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Abstract 
 

Genomes of eukaryotic cells are organized in 3D non-random multiscale structures that have 

significant effects on function of their genome, of the cell and collectively with other cells, 

function of the entire organism. Through deregulation of genome maintenance pathways, 

diseased cells become susceptible to accumulate mutations and can remodel the structure of their 

genome over time to ultimately gain phenotypes that advance their pathology. A state of high 

mutation rate is a hallmark of cancer called genomic instability. As an early disease feature that 

drives cancer evolution, genomic instability has been investigated in multiple settings. A driver 

of genomic instability is dysfunctional telomeres. These are repetitive DNA ‘TTAGGG’ 

sequences that protect chromosomal ends of healthy cells. Dysfunctional telomeres can fuse with 

other telomeres, in cancer, this causes events that results in broken and then rearranged 

chromosomes when cells attempt to divide with fused chromosomes. Telomere function requires 

interactions with multiple nuclear proteins that help maintain its structure and position; one such 

protein is lamin A/C. This protein plays key roles in genome organization and is part of a 3D 

protein structure called the nuclear lamina that envelopes the nucleus. Studies have identified 

remodelling of 3D telomere profiles and lamin A/C dysregulation in various cancers and they are 

found to be associated with lymphoid malignancies including Hodgkin’s Lymphoma, multiple 

myeloma, chronic lymphoid leukemia, and myelodysplastic syndromes. A disease where we so 

far lack understanding of genome remodelling and genome instability to the same extent as in the 

ones cited above is cutaneous anaplastic large cell lymphoma (C-ALCL), a lymphoid 

malignancy with relatively good prognosis. My project aimed to investigate changing 3D 

telomere profiles and lamin A/C expression in C-ALCL as it progressed through a malignant 

transformation. Results here show a heterogenous multifaceted telomere remodelling and lamin 

A/C deregulation associated with disease progression. Conclusions of this study offer an 

understanding of genomic alterations that drive transformation of a disease such as C-ALCL and 

serve as a building block to future studies that will help us understand what makes C-ALCL 

more treatable compared to other lymphoid malignancies. 
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Introduction 
 

A brief history of the non-random organization of nucleus 

  In the later 1870s, Oscar Hertwig had demonstrated, through studies of sea urchin eggs, 

that, after fertilization, one male and one female pronucleus would become visible and then 

merge into a single nucleus (Hertwig, 1876; Hertwig, 1877; Hertwig,1878). This was later built 

on by Édouard van Beneden, who introduced the horse roundworm as a biological model in 1883 

(van Beneden, 1883). This species possessed one (A.m. univalens) or two (A.m. bivalens) pairs of 

large chromosomes, which could be counted easily, allowing van Beneden to convincingly 

demonstrate that the number and size of chromosomes contributed by male and female pronuclei 

were equal in this fusion. This evidence led Oscar Hertwig and August Weismann, the latter who 

was also developing his chromosome theory of heredity, as well as some of their contemporaries, 

to conclude that the nucleus contained hereditary material. Their view was not to find general 

acceptance for decades to come. An immediate problem was the question of how, hereditary 

material, locked away with chromosomes in the nucleus, could dictate the functions of a cell.   

  In 1885, Carl Rabl published his work with mitotic cells from Salamandra maculata 

wherein he discussed an observation: chromosomal middles and ends showed similar 

polarization at the beginning and end of mitosis in these cells (Rabl,1885). He then hypothesized 

that chromosome structure could be maintained to an extent during interphase. Then in 1887, 

Theodor Boveri made an interesting observation while again working with the horse roundworm: 

Chromosomes appeared large in germ lines, but in somatic lines chromosome edges would 

remain visibly attached to nuclear membrane while their middles would dissolve. The extent to 

which chromosomes would disintegrate in the interphase cell nucleus or maintain a rigid 

structure became a controversy in this period (for a review of scientific paradigms in this period: 

Cremer & Cremer, 2006). Oscar Hertwig, for example, supported a view that, during the 

formation of the diploid cell nucleus, all material from male and female pronucleus would 

completely mix (Hertwig and Hertwig, 1887).  

  In 1909, Theodor Boveri coined the term chromosome territory to describe a hypothesis 

whereby chromosomes could transform into a “sponge of chromatin bundles” at the beginning of 
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interphase but, instead of mixing together, they would maintain that nuclear position (their 

territory) until they aggregated into their mitotic chromosome form once again for cell division 

(Boveri, 1909). This hypothesis also necessitated an interchromatin space (the name 

“interchromatin space” was first used 60 years later (Monneron & Bernhard, 1969) so the 

chromosomes would not get entangled. For Boveri, this mechanism was necessary for successful 

cell division. This was the first hypothesis that described a cellular nuclear architecture with 

functional purpose.  

  Boveri used fixed 2 and 4 cell horse roundworm embryos to test his hypothesis. 

Comparing chromosomes at the end of 1st mitosis (before they dissolved) and at prophase at the 

beginning of 2nd mitosis (just when they appear again) demonstrated quite similar positions and 

orientations (Boveri, 1909). Boveri was able to generate conclusive evidence towards his 

chromosome individuality and heredity theories (Boveri, 1909) but, at the time, tools necessary 

to tag individual interphase chromosome positions were not available. This led to a disregard of 

chromosome territories from 1950s to 1980s, until the necessary modern techniques were 

developed and used to validate his concept, which is largely accepted today. 

  As the 20th century progressed, newly developed techniques of molecular biology were 

applied to extensively study the cell nucleus. However, investigation of DNA sequences and 

transcription factors was far more prioritized compared to structural investigation of protein 

complexes and DNA at nucleosome levels, while investigations of high order chromatin 

architecture and chromatin positioning were near nonexistent (Cremer et al., 2014). Until the 

early 1980s, most nuclear biologists were still content with a view of chromatin particles 

randomly mixed as spaghetti during interphase.  

  The non-random nature of chromatin organization at multiple scales during interphase 

has been gradually accepted in the last 30-40 years. With this understanding new fields of studies 

have come: 3D and later 4D nucleome research (https://commonfund.nih.gov/4Dnucleome), as 

well as a complete appreciation for links of nuclear structure and function, starting from single 

molecules up to the chromosome territories (for review, Cremer et al., 2015).  
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Architectural features of the genome 

Chromatin structures 

  Eukaryotic genomes are organized through some ubiquitous architectural features of 

increasing complexity: at the smallest level right after the DNA helix is the chromatin fiber. 146 

base pairs (bp) of DNA are wrapped around an octamer complex of core histone proteins: the 

nucleosome. Nucleosomes then can dynamically coil and straighten back to varying degrees to 

form chromatin fibers which have diameters ranging between 5-24 nanometers (nm) throughout 

the nucleus (for review see Maeshima et al., 2019). The degree of compaction is adjusted 

depending on access to DNA required by regulatory proteins. The chromatin fiber can also form 

loops, an architectural feature formed with kilobase pairs to megabase pairs of fiber, which can 

bring sequentially distant regulatory elements such as enhancers or silencers to stable 3D 

proximity with genes and promoters where they can work together (for reviews, Vermunt et al., 

2018; Dekker & Misteli, 2015). Chromatin looping was initially identified by development of 

chromatin capture techniques and was later confirmed by other methods.  

  Chromatin capture techniques have been frequently used for studies of genomic 

architectural features so it is worthwhile to briefly introduce the principle of these methods here: 

During chromatin looping, a chromatin fiber directly touches another chromatin fiber and they 

can be chemically crosslinked at that point with an agent such as formaldehyde. Chromatin is 

then digested with a restriction enzyme. Cross linked segments can be then ligated and quantified 

with various methods. The sequence of these segments will reveal genome wide interactions 

(Dekker et al., 2002, for review Dekker & Misteli, 2015). 

  Chromatin domains are more complex architectural features relative to chromatin loops 

(for review, Misteli 2020). They are often several hundred kilobases in size (Fudenberg et al., 

2016). Although extensively studied using chromatin capture techniques, these structures were 

first observed with Fluorescence in situ hybridization (FISH) experiments (Shopland et al., 

2006). Chromatin domains eventually came to be referred as topologically associated domains 

(TADs) because of their preference to interact with each other. The formation of TADs is a 

directed and ATP-dependant process which starts with a chromatin loop-extrusion (Fudenberg et 

al., 2016). After extrusion, the loop then forms many internal folds and smaller loops via self 

organization which give a 3D shape to the TAD. The functional significance of TADs is still to 
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be determined; however, they could be working, at least to an extent, as coregulatory units by 

restricting a selection of genes, transcription factors and enhancers to a 3D space where they can 

work together (Beagrie et al., 2017). Currently, they are primarily considered to work as an 

assisting structural base to other gene regulating chromatin-chromatin or protein-chromatin 

interactions (Misteli, 2020). 

  FISH methods can visualize multiple TADs attaching to form even more complex 3D 

structures (Wang et al., 2017). These multiple megabases spanning units are called chromatin 

compartments. It is also possible to observe chromatin compartments by quantifying interactions 

between TADs with chromatin capture techniques (Fraser et al., 2015). The largest units of 

genome organization are chromosome territories, which are made up of the entire DNA of a 

single chromosome and contain multiple chromatin compartments that are interacting.  

