

have reported that chromosome territory volume is also increased in MM (Sathitruangsak et 

al., 2017). Furthermore, analysis of chromatin structure using super resolution microscopy 

revealed that MM have a decondensed chromatin structure even in pre symptomatic stages 

(MGUS) (Sathitruangsak et al., 2015). Therefore, increase chromosome number, increase CT 

volume and a decondensed chromatin state might play a role in increasing intrachromosomal 

distance reported here for MM cell lines.  

Down regulation of lamin A/C in RPMI 8226 using siRNA altered the chromosome 

position of CT 4, 9, 11, 14, 16, 18 and 22, compared to scrRNA. Overall, all chromosomes 

investigated move towards the nuclear center as an effect of lamin A/C downregulation. It is 

worth mentioning that single cell analysis in combination with co-immuno FISH of lamin A/C 

and chromosome territories was the key for determining CT alterations upon lamin A/C 

downregulation, as limitations of siRNA technology led to heterogeneous single cell protein 

downregulation. Reports on lamin A/C and high-order nuclear architecture shows that lamin 

A/C is essential for chromatin attachment to peripheral located nuclear lamina and organization 

of chromosomes by binding chromatin in nucleoplasm (Solovei et al., 2013, Naetar et al., 2017, 

Shevelyov et al., 2018). Furthermore, studies of lamin A/C disruption have shown to increase 

chromatin dynamics and changes of CT position (De Vos et al., 2010, Bronshtein et al., 2016, 
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Ranade et al., 2019). Therefore, our results corroborate with the idea that downregulation of 

lamin A/C increases chromatin dynamics, thus affecting chromosome position. The impact of 

increased chromatin dynamics regarding CTs overlapping and possible consequences for 

chromosome translocations and rearrangements were not investigated here. However, the 

intrachromosomal distance of chromosome pairs used in this study was not affected by 

downregulation of lamin A/C, which suggests that lamin A/C downregulation would not 

modulate intrachromosomal distance between chromosomes.  

Analysis of gene expression in RPMI 8226 after siRNA treatment (72 hours) shows up-

regulation of CCND1, BCMA, MAF, MALT 1 and BCL3 genes, compared to scrRNA (72 

hours). Those genes are placed on chromosomes 11, 16, 18 and 19 respectively. The same 

chromosomes showed altered CT position after lamin A/C downregulation. Reports on 

chromatin architecture as gene expression modulators states that genes placed on nuclear center 

have increased transcription rate, compared to genes placed on nuclear periphery (Chen et al., 

2018). Therefore, movements of CT to nuclear center may induce up regulation of gene 

expression. Furthermore, attachment of genes to the nuclear Lamina through lamina associated 

domains (LADs) represents a powerful mechanism of gene repression (Chen et al., 2018, Lochs 

et al., 2019, Wong et al., 2021). Reports of lamin A/C disruption shows increase overall gene 

expression by lacking chromatin binding to nuclear Lamina (Dubik and Mai, 2020). Thus, 

increased gene expression reported here may be related to decreased chromatin interaction with 

nuclear lamina. In addition, lamin A/C also interacts with gene promoters and histones, 

mediating indirect gene expression regulation (Dubik and Mai, 2020). Downregulation of 

lamin A/C induces lamin A/C dissociation from gene promoters, increasing protomers 

availability for transcriptional machinery and histone modifications in studies using adipocytes 

(Lund et al., 2013). Furthermore, open chromatin state has been associated with increased gene 

transcription (Kikutake et al., 2022). Therefore, downregulation of lamin A/C may increase 
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chromatin permissiveness to the transcriptional process, which may trigger alterations on gene 

expression. 

Expression of CCND1, MAF and BCL3 in MM cells have been associated with 

enhanced cell cycle progression (stimulating MM cell growth), increase survival and resistance 

to chemotherapy (Hurt et al., 2004, Brenne et al., 2009, Sewify et al., 2014, Jiang et al., 2022, 

Jiang et al., 2022). While expression of BCMA and MALT 1 is correlated to activation of NF-

κB pathway, which also promotes MM cell growth and cell survival (Otsuyama et al., 2008, 

Demchenko et al., 2010, Tai et al., 2016, Vrábel et al., 2019). Furthermore, inhibition of NF-

κB pathway has shown to decrease MM cell growth (Jourdan et al., 2007). Up-regulation of 

the genes reported in this study could be related to the processes regarding lamin A/C 

downregulation and changes on high-order chromatin architecture as previously discussed, or 

it can reflect a mechanism of resistance to lamin A/C downregulation, once we did not observe 

changes on growth rate of RPMI 8226 (siRNA-lamin A/C), compared to scrRNA using cell 

counting and indirect measure of cell viability by MTT assay.  