  During interphase, the DNA from a chromosome will occupy a restricted space of the 

nucleus called a chromosome territory (for review, Cremer & Cremer, 2010). Although 

chromosome territories were proposed in the 1880s as discussed above, in the early 1980s, 

modern studies were beginning to re-establish this hypothesis. Using laser irradiation, small 

sections of interphase nuclei were exposed to DNA damage and then chased with tagged nucleic 

acids. When the tagged nucleic acids were then visualized in mitosis spreads, recent DNA repair 

was observed and found to be restricted to a single chromosome or a few chromosomes (Zorn et 

al., 1979). If chromosomes completely dissolved and mixed during interphase, the expectation 

would have been small DNA repair tags along many different chromosomes. Still, the consensus 

shift towards accepting these macro nuclear architectures can be traced to later 1980s, some 100 

years after they were first proposed by Carl Rabl, due to the development of  “chromosome 

painting” which finally allowed for direct visualization of chromosome territories in interphase 

nuclei using libraries of FISH probes (Lichter et al., 1988). 

  Preceding our understanding of large structural chromatin units, the most clear 

observation suggesting a non-random nature of nuclear organization was the spatial separation of 

transcriptionally active euchromatin from condensed inactive heterochromatin (Fawcett 1966, 

Ferreira et al., 1997). This separation is also evident when genome wide interactions of active 

and inactive loci are quantified with chromatin capture, which results in mapping the 2 

corresponding spatially segregated interaction groups called A and B compartments (Lieberman-
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Aiden et al., 2009; for review Rowley & Corces, 2018). Another cytological observation was 

that heterochromatin would be generally located at the nuclear periphery while euchromatin 

would be positioned at the nuclear interior (Fawcett 1966). This led to propositions of a 

correlation between transcriptional silencing and positioning at the nuclear periphery (Sadoni et 

al., 1999). 

Nuclear envelope 

 

 At the nuclear periphery, the nuclear envelope acts as an immobile and constraining 

structure in genome organization compared to the dynamic and locally diffusing chromatin. The 

interior of the nuclear membrane is lined with the nuclear lamina; a meshwork structure where 

the principal components are the A and B-type lamin proteins, which are intermediate filaments, 

and lamin-associated proteins  (for review Shevelyov & Ulianov, 2019).  

  Chromatin capture techniques have demonstrated that in various organisms’ genomes, 

including the human genome, there are specific chromosomal regions that attach to the nuclear 

lamina. These regions, named lamina-associated domains (LADs), are indeed gene poor and the 

relatively few genes they contain are weakly expressed or silent genes. This is consistent with the 

observation of regular peripheral positioning of heterochromatin (Fawcett, 1966). Multiple 

studies have identified proteins that are chromatin interacting and/or part of the nuclear envelope. 

Some of these proteins are demonstrated to be playing a role in this heterochromatin tethering 

(Shevelyov & Ulianov, 2019). Researchers most commonly investigate this function by 

depleting one or multiple target proteins and then following up with FISH to see if LADs, at least 

to some extent, get detached from the nuclear envelope. The chromatin attaching role of these 

proteins is usually specific to organisms, cell types and the developmental stage of the cell. 

Lamins for example can be necessary for tethering: knockout of Lmna gene, which codes for 

lamin A/C proteins, causes a shift of heterochromatin to nuclear interior and euchromatin to 

periphery in post mitotic mouse cells that also lack the protein Lamin-B-Receptor (LBR) 

(Solovei et al., 2013). In mouse embryonic stem cells (mESCs), however, loss of all lamin 

proteins only leads to detachment of some LADs and no heterochromatin-euchromatin inversion 

occurs, indicating existence of other interactions that maintain the chromatin positions of most 

LADs (Zheng et al., 2018).  
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  Artificially tethering gene loci to the nuclear periphery leads to their inactivation or if 

they were already silent, to their resistance to later activation (Kumaran & Spector, 2008; Finlan 

et al., 2008; Reddy et al., 2008; Wang et al., 2018). Therefore, genes can be repressed by 

mechanisms independent of the nuclear lamina and be positioned towards the nuclear lamina 

because of their repression, but they can also be repressed by the nuclear lamina because of their 

contact with it. However, a dedicated localization machinery which repositions to-be-silenced 

genes to the nuclear lamina has not been identified (Misteli 2020). Currently, silenced genes are 

believed to position to the periphery because of their functional status, where the nuclear lamina 

exerts a further robustness to the repression (Shevelyov & Ulianov, 2019).  

  3D positioning of chromatin according to its functional status is also evident at the most 

complex level. Chromosome territories show a similar non-random pattern to genes but with 

their own set of rules and exceptions. In human lymphocytes, it was shown that gene density 

correlates with radial position of chromosomes: for example, gene dense human chromosome 19 

is located to the nuclear interior, while gene poor human chromosome 18 prefers a peripheral 

position despite the chromosomes having a similar size (Boyle et al., 2001; Cremer and Cremer, 

2001a). This arrangement is conserved during evolution (Tanabe et al., 2002). This is again 

consistent with observations that heterochromatin is localized to the periphery and euchromatin 

is localized to the interior (Fawcett 1966). For human fibroblasts, unlike the lymphocytes, 

chromosome size is also a factor of chromosome position where smaller chromosomes are 

positioned more to the nuclear interior (Bolzer et al., 2005). 

Nuclear organization of telomeres 

 

  Telomeres are the protective repetitive terminal sequences of chromosomes and 

responsible for chromosomal integrity; they are also both organizers of genome as well as 

dependant on nuclear organization for their own functions (for review Burla et al., 2016). 

Mammalian telomeres contain arrays of (TTAGGG)n repeats and end with a single 3’ G-rich 

overhang. Healthy telomeres form their own unique 3D architectural motifs; the ending 3’ single 

strand overhang bends into what is called a t-loop and invades the preceding telomeric double 

strand. Telomeric double strand folds open to allow the overhang single strand to invade and 

hybridize with one of its halves, the other non hybridized telomeric strand, now loose, forms 
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what is called a displacement loop (D-loop) (Griffith et al., 1999). Telomeres can have non-

random 3D nuclear positions; in many organisms a typical organization, called a ‘bouquet’, is 

observed during the first meiotic prophase of development, during which chromosome ends are 

attached to the periphery (Scherthan et al., 2000). In somatic interphase cells, telomeres are not 

localized to a specific location (Crabbe et al., 2012), but multiple direct and indirect interactions 

have been identified between telomeric DNA, telomere associated proteins and proteins 

associated with nuclear lamina/envelope (for review Burla et al., 2016). A-type lamins are 

important partners that play key roles in the maintenance of telomere length, internal structure, 

nuclear positioning and thereby telomere function. Quantifying telomere motion reveals they 

display a slow anomalous diffusion in mammalian interphase cells; however, upon depletion of 

lamin A, their motion transforms to fast and normal diffusion (Bronshtein et al., 2015). Loss of 

lamin A directly results in telomere shortening (Gonzalez-Suarez et al., 2009) as well as an 

inability to process dysfunctional telomeres with the nonhomologous end joining (NHEJ) DNA 

repair pathway (Gonzalez-Suarez, Redwood, Perkins, et al., 2009). 3D Telomere positions are 

dependant on cellular shape as well as cell cycle dependant, as telomeres can be observed to 

form a disc when chromosomes are aligning in G2 phase before M phase (Chuang et al. 2004, 

Vermolen, 2005). It is therefore possible to determine the cell cycle phase based on a 

quantification of 3D telomere position. 

 

Measuring genome organization  

 

  It is possible to quantitatively measure aspects of 2D, 3D and even 4D genome 

organization through various techniques that can be separated into imaging and chromatin 

conformation capture (3C) based methods, although recently boundary pushing techniques are 

being developed that do not fit in either category (for review Kempfer & Pombo, 2019).  

 

Chromatin capture 
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  Conformation capture techniques, specifically the more recent Hi-C, are powerful in their 

capacity to simultaneously detect all genome-wide chromatin-chromatin contacts and generate a 

nuclear structure map with enormous data. These methods also have important limitations due to 

their proximity ligation-based approach that has difficulty capturing long-range interactions and 

interactions between more than 2 loci. Random and intermolecular ligations (between non-

crosslinked DNA fragments) are major sources of noise in these methods (Kong & Zhang, 2019). 

The interactions should be therefore validated by an independent method such as FISH (Simonis 

et al., 2007). Chromosome territories and their shapes can still be inferred by chromatin capture, 

appearing as high frequency of contacts within a chromosome, while intrachromosomal contacts 

allow for an understanding of chromosomal 3D positioning relative to each other (Spilianakis et 

al., 2005; Nagano et al., 2017). The sizes of smaller sized chromatin architecture such as TADs 

match very well with the resolution of 3C based approaches allowing for their collective 

detection, even sub-TAD loop structures within can be identified (Rao et al., 2015). Single cell 

methods have also been developed (Nagano et al., 2015; Kempfer & Pombo, 2019).  

Microscopy 

  Microscopy, on the other hand, has the capacity to detect a great range of interactions 

between proteins, DNA and RNA but is so far limited to being able to observe targets 

determined by researchers before the experiment (Kempfer & Pombo, 2019). Microscopy can 

also provide loci locations relative to nuclear bodies and periphery. DNA-FISH specifically has 

been used extensively in the field of 3D genomics due to its capacity to show 3D locations of 

genes and chromosomes (Speicher et al., 1996). This advantage has been built upon by modern 

techniques such as sequential FISH (seqFISh) approaches that create barcodes for loci through 

repeated rounds of hybridization (Lubeck et al., 2014; Shah et al., 2016; Takei et al., 2017). 

Recently, FISH has been used to detect thousands of individual loci in single cells, which were 

then integrated by computation to generate 3D spatial maps of every chromosome territory and 

thousands of alleles, combined with a view of how their DNA sequence takes 3D shape (Takei et 

al., 2021). This information has also been further integrated with sequential immunofluorescence 

to see how proteins such as chromatin markers and nuclear substructures position alongside 

DNA and RNA (Takei et al., 2021). Microscopy offers the advantage of detection of long-range 
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interactions between loci that are beyond the range of chemical ligation and, more recently, the 

capacity to study the nuclear organization of live cells (Ma et al., 2016). 

Measures of genome organization 

  Some aspects of nuclear organization include the non-random 3D locations of specific 

genes and chromosomes, telomeres, heterochromatin, euchromatin and nuclear bodies which can 

all be measured relative to the nuclear center/periphery and/or each other, using variations of the 

methods mentioned above. 3D location is not the only measurable aspect of nuclear organization, 

some studies for instance have quantified genome wide chromatin compaction (Young et al., 

1986; Righolt et al., 2014; Boettiger et al., 2016) or chromosome orientation (Schmälter et al., 

2014; Schmälter et al. 2015).  To study alterations, these measurements of nuclear organization 

can then be compared between disease states and healthy cells, different developmental stages of 

a cell, between cell types or cells of same type from different organisms (Krijger and de Laat 

2016, Spielmann et al., 2018, Dekker et al., 2017). 

 

 

Genomic Instability and Cancer 

  Healthy cells invest significant resources to the maintenance of their genome, this results 

in species-defining stable features such as what is known as karyotype: Healthy somatic cells in 

an individual multicellular organism contain a constant number of chromosomes (or multiples of 

a constant number). Any deviation from this expected count, as well as partial gains or losses, is 

termed as aneuploidy. The rate of mutations is also kept under strict control unless functionally 

necessary. In humans for example, chances of acquiring a mutation that would alter a protein 

coding region of genome is less than one per generation (Keightley, 2012). 

   It was noted more than a century ago that cancer cells would tend to not adhere to the 

chromosomal homogeneity of their organism (Von Hansemann, 1908). Boveri was the first to 

hypothesize that abnormal growth of cancer cells could be due to this aneuploidy (Boveri, 1914). 

This feature of continuously developing aneuploidy as well as chromosomal rearrangements like 

translocations and inversions, later called chromosomal instability (CIN), have been observed 
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very commonly in cancers. CIN can be categorized between structural CIN (sCIN) and 

numerical CIN (nCIN). Structural CIN can occur, for example, due to high rate of balanced 

translocations between chromosomes which do not change copy numbers but cause a karyotype 

alteration. Numerical CIN can be due to, for example, a high rate of segregation mistakes during 

anaphase that causes changes to chromosome counts but no rearrangements between them 

(Bayani et al., 2007). Some genomic events, such as unbalanced translocations, can lead to both 

at the same time. sCIN and nCIN are therefore commonly observed together (Bayani et al., 

2007). Both sCIN and nCIN are in fact specific forms of genomic instability, which is a hallmark 

of cancer that, although known previously, emerged to greater importance in the 2000s (for 

reviews of genomic instability Negrini et al., 2010, hallmarks of cancer; Hanahan & Weinberg, 

2011).  

  Genomic instability refers to the rate of mutations accumulating in a cellular lineage. This 

can be in the form of chromosomal abnormalities.  Genomic instability can also be in form of 

increased frequency of base pair mutations, called Nucleotide Instability (NIN), or changes in 

number of noncoding microsatellite sequence repeats, defined as Microsatellite Instability (MIN) 

(for MIN review, Li et al., 2020). 

  Genomic instability has been described as an enabling hallmark of cancer in that it 

generally precedes and is crucial to the acquisition of other hallmarks (Hanahan & Weinberg, 

2011). Eventually, some mutation accumulating cells will acquire phenotypic alterations that 

benefit their selective potential in a specific tissue microenvironment. This leads to the new 

subclone(s) expanding and eventually dominating its sister cells. Successor clonal expansions 

will continue with new mutations, if they add a trait that infers a selective advantage, which 

contributes to the oncogenic potential of the cell population in a multistep tumor evolution. A 

most common example that occurs in almost every type of cancer is inactivating mutations of 

TP53 which codes for p53, a critical tumor suppressor (Olivier et al., 2009). The prevalence of 

these mutations varies greatly from 5% for cervical cancer cases to 50% of ovary cancers and is 

more common in late-stage disease (Olivier et al., 2009).  

  Genomic instability itself is usually a cause of mutations that lead to dysfunctions in 

genome maintenance and/or increase sensitivity to mutagenic stress. The most striking examples 

of this phenomenon are hereditary cancer risk factors: Werner syndrome helicase (WRN), breast 
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cancer type 1 susceptibility protein (BRCA1), breast cancer type 2 susceptibility protein 

(BRCA2) and its partner PALB2, RecQ protein­like 4 (RECQL4), Nijmegen breakage syndrome 

protein 1 (NBS1) are all known to have DNA repair functions and inherited mutations of these 

proteins makes individuals predisposed to development of various cancers, attributable to 

resulting genomic instability (Ripperger et al., 2008; Bachrati and Hickson, 2003; Kennedy and 

D’Andrea, 2006). 

  Due to telomere shortening during DNA replication, the proliferative potential of cells is 

limited by their telomere lengths (Shay & Wright, 2000). Another hallmark of cancer is 

achieving what is known as replicative immortality, typically by expressing telomerase and/or, 

less commonly, alternative mechanisms of telomere elongation (Hanahan & Weinberg, 2011). 

Aside from limiting proliferation, critically short telomeres also lack sufficient shielding from 

their partner proteins that prevent them from being recognized as double strand breaks (DSB) by 

DNA repair mechanisms (van Steensel et al., 1998, Liddiard et al., 2016, Rai et al., 2010). 

Telomeres processed with NHEJ can make fusions either head-to-head with other telomeres of 

other chromosomes (or telomeres from sister chromatids) or previously broken non-telomeric 

genome loci. This creates dicentric or Robertsonian chromosomes as well as unbalanced 

translocation chromosomes. Dicentric chromosomes can break during cell division and cause 

further fusions in a process called breakage-fusion-bridge (BFB) cycle. This process fosters 

chromosomal translocations and partial amplifications by DNA repair pathways, which can 

dramatically reorganize the genome architecture in a single event. It also initiates an ongoing 

genomic instability that can last many cell cycles until chromosomes stabilise. Early in cancer 

progression, mostly prior to activating telomere maintenance pathways, pre-malignant 

proliferating cells commonly experience BFB cycles (Kolquist et al., 1998; for review Mai, 

2010). Although BFB cycles might appear to be a problem for the cell, for cancer cells it appears 

this telomere-driven genomic instability can greatly contribute to acquiring oncogenic traits early 

on in the disease by creating copy gains and losses (Cleal et al., 2018).  

  Genomic instability can greatly reorganize the 3D nucleus at multiple levels (for review; 

Krijger and de Laat, 2016). Large chromosomal rearrangements not only alter chromosome 

territories but can also delete, rearrange the borders of, and create de novo TADs (examples 

include Sathitruangsak et al., 2016; Marella et al., 2009; Sanborn et al., 2016; Guo et al., 2015). 
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Point mutations can deactivate enhancers or create new transcription factor binding sites on 

enhancers, which disrupt or generate new loop formations with genes, respectively (Lettice, 

2003; Fukami et al., 2012). Furthermore, reorganization of the 3D nucleus by genomic instability 

can have contributions to the cancerous potential of cells: in Burkitt’s lymphoma, due to a t(8;14) 

translocation, MYC oncogene is placed under the control of immunoglobulin heavy chain 

enhancer (Taub et al., 1982); in medulloblastoma, rearrangements create new interactions with 

super-enhancers for the GFI1 gene family (Northcott et al., 2014). 

Measures of genomic instability  

 

  The existence of genomic alterations alone does not mean a cell has genomic instability 

(Lengauer et al., 1998). Individuals with Down Syndrome, for example, have all their cells 

contain a chromosomal abnormality, trisomy 21, but their cells normally do not have genomic 

instability (Antonarakis et al., 2004). Genomic instability refers to a rate and not a state; it means 

genomic alterations must be occurring at a pace greater than normal. Ideally therefore, studies 

that measure true genomic instability will attempt to measure a ground state and then do time-

based measurements to quantify a rate of mutations occurring in deviation from that ground 

state. For example, in 2002, Bunz et al. investigated whether p53 loss leads to CIN by culturing 

wild type and p53 knockout cell lines, which initially had the same karyotype, in parallel (Bunz 

et al., 2002). They observed karyotype using multiplex FISH after 25 generations, then 

compared it to the initial karyotype to determine a rate of chromosome losses, gains, and 

rearrangements. They detected no significant rate difference, reaching the conclusion that p53 

loss alone does not lead to CIN in vitro.  

  However, both for research and for clinical purposes, especially when repeated biopsies 

are unavailable and/or cell culture is not an option, directly characterizing actual rate of 

alterations in disease may not be possible (Geigl et al., 2008). Therefore, researchers and 

clinicians use a set of surrogate measures that indicate genomic instability or correlate with it. 

Measurements of cell-to-cell variability in genome organization from a static single sample 

snapshot is a reliable indicator of ongoing genomic instability (Geigl et al., 2008). Researchers 

may focus on CIN, nucleotide instability (NIN)  or microsatellite instability (MIN); since they 

are all types of genomic instability (that are often in interplay), measure of one sufficiently 
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identifies at least the existence of genomic instability (Pikor et al., 2013). 