Production of immunoglobulins by MM cells is a characteristic marker of MM disease 

and it is associated with the end organ damage observed in MM (Hemminki et al., 2021, Sadaf 

et al., 2022). Analysis of λ light chain production of RPMI 8226 siRNA (96 hours) did not 

show any statistical differences compared to scrRNA, despite movements of CT14 to nuclear 

center. Modulation of immunoglobulin production would be great value as supportive therapy 

to MM patients by preventing multiple organs failure. Future research needs to address new 

strategies to decrease immunoglobulin production by MM cells.  

Investigations of chromatin structure and chromatin free spaces in PRMI 8226 siRNA 

lamin A/C (24 to 96 hours) shows alterations of chromatin state as results of increased 

chromatin dynamics. It was observed that downregulation of lamin A/C increases chromatin 
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condensation in 24 and 48 hours, followed by chromatin decondensation in 72 and 96 hours, 

compared to scrRNA. Increase chromatin dynamics can be attributed to downregulation of 

lamin A/C as reported by others (Dubik and Mai, 2020). Chromatin decondensation may reflex 

lamin A/C recovery, due to limitations of transient protein downregulation using siRNA.  

Although reports on chromatin analysis using super resolution microscopy in MM derived 

patient’ samples show that MM present with an overall open chromatin state, impacts of lamin 

A/C or other proteins downregulation was not investigated to date (Sathitruangsak et al., 2015). 

Therefore, I am the first to report that lamin A/C downregulation induces chromatin 

rearrangement in MM. Furthermore, increase chromatin dynamics and an open chromatin state 

could correlate with the up-regulated genes reported here.  

Constitutive downregulation of lamin A/C in RPMI 8226 using shRNA was performed 

in order to determine possible effects to chromosome territories and cell viability in MM. 

Downregulation of 50% of lamin A/C was observed in the first week after cell selection using 

puromycin. Lamin A/C returned to basal expression levels after 3.5 weeks in regular conditions 

of cell culture. Therefore, no other investigations were performed using the shRNA RPMI 8226 

cells. Furthermore, the mechanism of lamin A/C recovery after transduction with shRNA could 

not be addressed in this study.  

Lamin A/C knockout using CRISPR Cas9 was used to determine effects of lamin A/C 

disruption to chromosome territories and cell viability in MM. RPMI 8226 was transfected to 

express both Cas 9 (GFP) protein and small guide RNAs (BFP) for LMNA gene. After cell 

sorting using flow cytometry, no differences were observed on lamin A/C protein levels as well 

as cell viability on double positive cells (GFP+/BFP+). CRISPR Cas9 current limitations 

includes high frequency of off targets regarding binding of sgRNA to different genomic areas 

(Zhang et al., 2015, Albadri et al., 2017, Uddin et al., 2020). Furthermore, as hypothesized in 
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this study, lamin A/C knock out is lethal to MM. Loss of knock-out cell population before cell 

sorting could interfere with selecting lamin A/C knock out cells.   

8. Summary and Conclusions 

 Lamin A/C is required for the maintenance of chromosome territories and regulation of 

different cellular processes related to cell migration, invasion, nuclear structure, DNA-damage 

responses, and gene expression. Our preliminary data shows that lamin A/C is overexpressed 

in 10 primary treatment naïve MM patient’ samples. Therefore, I sought to investigate the role 

of lamin A/C in MM, specifically the effects of lamin A/C downregulation to chromosome 

territories organization, cell viability, and gene expression. 

In this study I was able to show that MM cell lines display an heterogenous expression of 

lamin A/C protein. Lamin A/C expression may correlate with MM disease development and 

cell phenotype. Future studies will determine if lamin A/C can be used as a MM biomarker.  

Altered chromosome position was reported here, among MM cells lines in comparison 

to normal B-lymphocytes. Altered chromosome territories among MM cells lines were 

attributed to differences in lamin A/C expression. Moreover, altered chromosome territories 

have been associated to the tumorigenic process. Therefore, CT may play a role on 

myelomagenesis. Furthermore, intrachromosomal distances of chromosome pairs here 

analysed revealed that normal B-lymphocytes display smallest distance between chromosomes, 

compared to MM cell lines. Increased chromosome proximity in B-lymphocytes facilitates 

translocation events to occur, which may explain why MM present a variety of chromosome 

translocations and support the role of CT in myelomagenesis. 