  While it is not a commonly used technique to assess genomic instability, single-cell 

whole-genome sequencing would, in theory, generate the most comprehensive insights for this 

purpose, being able to detect chromosomal copy number changes, inversions, and translocations; 

as well as nucleotide substitutions, insertions or deletions and microsatellite expansion or 

contraction. Historically a much more commonly used technique is Trypsin-Giemsa staining of 

metaphase chromosomes, which creates chromosome specific patterns that can be used to 

identify CIN but not NIN or MIN. More recently, spectral karyotyping (SKY) metaphase cells, 

which is a technique that uniquely paints each chromosome, has been an excellent choice for 

detecting CIN (Bayani & Squire, 2001).  Metaphase cells are greatly outnumbered by interphase 

cells even in most proliferating tumors and culturing samples even short-term could add new 

genome alterations, both of which pose a limitation. These could be overcome by using telomere 

FISH, where the count of telomeres can be used as an indicator of aneuploidy during interphase 

(Louis et al., 2005, Vermolen et al., 2005). Different techniques, such as Flow cytometry, PCR, 

array Comparative Genomic Hybridization (aCGH) and others, offer their own strengths and 

limitations in studying genomic instability (for review, Pikor et al., 2013). 

Lymphoid and other hematological malignancies 

  Hematological malignancies are groups of tumors of blood forming immune cells, 

sometimes also referred to as liquid tumors because they can be easily observed in circulation. 

The included classifications are lymphomas (cancers of lymphocytes, mainly located in lymph 

nodes), leukemias (mainly located to blood and bone marrow) and myelomas (which are cancers 

of plasma cells that produce abnormal antibodies). In this subsection, I detail their 

pathophysiology specifically in the context of nuclear organization and genomic instability. 

  Solid tumors sometimes have chromosomal abnormalities that can contribute 

significantly to their pathogenesis (Mitelman et al., 2007). For hematological malignancies, 

chromosomal abnormalities are even more common (Küppers, 2005). For lymphoid 

malignancies specifically, chromosomal abnormalities are the most frequent form of mutation 

(Küppers, 2005). This is attributable to the predisposition of T and B cells to having 

chromosomal abnormalities, as these cells make programmed short-term use of genomic 
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instability to create the necessary variation in their immune repertoire. Immunoglobulin chains 

and T Cell Receptor (TCR) genes are constructed through a selection of Variable, Diversity, and 

Joining [V(D)J] regions by recombination. B cells go on to make use of somatic hypermutation 

and class-switch recombination to adjust their antibody production to the specific needs of the 

current immune defense (Küppers, 2005; Nussenzweig & Nussenzweig, 2010). This reliance on 

genomic instability is considered to account for the fact that 95% of lymphomas are of B cell 

origin (Küppers, 2005), because, self-inflicted DNA breaks and editing are error-prone tools for 

creating protein variations. In B cell malignancies, immunoglobulin heavy chain (IgH) loci on 

chromosome 14 appears to be a very common site for chromosomal translocations which are 

considered to be [V(D)J] recombination mistakes made early in cell development (Bouamar et 

al., 2013). Aberrant somatic hypermutation can cause translocations that affect proto-oncogenes 

responsible for causing diffuse large B cell lymphoma (Pasqualucci et al., 2001).  

  Telomere dysfunction driven BFB cycles due to extremely short telomeres is implicated 

in a source of CIN in lymphoid malignancies (Krem et al., 2015). In Hodgkin’s lymphoma (HL), 

an ongoing erosion and spatial disturbance of telomeres is evident in Hodgkin cells (H cells) 

which transition to end stage Reed– Sternberg cells (RS cells) (Knecht et al., 2009). This 

telomeric shift is also accompanied by increasing BFB cycles and increasing complexity of 

chromosomal abnormalities during the H to RS cell evolution (Guffei et al., 2010). 

Significance of altered genome organization in a clinical scenario  

 

  Commonly observed altered nuclear organization in cancers has had a clinically 

significant impact on diagnosis, prognosis, and treatment choices especially with liquid tumors 

which can be easily collected. In general, CIN is correlated with negative outcomes for both B- 

and T-cell malignancies (Krijger and de Laat 2016) but, based on disease, more complex trends 

can be observed, such as in Acute Lymphoblastic Leukemia/Lymphoma (ALL).  In ALL, whole 

chromosome losses correlate to a poor prognosis of 40% or less 5-year survival rate, this 

prognosis gets worse the fewer chromosomes there are (Harrison et al, 2004). Chromosome 

gains on the other hand confer to an up to 90% 5-year survival rate in ALL (Harrison et al, 

2004).   

 Telomere length can be correlative with prognosis as well. Shorter telomeres in HL are 
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associated with resistance to chemotherapy and the probability of secondary cancer (Knecht et 

al., 2012; M’kacher et al., 2007). In Chronic lymphocytic leukaemia/small lymphocytic 

lymphoma (CLL), telomeres shorter than 5 kB correlate with reduced overall survival rate for the 

patient (Lobetti-Bodoni et al., 2010). 

 Lamin A/C plays a role in supporting telomere function and acts as a nuclear organizer. 

Lamin A/C has been implicated in lymphoid malignancies as well as in other cancers (for 

review; Dubik & Mai, 2020). Immunostaining studies have not found lamin A/C expression at 

observable levels for resting B cells (Contu et al., 2018) and have found a minimal amount only 

in a small subset of resting T cells (González-Granado et al., 2014). Upon activation, both T and 

B lymphocytes upregulate lamin A/C (Contu et al., 2018; González-Granado et al., 2014). 

Cancer cells frequently under- or over-express lamin A/C, sometimes with expression 

heterogeneity between tumor samples of a disease type (Dubik & Mai, 2020). The expression 

patterns can be clinically significant, such as in diffuse large B-cell lymphomas where the lamin 

A/C promoter was found to be epigenetically inactivated in 34% (14/41) of cases and this 

silencing also correlated with poor outcome (Agrelo et al., 2005). The large variation of lamin 

A/C expression patterns in cancers combined with various known functions of lamin A/C in 

different tissues can make establishing a link between cancer phenotype and lamin A/C 

associated genome remodelling difficult. Looking beyond expression can strengthen our 

understanding as lamin A/C is also often found to have abnormal nuclear localization and 

structures in cancer (Moss et al., 1999; Foster et al., 2011). Once again in HL, both H cells and 

RS cells strongly express lamin A/C, as observed in both culture of HL cell lines and in tissue 

samples (Contu et al., 2018). Lamin A/C also forms structures inside the nucleus that divide the 

nucleus into compartments in HL. Disrupting lamin A/C expression by RNA interference leads 

to a failure of H cells to transition into multinuclear RS cells, accompanied by a spatial 

reorganization of H cells’ telomere positions and shortening of their telomeres (Contu et al., 

2018). The evidence shows nuclear remodeling linked to lamin A/C dysregulation can be a factor 

in cancer progression. Possibly H cells need lamin A/C to keep telomere driven BFB cycles at a 

sustainable level or else genomic instability becomes too much for them to progress to RS cells. 

It is also possible that the multi-nucleation process is impossible without lamin A/C. 

  With regard to guiding therapeutic choices, a viable strategy for targeting cancers with a 
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high genomic instability phenotype is to increase additional genomic instability to a level 

unsustainable for cancer cells. Several classic cancer therapies rely at least partially on this 

strategy. DNA damaging compounds, like cisplatin, have more cytotoxic potential if the DNA 

repair pathways of target cells are less functional (Dasari & Bernard Tchounwou, 2014). 

Microtubule targeting taxanes, like paclitaxel, lead to failure of chromosomal segregation during 

cell division and aim to increase existing chromosomal abnormalities to lethal levels (Wordeman 

& Vicente, 2021). In lymphoid malignancies as well as in all other diseases, the efficacy of these 

therapies depends on how well they target the specific mutations and specific weaknesses in 

genome maintenance of the underlying disease. Poly(ADP-ribose) polymerase (PARP) plays a 

role in recruiting DNA repair machinery and its inhibition induces DSBs that selectively kill 

cells with other already faulty components of DNA repair pathways (Dziadkowiec et al., 2016). 

PARP inhibitors, like Olaparib, are approved for treating particularly BRCA (Homologous DNA 

repair) mutated patients, with ovarian and breast cancer. Olaparib is currently in a precision 

medicine phase 2 trial against non-Hodgkin’s lymphomas that are screened for ATM, BRCA1, 

BRCA2, RAD51C, RAD51D mutations, which are factors contributing to homologous DNA 

repair (Clinical trial NCT03233204). Attacking telomere driven genomic instability is another 

strategy. BIBR1532, a telomerase inhibitor, selectively kills leukemia cells independently of 

their telomere lengths. This lethality is believed to be driven by an exacerbation of telomere 

dissociation with telomere capping proteins (Damm, 2001 et al.; El-Daly et al., 2005). 

BIBR1532 served as a proof of concept for the next generation telomerase inhibitors such as 

imetelstat, currently in phase 3 trials (NCT02598661, NCT04576156). 

Cutaneous T cell lymphomas  

  Unlike most non-Hodgkin lymphomas (NHL), Cutaneous T Cell Lymphomas (CTCL) 

are a class of T cell origin cancers. They are named cutaneous because patients with these 

diseases present with skin rashes due to malignant T cells migrating to dermal tissue. Cutaneous 

T cell lymphomas are further divided into subclasses (Willemze, 2005). 30% of these are 

characterized by CD30 cell surface marker positivity. These include primary cutaneous 

anaplastic large cell lymphoma (C-ALCL) and lymphomatoid papulosis (LyP), which are parts 

of a single disease spectrum but named for different variations of clinical skin symptoms and 
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histological appearance (Willemze, 2005). Many cases are borderline between the two, based on 

histological appearance (Willemze, 2005). The prognosis is usually good for C-ALCL, with 

estimated 5-year survival exceeding 90%, which is much more favourable compared to other 

CTCLs (Bekkenk et al., 2000). Some recurring chromosomal alterations have been characterized 

such as the gains on 6p, 7q, and 19, and losses on 6q, 9, 13 and 18 (Boni et al., 2000; Mao et al., 

2003; van Kester et al., 2010). Studies have reported these alterations to be fewer in comparison 

with other CTCL. Telomerase activity and generally long telomeres that are comparable to 

healthy cells are reported in C-ALCL (Chevret et al., 2014). Genomic instability comparisons 

with other CTCL have not been undertaken as yet. Another group of CD30 positive CTCLs are 

mycosis fungoides (MF), which are diseases initially restricted to the skin that can later advance 

to Sezary Syndrome (SS), a leukemic form of CTCL (Willemze, 2005). Previous studies have 

found telomere loss and more short telomeres compared to control cells, a trend that was greater 

for advanced cases (Bienz et al., 2021). 

Mac cell lines  

  In my studies, I used three C-ALCL cell lines that originated from the same individual. 

They are Mac-1, Mac-2A and Mac-2B lines known to have a single clonal background but Mac-

2A and Mac-2B are started at a later malignant disease stage (Davis et al., 1992). Their case is 

detailed below. These lines present the opportunity to study a phenotype shift from indolent to 

aggressive cancer starting from a single clonal background. This opportunity has intrigued other 

research groups who identified various mutations attributed to this malignant cancer evolution 

(Knaus et al., 1996; Levi et al., 2000; Ehrentraut et al., 2012; Ehrentraut et al., 2016).  

  The case of Mac cell lines is summarised here: In 1971, a 31-year-old white male 

individual presented with skin rash (case report; Davis et al., 1992). He was diagnosed by biopsy 

with mycosis fungoides, a form of CTCL, and given external radiation. In 1975, he developed 

abnormal sized lymph nodes and was diagnosed with HL. Radiotherapy resulted in a complete 

remission of HL, but skin lesions appeared and spontaneously disappeared for the next 8 years. 

In 1983, skin lesions were biopsied and diagnosed with lymphomatoid papulosis (LyP); the 1971 

diagnosis was also then reinterpreted and changed to LyP. Lymph node biopsies showed a 

translocation, t(8;9)(p22;p24), in some 20% of the cells in metaphase. In 1985, circulating 
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abnormal cells (Sezary-like) were detectable and patient had an extended red skin rash 

(erythroderma). Skin biopsies revealed t(8;9)(p22;p24) containing CTCL cells. In 1987, 

ulcerating skin lesions developed that showed large cells. Patient passed away from 

complications in 1988 and lymph node analysis in autopsy identified C-ALCL. Analysis of 

chromosomal rearrangements later confirmed that some of the malignant cells observed through 

the whole 1971-1988 case were from a common T-cell clone (Davis et al., 1992). 

  Three cell lines were initiated from this case: Cell line Mac-1 was started in 1985 from 

indolent cells in the peripheral blood, while cell lines Mac-2A and Mac-2B were started from 

separate aggressive skin-tumor nodules in 1987 taken on the same day.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Rationale, Hypothesis and Aims 
 

Rationale 

  The 3D organization of the genome is found to be altered in lymphoid malignancies often 

in a clinically significant way, as explained above. C-ALCL is a disease where prognosis 

compares favourably to other CTCL and B cell lymphomas (Boni et al., 2000; Mao et al., 2003; 

van Kester et al., 2010; Bekkenk et al., 2000). C-ALCL has fewer chromosomal aberrations 
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compared to other CTCL and average telomere lengths that are comparable to healthy T cells 

(Chevret et al., 2014). Together this could mean that compared to other lymphoid malignancies, 

telomere driven BFB cycles are not as prominent in C-ALCL and genomic instability is lower, a 

phenotype that is attributable to the good prognosis of this disease.  

  However, we still lack information on lengths of individual telomeres and cell-to-cell 

variability of telomere profiles in C-ALCL, as telomere FISH has not been applied to these 

questions. The 3D spatial positions of telomeres as well as existence of telomere aggregates have 

not been investigated in this disease so far. We also lack insight about how or if the telomere 

profile of C-ALCL changes when this disease does evolve to aggression.   

  Another component of nuclear organization that has not been investigated in C-ALCL is 

lamin A/C. Lamin A/C performs plays roles in heterochromatin function and gene localization 

by associating with LADs (Bronshtein et al., 2015), as well as contributing to telomere function 

by interacting with  telomere repeat-binding factor 2 (TRF2) and preventing associated BFB 

genomic instability (Kolquist et al., 1998; Gonzalez-Suarez et al., 2009; Wood et al., 2014; for 

BFB review Mai, 2010). In cancer, lamin A/C is often dysregulated. Furthermore, there is 

evidence that in HL, which is another lymphoid malignancy, lamin A/C can form abnormal 

internal structures and directly interfere with genome organization (Moss et al., 1999; Foster et 

al., 2011; Contu et al., 2018). It is currently unknown if lamin A/C expression and structure is 

altered in C-ALCL. Any changes to expression and structural patterns lamin A/C might undergo 

through malignant cancer evolution have also not been investigated. 

  This study was designed to address these gaps in our current knowledge, detailed above. 

In summary, I, guided by my supervisor, considered that the telomere profiles and 

expression/structure of lamin A/C in C-ALCL should be characterized through a low to high 

level malignancy disease transformation.  

Hypothesis 

We hypothesized that the 3D telomere profiles, lamin A/C expression and lamin A/C structure 

would be altered in C-ALCL, with further alterations as C-ALCL evolved to an aggressive 

disease stage.  
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Aims 
 

Aim 1a:  To investigate the 3D nuclear organization of telomeres during a low-to-high level 

malignancy evolution of C-ALCL. I used three cell lines: Mac-1 isolated during a low-level 

malignancy state of C-ALCL to be compared with Mac-2A and Mac-2B, which were started at 

an aggressive state of C-ALCL of the same individual.  

I aimed to quantify telomeric data including individual telomere lengths, count of telomere 

signals, count of telomere aggregates and a/c ratio (representing spatial distribution of telomeres) 

of individual cells using 3D telomere-FISH. 

Aim 1b: To validate results, I also aimed to investigate telomere profiles of tissue samples from 

3 other patients with an aggressive C-ALCL, one lymph node (JS10), one skin lesion (89Margie) 

and one breast implant associated (LS21) tissue.  

 

Aim 2a-b: To investigate the expression and structure of lamin A/C protein in early and late-stage 

aggressive C-ALCL. I used the cell lines and tissue samples outlined in Aim 1 to complete this 2nd Aim. I 

aimed to quantify lamin A/C expression of individual cells and investigate whether any abnormal internal 

lamin A/C structures exist in this disease like those observed in HL (Contu et al., 2018).  

 

 

 

 

Materials and Methods 
 

Figure 1. Workflow Diagram 
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Cell Lines 

Three cutaneous T-cell lymphoma cell lines, first described in Davis et al., 1992, were used for 

this project: Mac-1 was started from circulating “Sézary-like” cells (atypically large) in 

peripheral blood, Mac-2A and Mac-2B were started from separate skin-tumor nodules of the 
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same patient that progressed to malignant C-ALCL (frozen samples supplied by Dr. Marshall 

Kadin, Brown University, Providence, RI 02912, United States, Davis et al., 1992). All cells 

were grown in RPMI-1640 medium, supplemented with 20% fetal bovine serum (FBS), 1% L-

glutamine, 1% sodium pyruvate, and 1% penicillin–streptomycin (all from Invitrogen, 

Burlington, ON, Canada). Cells were incubated at 37°C with 5% CO2 in a humidified 

atmosphere. The cells were cultured in Nunc™ EasyFlask™ 75cm2 (Thermo Scientific, 

Roskilde, Denmark). 

 

Preparation of slides 

Cells were passaged once, from 1 flask to 4 flasks, 72 hours after thawing. After another 48 

hours, cells were prepared for experiments by spreading them onto poly-L-lysine (SIGMA, 

p8920, St. Louis, MO, USA) coated slides (O. Kindler GmBH, Ziegelhofstraße 214, 79110 

Freiburg, Germany). Slides were fixed in 3.7 % formaldehyde/1× phosphate buffered saline 

(PBS) for 10 min at room temperature. Slides were then washed in 1 × PBS, shaking at room 

temperature, 3 times × 5 min. Slides were then dehydrated in series of 70, 90, 100% ethanol in 

H2O, 3 min each, and then kept frozen at -20 °C until experiments. 

Before the start of experiments, the slides were taken from the freezer and rehydrated in 

decreasing EtOH concentrations from 100% EtOH to 50% EtOH/H2O.  
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Table 1. Antibodies used in immunostaining methods 

 

 

Antibodies 

Antibodies used for experiments were : 1) Primary Anti-Lamin A/C antibody (rabbit polyclonal, 

ab26300, Abcam Ltd., Cambridge, UK); 2) Secondary goat Anti-rabbit antibody conjugated with 

the Alexa 488 fluorophore (A-11008, Molecular Probes, Waltham, MA, USA); 3) Primary CD30 

Antibody (Ber-H2) (Mouse Monoclonal, MA5-13219, Thermo Fisher Scientific, Waltham, MA, 

USA); 4) Secondary sheep Anti-mouse antibody conjugated with the Cy3 fluorophore 

(Polyclonal, AC111C, Merck & Co., Kenilworth, New Jersey, United States).  