Downregulation of lamin A/C using siRNA have consequences in chromosome 

positioning, gene expression and chromatin state. Chromosome territories intermingled to 

nuclear center in RPMI 8226 siRNA lamin A/C, reflecting the key role of lamin A/C in 
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organizing genome architecture in MM. Increased gene expression of specific genes as an 

effect of lamin A/C depletion or indirectly related to CT intermingle to nuclear center was 

suggested. Furthermore, increased gene expression of cell survival pathways may reflect a 

possible resistance mechanism in MM as changes on cell viability was not observed in this 

study for RPMI 8226 siRNA lamin A/C. Analysis of chromatin state in RPMI 8226 siRNA 

lamin A/C shows that chromatin and DNA-poor spaces starts to condensate (24 to 48 hours), 

followed by chromatin decondensation (72 to 96 hours). Lamin A/C plays a key role binding 

chromatin site and organizing chromatin into the nuclear architecture. I concluded that its 

downregulation led to changes on chromatin state, reversed by protein rescue, as result of 

siRNA limitations.  

Lamin A/C downregulation using shRNA could not provide stable lamin A/C 

knockdown.  Furthermore, use of CRISPR Cas9 could not determine if lamin A/C knockout 

would induce MM cell death. Limitations regarding stability of protein knockdown and protein 

knockout may take place in this study. RPMI 8226 restored lamin A/C expression over time, 

this was attributed as a potential mechanism of resistance of MM. Regarding lamin A/C 

knockout, our CRISPR Cas9 model was not able to disrupt lamin A/C protein levels or if 

disruptive effect had happened cells could not maintain their integrity and died consequently.   

Overall, this study provides new insight into the role of lamin A/C as genome 

architecture modulator and its role on chromosome territories maintenance in MM. Future 

studies needs to determine if stable downregulation no lamin A/C or its knockout would induce 

MM cells death.  
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9. Limitations and Future Directions 

The effects of transient lamin A/C downregulation using siRNA to chromosome territories, 

gene expression and cell viability were addressed in this study. However, limitations of siRNA 

technology led us to a heterogeneous cell population that was still expressing lamin A/C. The 

development of stable lamin A/C downregulation using shRNA would overcome this issue. 

However, complete protein recovery after 3-4 weeks of shRNA treatment was observed, which 

suggests a MM cell defence mechanism against lamin A/C downregulation. The disruption of 

lamin A/C using CRISPR Cas9 was not achieved successfully in this study once no decreases 

in lamin A/C protein levels were observed. Usage of inducible CRISPR Cas9 system would 

better addresses whether lamin A/C knock out is affecting cell viability in MM.  The inducible 

CRISPR model makes possible to control the time of the genetic alteration, which facilitates 

the investigation of any possible effects of lamin A/C disruption to MM cells (Sun et al., 2019, 

Lundin et al., 2020). 

Analysis of lamin A/C expression in MM patient samples in different stages of MM 

(MGUS and SMM) would address the role of lamin A/C in MM progression. Moreover, 

downregulation of lamin A/C in patient derived MM cells (MGUS, SMM and MM) would 

better determine the effects of lamin A/C disruption according to MM development in vitro. 

Furthermore, xenograft mouse models using patients derived MM cells (in different stages of 

development) would unravel the effects of lamin A/C downregulation in vivo. Furthermore, 

analysis of gene expression and chromosome position using in situ RNA-FISH would address 

the relationship between chromosome position and gene expression regulation in different 

stages of MM development. 

 

 



69 
  

10. Supplementary Figures  

Figure S1 – Whole chromosome painting probes validation in metaphase spreads of 

MM.1R 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. A – E Whole chromosome painting probes validation in metaphase spreads of 

MM.1R. A – Chromosomes 18 (red) and 19 (green). B – Chromosomes 9 (red) and 22 (green). 

C – Chromosomes 4 (red) and 14 (green). D – Chromosomes 11 (red) and 14 (green). E – 

Chromosomes 16 (red) and 14 (green). Ch – Chromosomes.  

  

A B C 

D E A – Ch 18 and Ch 19 

B – Ch 9 and Ch 22 

C – Ch 4 and Ch 14 

D – Ch 11 and Ch 14 

E – Ch 16 and Ch 14 
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Figure S2 – Co-immune 3D FISH of RPMI 8226 Validation 

 

Figure S2. Co-immune 3D FISH of RPMI 8226. Chromosomes territories 18 (Red - Cy3) and 

chromosome territories 19 (Green – FITC). Lamin A/C is labeled with Cy5 (Yellow). Co-

immune FISH was used to select RPMI 8226 cells that do not show lamin A/C expression after 

siRNA downregulation.  
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