 

Co Immunostaining for lamin A/C and CD30 

Slides were first incubated in 4% Bovine Serum Albumin (BSA)/4× saline-sodium citrate (SSC) 

blocking solution for 5 minutes at 37°C. A dilution of 1:100 for the primary antibodies and 1:500 

for the secondary antibodies in 4%BSA/4×SSC blocking solution was used. Slides were 

incubated with both primary antibodies overnight at 37°C in humidified atmosphere and washed 

three times in 1xPBS, 5 min each. Incubation with secondary antibodies was performed for 1 
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hour at 37°C in humidified atmosphere and then washed three times in 1xPBS, 5 min each. DNA 

of the nuclei was counterstained with 1 ug/mL 4′,6-diamidino-2-phenylindole (DAPI) for 5 min. 

Slides incubated without primary antibodies (4%BSA/4×SSC blocking solution only) were 

processed in parallel as negative control. A drop of mounting medium Vectashield (Vector 

Laboratories Inc, Burlingame, CA, USA) was added to prevent photo bleaching before imaging. 

 

Immunostaining for lamin A/C and Telo-Q-FISH 

Immunostaining and Telo-Q-FISH protocol used here was adapted from a previously described 

protocol (Knecht and Mai, 2017). Q-FISH was performed by applying Cy3-Labeled peptide 

nucleic acid (PNA)-telomere probe (Dako, Glostrup, Denmark) in the dark, followed by a cycle 

of denaturation for 3 min at 80°C followed by hybridization for 2 h at 30°C using the HybriteTM 

(Vysis/Abbott, Abbott Laboratories. Abbott Park, Illinois, USA). The slides were then washed in 

70% formamide/10 mM 2 times, 15 minutes each and then washed in 0.1× SSC at 55°C for 5 

minutes. Two more washes in 2× SSC/0.05% Tween 20 were performed for 5 minutes each. 

Slides were then incubated in 4%BSA/4×SSC blocking solution for 5 minutes at 37°C before 

immunostaining. A dilution of 1:100 for the primary Anti-amin A/C antibody (rabbit polyclonal, 

ab26300, Abcam Ltd., Cambridge) and Secondary goat Anti-rabbit antibody conjugated with the 

Alexa 488 fluorophore (Molecular Probes, Waltham, MA, USA) was used. Slides were 

incubated with primary antibody overnight at 37°C in 4%BSA/4×SSC humidified atmosphere. 

Slides were washed three times in 1xPBS, 5 min each. Incubation with secondary antibody was 

performed for 1 hour at 37°C in humidified atmosphere, then slides were washed three times in 

1xPBS, 5 min each. DNA of the nuclei was counterstained with 1 ug/mL DAPI for 5 min. Slides 

incubated without primary lamin A/C antibody (4%BSA/4×SSC blocking solution only) and no 

telomere probe were processed in parallel as negative control. A drop of mounting medium 

Vectashield (Vector Laboratories Inc, Burlingame, CA, USA) was added to prevent photo 

bleaching before imaging. 

   

 

 

Immunostaining for CD30 and Telo-Q-FISH 
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CD30 and Telo-Q-FISH experiments were performed exactly as described above in 

“Immunostaining for lamin A/C and Telo-Q-FISH”, substituting antibodies with primary CD30 

Antibody (Ber-H2) (Mouse Monoclonal, MA5-13219, Thermo Fisher Scientific, Waltham, MA, 

USA) and secondary Alexa Fluor 488 antibody (Goat anti-Mouse IgG (H+L), AB_2534088, 

Thermo Fisher Scientific, Waltham, MA, USA) 

 

3D Image acquisition 

3D image acquisition was performed on 100 cells of each cell line, per experiment. Thirty 

multinucleated cells of Mac2a and Mac2b lines were image  per experiment. The 3D imaging 

was performed using ZEISS Axio Imager.Z2 (Carl Zeiss, Toronto, ON, Canada) with a cooled 

AxioCam FITC, Cy3 and DAPI filters in combination with a Planapo 63x/1.4 oil objective lens 

(Carl Zeiss, Toronto, ON, Canada). Light microscopy images have an optical resolution at 

102nm in x-y directions and 200 nm in z, accordingly, 60 z-stacks at 200nm step-size were 

imaged for every fluorophore. A FITC filter was used to visualize lamin A/C stain with a 300 ms 

exposure time. In “Co Immunostaining for lamin A/C and CD30” experiments, CD30 stain was 

also visualized with FITC filter and 300 ms exposure time. A Cy3 filter was used to visualize 

telomere probe with 800 ms exposure time. In “Co Immunostaining for lamin A/C and CD30” 

experiments, lamin A/C staining was also visualized with Cy3 filter using 500 ms exposure time 

per image. A DAPI filter was used to visualize the DNA with 8 ms exposure time in all 

experiments. Images were obtained using Zen Blue 3.1 (Carl Zeiss, Toronto, ON, Canada), 

deconvolved using the constrained iterative algorithm with Theoretical Point Spread Function 

and Clip Normalization (Schaefer et al., 2001).  

 

 

Quantitative analysis of lamin A/C and CD30 expression 

Lamin A/C expression was analyzed on ZEN Blue Version 3.1 Software (Carl Zeiss, Jena, 

Germany). Lamin A/C structure appeared as a ring at nuclear periphery of cells; a single 

representative z-stack, where lamin A/C ring was widest, was selected for each cell. For lamin 

A/C quantification, analysis was done according to the methods of Contu et al., 2018: Briefly, 

the “draw spline contour” tool was used to define two areas in the selected z-stack, the external 
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area and the internal area. The external area was defined as the part of the image where lamin 

A/C structure was visible (represented in red, Fig 2). The internal area is the part of the image 

with the nucleus but absent of lamin A/C structure (represented in blue, Fig 2). The external 

lamin A/C intensity (Ie) was the total signal intensity within defined external area, while the 

internal total lamin A/C intensity (Ii) was the total signal intensity within the internal area. An 

intensity ratio (Ie/Ii) was calculated dividing Ie by Ii to normalize the signal with cell area. For 

quantifying CD30 expression, the “draw spline contour” tool was used to draw a zone enclosing 

the visible CD30; the signal sum was divided by area to generate a final number.  

 

Figure 2. Lamin A/C and CD30 quantification 

  

A) Image of a Mac-2a cell. CD30 staining in red, lamin A/C staining in green, DAPI DNA stain 

in blue. B) The external total lamin A/C intensity (Ie) was the total signal sum from the area 

enclosed with red. The internal total lamin A/C intensity (Ii) signal was the sum of the area 

enclosed in blue. The final number representing lamin A/C expression of a cell was Ie/Ii. CD30 

expression was quantified as the signal sum of the area enclosed in green divided by its area. 

 

 

Telomere analysis 
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Deconvolved images were converted into TIFF files and exported for 3D analysis using the 

TeloView software (version 2.0, Telo Genomics, Toronto, ON, Canada) (Vermolen et al., 2005). 

The following data points were generated by TeloView software, per cell, and used in this study: 

1) Count of telomere signals, 2) Count of telomere aggregates, 3) Signal intensity of each 

telomere, which is indicative of telomere length, and 4) count of telomere aggregates. Telomere 

aggregates are defined as telomeres clustered in a proximity of less than 200 nm, a distance that 

cannot be resolved as separate entities by conventional light microscopy. 

 

Statistical analysis 

Statistical analysis was done using R version 4.1.1 and Rstudio version 1.4.1717 (R Core Team, 

2021; Rstudio Team, 2021). Telomere data, lamin A/C expression and CD30 expression were 

analyzed by Kruskal–Wallis one-way analysis of variance. Upon significance of p ≤ 0.05, data 

was further analyzed in group pairs with Wilcoxon signed-rank test with Bonferroni correction. 
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Results 
 

  I have compared the nuclear organization of 3 C-ALCL cell lines of the same clonal 

origin but differing disease stages to gain insights into the nuclear remodelling that takes place 

during evolution of this cancer. I have also compared three tissue samples of different C-ALCL 

backgrounds to establish a baseline for heterogeneity of their nuclear organization and to look for 

any significant differences that are attributable to their origins. The origins of these three cell 

lines and tissue samples, respectively, and their relations between each other have been 

summarized in Table 2.   

Table 2. Origins of diverse C-ALCL cancer cell lines and tissue samples I examined in my 

study 
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   In this study, multiple significant differences in-between cell lines and between the tissue 

samples investigated have been detected. In HL, telomere remodelling is associated with 

transition of mono nucleated H cells to RS cells, while an aberrantly placed overexpression of 

lamin A/C is both associated with and found to be necessary for this transition (Knecht et al., 

2009; Contu et al., 2018). The existence of RS -ike multinucleated cells in Mac cell lines has led 

us to question whether similar trends could be observed in C-ALCL. I also compared the 

multinucleated subpopulations to mononucleated cells of the same cell line. All statistically 

significant findings are briefly summarized in Table 3. All individual findings are then detailed 

in figures and subsections below.  
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Table 3. Summary of all significant differences our analysis detected between cell lines, 

subpopulations of cell lines and tissue samples 
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3D nuclear organization of telomeres in Cutaneous Anaplastic Large Cell 

Lymphoma derived cell lines 
  I performed three-dimensional analysis of telomere profiles using quantitative fluorescent 

in situ hybridization (Q-FISH) which revealed differences between the benign C-ALCL parent 

line and derived malignant lines and also differences between the two malignant lines Mac-2A 

and Mac-2B (Fig. 3A-E). Figure 3 A and B are representative 2D and 3D images of telomere 

organization in Mac cells. Telomere counts per cell indicated no significant differences of 

aneuploidy between Mac-2A and Mac-2B, but there was a significant difference compared to 

their parent cell line, Mac-1, which had fewer telomere signals (p = 0.00046 compared to Mac-

2A, p= 0.00061 compared to Mac-2B. Fig.3C). Results of interphase Q-FISH here are in line 

with previous observations from metaphase Giemsa staining that reported Mac-2A and Mac-2B 

cells having numerous additional chromosomal abnormalities compared to Mac-1 (Davis et al., 

1992). I observed an average of 40 telomeric signals for Mac-1 and 48 for Mac-2A, Mac-2B. It is 

theoretically expected to see 92 telomeres in normal human cells; however, due to resolution 

limit of conventional microscopy, telomeres that are in closer proximity than 200 nm cannot be 

resolved. In my experimental setting, telomere counts of 25-55 per cell appeared to be normal, 

which was in line with previous findings using similar protocols (Fig.3; de Vos et al., 2009; 

Knecht et al., 2013; Mathur et al., 2014). 

 Figure 3D shows a graphical view of the intensity of each telomere observation of the 

three cell lines. In telomere lengths, benign cell line Mac-1 had the longest telomeres (Mac-1 

longer than Mac-2A; p < 10-6 , Mac-1 longer than Mac-2B; p = 2.5 x 10-5); however Mac-2B 

telomeres also showed a small but significant increase in length compared to Mac-2A telomeres 

(Mac-2B longer than Mac-2A p = 1.33 x 10-4 , Fig.3D). 

  11-12% of telomeric signals in Mac cell lines were identified as telomere aggregates. 

There is no difference related to the frequency of aggregates between cell lines. 

  Finally, telomere profiles differed between the three cell lines in terms of their 3D spatial 

distribution. Mac-2A telomeres were arranged closer to a flatter disc-like 3D distribution, while 

Mac-1 telomeres were more spherical in their 3D distribution (Fig. 3E, p < 10-6 ). Mac-2B 

telomeres occupied an even more spherical 3D volume (Fig. 3E, Mac-1 vs Mac-2B; p= 2.71 x 

10-4, Mac-2A vs. Mac-2B; p < 10-6  ). 
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Figure 3. 3D nuclear organization of telomeres in Mac cell lines 
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(A) A representative 2D image chosen from Z-stack of a Mac-2B cell, telomere signal in red and 

DAPI DNA stain in blue. (B) 3D view of the same cell, representative of 3D telomere 

organization appearance in all cell lines. (C) Boxplot of telomere counts per cell. For Mac-1, 

about 40 telomeres were detected per cell on average. For Mac-2A and Mac-2B, an average of 

about 48 telomeres were detected per cell which was significantly more compared to Mac-1 (p = 

4.60 x 10-4, p= 6.10 x 10-4, respectively). A total of 103 cells were analyzed per cell line. (D) 

Signal intensity distribution of all telomeres from the three cell lines. A total of 4100 telomeres 

were detected for Mac-1, 4985 telomeres for Mac-2A and 4896 telomeres for Mac-2B. For Mac-

1, I determined an average signal intensity of 3276 AU (Arbitrary Unit), for Mac-2A average 

telomere intensity was 2902 AU which indicates significantly shorter telomeres compared to 

Mac-1 (p < 10-6 ). Mac-2B telomeres were detected to have an average intensity of 3010 AU, 

significantly shorter than Mac-1 (p = 2.5 x 10-5) but also significantly longer than Mac-2A (p = 

3.24 x 10-4) (E) Boxplot of nuclear a/c ratios, which is a quantitative measure of 3D telomere 

spatial positioning, between the three cell lines.  Comparison indicates a higher a/c ratio for 

Mac-2A telomeres suggesting that they are organized in a flatter 3D volume compared to a more 
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spherical 3D distribution of Mac-1 telomeres. Mac-2B telomeres are organized in an even more 

spherical way (Mac-1 vs. Mac-2A; p < 10-6  , Mac-1 vs Mac-2B; p= 2.71 x 10-4, Mac-2A vs. 

Mac-2B; p < 10-6 ). 

Lamin A/C expression patterns in Cutaneous Anaplastic Large Cell 

Lymphoma derived cell lines 
 

  To determine patterns of lamin A/C expression in C-ALCL cell lines, I performed 

immunostaining. All cell lines showed staining of lamin A/C, unlike normal T cells which they 

are derived from (Fig.4). Figure 4 A-D are representative 2D images of variation of lamin A/C 

expression. For Mac-2A, all cells were observed to express lamin A/C which appeared as a ring 

structure around the nuclei (Fig.4 A-B). For Mac-1 and Mac-2B it was possible to find cells that 

did not express lamin A/C (Mac-2B cells in Fig.4 C-D). Figure 4 E-F show 3D images that are 

representative of the lamin A/C structure of all cells that had visible lamin A/C expression. 

Lamin A/C was found to form a uniform ring shape in images restricted to the nuclear periphery. 

  Mac-2A cells expressed the highest amount of lamin A/C among the three cell lines and 

all Mac-2A cells are found to have detectable lamin A/C expression (Fig 4A-B, Fig 5). This 

contrasts with Mac-2B, another C-ALCL cell line that originates from the same disease stage 

(collected on the same day), which had the weakest lamin A/C expression (p < 10-6 compared to 

Mac-2A and p < 10-6 compared to Mac-1 as well, Fig.5), with 24-25% of cells having no lamin 

A/C expression by immunostaining. Mac-1, the parent cell line, expressed lamin A/C to a lesser 

extent compared to Mac-2A (p = 3.99 x 10-4, Fig 5) but more than Mac-2B. Less than 10% of the 

Mac-1 cells were negative for lamin A/C immunoreactive protein. 
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Figure 4. Lamin A/C protein staining in C-ALCL cell lines 

 

(A) 2D representative image of Mac-2A cells with lamin A/C immunostaining in green and 

DAPI DNA staining in blue. (B) Same 2D image as A, with only lamin A/C channel active. All 

cells expressed lamin A/C in ring shaped pattern at the nuclear periphery. (C) 2D image 
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representative of both Mac-2B and Mac-1 not expressing immunoreactive lamin A/C. Image 

shown with identical exposure settings compared to A and B (D). Same 2D image as C, with 

only lamin A/C channel displayed. Weakness of the fluorescent signal is indicative of weaker 

lamin A/C expression. Some cells have no visible lamin A/C. (E-F) 3D representative images of 

lamin A/C pattern in Mac cells. Image shows a Mac-2A cell where lamin A/C is uniformly 

immunostained at the nuclear periphery. Exposure time for lamin A/C was 300 ms per z-stack in 

all images. 

 

Figure 5. Boxplot of lamin A/C expression quantifications 

 

 

Fig 5. 100 cells per cell line were analyzed and grouped for comparison. Mac-2A cells have the 

highest lamin A/C expression; (p = 4.0 x 10-4 compared to Mac-1, p < 10-6  compared to Mac-

2B). Mac-1 cells have higher expression compared to Mac-2B (p < 10-6 ) 

 

Multinucleated Mac cells 
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  In line with previous observations, I observed atypical large cells; these resembled HL 

Reed-Sternberg (RS) cells or Sézary cells of CTCL (Davis et al., 1992, Fig 6.). These cells made 

up <1% of Mac-1 but were more prominent at about 10% in Mac-2A and Mac-2B. Previous 

publications have not noted that these large cells can be mononucleated, unlike the RS cells they 

resembled. There were also smaller lymphocyte-sized Mac cells that were multinucleated, which 

have also not been reported before (Fig 6). Multinucleated cells were of particular interest as this 

subpopulation has accumulated further genome alterations. I focused further on multinucleated 

Mac cells as an important atypical group, including both lymphocyte-sized and large cells. 

Multinucleated cells again made up less than 1% of Mac-1 and some 10% of Mac-2A and Mac-

2B, respectively. 

   I analyzed multinucleated cells to determine how their telomere profiles and lamin A/C 

expression differed from the majority of the mononucleated population of the same cell line. 

Mac-1 cell line did not have sufficient numbers of multinucleated cells to draw statistically 

significant conclusions. 
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Figure 6. Examples of atypical Mac cells 

 

Fig 6. A 2D image from Mac-2A line is shown with CD 30 cell surface marker immunostaining 

in red and DAPI DNA staining in blue. Three typical mononucleated lymphocyte sized cells can 

be seen alongside two binucleated cells: one RS-like binuclear cell and a smaller binuclear cell. 

 

Telomere profile differences of multinucleated Mac cells 
 

  Multinucleated cells had a higher telomere count compared to their mononucleated sisters 

(for Mac-2A p < 10-6 , for Mac-2B p < 10-6 ). For Mac-2A, multinucleated cells had longer 

telomeres compared to mononucleated cells (p=1 x 10-6, Fig 7). For Mac-2B, the opposite was 

true; multinucleated cells had shorter telomeres compared to mononucleated Mac-2B cells (p < 

10-6 , Fig 7). Telomere aggregates made up 11-12% of all telomeric signals in these cells and no 

differences were detected between multinucleated and mononucleated cells or between cell lines. 
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Spatial distribution of telomeres was found to be altered in a similar manner for both cell lines. 

The telomeres of multinucleated cells were arranged close to a flattened disc in 3D distribution, 

while mononucleated cells were arranged in a more spherical 3D distribution (p = 0.054 for Mac-

2A,  p < 10-6 for Mac-2B, Fig 7)  

 

 

Figure 7. Telomere profiles of multinucleated Mac cells compared to mononucleated Mac 

cells 
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 (A) Signal intensity distribution of all telomeres from Mac-2A multinucleated vs mononucleated 

cells. All telomeres from 30 mononucleated (N=1367 telomeres) and 30 multinucleated (N=2438 

telomeres) cells were analyzed. Comparison of signal intensities showed multinucleated Mac-2A 

cells had longer telomeres compared to mononucleated Mac-2A cells (p = 1 x 10-6 ) Average 
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signal intensities were 3143 AU (Arbitrary Unit) for multinucleated cells and 2902 AU for 

mononucleated cells. (B) Signal intensity distribution of all telomeres from Mac-2B 

multinucleated vs mononucleated cells. All telomeres from 30 mononucleated (N=1609 

telomeres) and 30 multinucleated (N=2766 telomeres) cells were analyzed. Comparing signal 

intensities showed multinucleated Mac-2B cells had shorter telomeres compared to 

mononucleated Mac-2B cells (p < 10-6 ) Average signal intensities are 2653 AU for 

multinucleated cells and 3046 AU for mononucleated cells. (C) Boxplot of nuclear a/c ratios, 

which is a quantitative measure of 3D telomere spatial positioning, between multinucleated and 

mononucleated Mac-2A cells. 30 cells were analyzed for multinucleated cells and 100 cells were 

analyzed for mononucleated cells. Comparison indicated a difference where multinucleated 

telomeres were organized in a flatter 3D volume compared to mononucleated Mac-2A cells (p 

=0.0539). (D) Boxplot of nuclear a/c ratios, which is a quantitative measure of 3D telomere 

spatial positioning, between multinucleated and mononucleated Mac-2B cells. 30 cells were 

analyzed for multinucleated cells and 100 cells were analyzed for mononucleated cells. 

Comparison showed a difference where multinucleated telomeres are organized in a flatter 3D 

volume compared to mononucleated Mac-2B cells (p < 10-6 ) 

 

Lamin A/C expression of multinucleated Mac cells  
 

 On average, multinucleated Mac-2A cells had less lamin A/C expression compared to 

their mononucleated sisters, but this difference is not significant at p=0.05 level (Fig 8, 

p=0.0752). Multinucleated Mac-2B cells, on the other hand, had lamin A/C upregulation (p=3.30 

p x 10-4). Both groups showed a uniform nuclear distribution pattern that appeared ring-shaped in 

3D deconvolved images. I did not observe internal lamin A/C structures and nuclear 

compartmentalization such as described in other lymphomas (Contu et al., 2018).  

 

Figure 8. Boxplot of lamin A/C expression quantifications with multinucleated cells of C-

ALCL lines 
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Fig 8. 100 cells were analyzed for each of Mac-1, Mac-2A mononucleated and Mac-2A 

mononucleated groups. Since multinucleated cells were rare, 30 cells were used in analysis of 

Mac-2A multinucleated and Mac-2B multinucleated groups. Our objective was to determine 

differences between multinucleated and mononucleated cells. Mac-2A multinucleated cells did 

not significantly differ from Mac-2A mononucleated cells in expression at p= 0.05 (p=0.0753) 

but show a trend where they express less lamin A/C. Mac-2B multinucleated cells significantly 

expressed more lamin A/C compared to mono nucleated Mac-2B cells (p= 0.00333). 

 

 

Telomere lengths and counts differ between C-ALCL cells from tissue 

samples of different sources 
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  Telomere profiles from the 3 C-ALCL tissue samples showed some significant 

differences. In these experiments, due to existence of non-cancer cells in the tumor 

microenvironment, I relied on CD30 cancer cell surface marker positivity to identify ALCL 

cells. Since tissues were preserved in paraffin blocks and cut for experiments, here cells are 

generally termed as cell sections since they are often partially cut. I naturally detected fewer 

telomeric signals from cell sections: 21 telomeres on average per cell sections were detected for 

JS10, 19 telomere signals on average were detected for Margie89 cell sections and 10 telomeres 

on average for LS21 cell sections. LS21, which was from a Breast Implant Associated ALCL 

setting, had significantly fewer telomeres compared the other 2 lines (Fig 9C. p = 0.00750 

compared to JS10, p = 0.0386 compared to Margie89).  

  Figure 9D shows intensities of telomeric signal as a function of telomere length and 

grouped by tissue sample. Here, I observed that JS10 telomeres, which were from lymph node 

infiltrating ALCL cells, were shorter compared to other samples (Fig 9D, p = 4.5 x 10-5 

compared to LS21, p = 2.73 x 10-4 compared to Margie89).  
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Figure 9. 3D nuclear organization of telomeres in ALCL tissue samples 
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(A) A representative 2D image chosen from Z-stack of a LS21 cell segment, telomere signal in 

red and DAPI DNA stain in blue. (B) 3D view of the same cell segment, representative of 3D 

telomere organization appearance in all tissue samples. (C) Boxplot of telomere counts per cell 

segment. For JS10, about 21 telomeres were detected on average per cell sections. For Margie89, 

19 telomeres were detected, not significantly different from JS10. LS21 cell sections had an 

average of 10 telomeric signals per cell section, which is significantly fewer than the other two. 

(p = 4.5 x 10-5 compared to JS10, p = 0.00273 compared to Margie89. A total of 30 cells were 

analyzed per tissue sample. (D) Signal intensity distribution of all telomeres from the 3 tissue 

samples. A total of 652 telomeres were detected for JS10, 572 telomeres for Margie89 and 291 

telomeres for LS21. For JS10, I determined an average signal intensity of 4580 AU, indicating 

significantly shorter telomeres compared to LS21 which had an average signal of 5298 AU (p = 

4.5 x 10-5).  JS10 telomeres also had significantly shorter than Margie89 telomers which have an 

average signal of 5996 AU (p = 0.002730). No significant differences are detected between LS21 

and Margie89.  

 

Lamin A/C expression of C-ALCL cells in tissue samples is rare 
 

  I investigated immunoreactive lamin A/C expression in 150 cells per tissue. Cells that 

were both immunopositive for ALCL cell surface marker CD30 and lamin A/C were rare. 

Compared to other cells in the tumor microenvironment, CD30 positive cells were less likely to 

be immunopositive for lamin A/C (data not shown). Immunoreactive lamin A/C was too rare and 

weak to be quantitatively compared between tissue samples. When lamin A/C was observed, it 

still appeared as a ring structure around the nucleus. 
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Discussion 
 

  My project is the first to describe single cell 3D telomere profiles and lamin A/C 

expression in C-ALCL. This study generated first insights on how C-ALCL cells remodel their 

3D genome by genomic instability during disease progression. This study identified significant 

differences between different C-ALCL cell lines and tissues. This has contributed to a better 

understanding of the baseline heterogeneity of C-ALCL nuclear organization. 

  The study of 3D nuclear organization alterations is an evolving field and has been a 

successful approach in characterizing various disease settings. Characteristic 3D telomere 

remodeling has been previously identified in acute myeloid leukemia (Gadji et al., 2012), 

Hodgkin’s Lymphoma (Guffei et al., 2010), circulating tumor cells from various solid tumors 

(Adebayo Awe et al., 2013) and importantly, in lamin A/C related laminopathies (Raz et al., 

2008), including Hutchinson-Gilford progeria syndrome (Mounkes & Stewart, 2004). These 

changes of 3D telomere profile can be of clinical significance and have diagnostic and/or 

prognostic value.  

  Previously, telomere lengths in C-ALCL had been assessed as a patient average and then 

compared with other CTCL patients and healthy volunteers (normal lymphocytes) (Chevret et 

al., 2014). It was observed that C-ALCL cells on average had telomere lengths that were 

comparable to healthy lymphocytes, longer compared to other aggressive CTCL. This could be 

expected from cells that are slower in proliferation and have less replicative stress on their 

telomeres. Longer telomeres could also mean that C-ALCL has less genomic instability due to 

reduced rate of BFB cycles compared to other CTCL. C-ALCL could therefore be slower to 

acquire aggressive traits and have less heterogeneity to resist treatment. This phenotype is 

attributable to C-ALCL generally having a good prognosis compared to other CTCL. However, 

no C-ALCL data on single cell telomere lengths or to any extent data on telomere counts, 3D 

spatial telomere distribution, existence of telomere aggregates had been reported to date.  

  Collectively terming these parameters “3D telomere profiles”, an aim of my project was 

to describe how the 3D telomere profile changes during C-ALCL evolution. I performed 

telomere Q-FISH experiments to achieve this goal. As stated above, C-ALCL is generally not 

highly malignant; however, I compared a low-level malignant stage of the disease, represented 
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by Mac-1, with an advanced malignant stage that transformed from the early state and 

accumulated enough changes that ultimately led to the patients’ death, represented by Mac-2A 

and Mac-2B. Here, I found that telomere lengths get shorter through such a transformation when 

comparing Mac-1 to Mac-2A and Mac-2B (Fig. 3, p < 0.05). This erosion is an aspect of C-

ALCL telomere profile that gets phenotypically closer to other malignant CTCLs and deviates 

from healthy lymphocytes as C-ALCL becomes aggressive.  

  Advanced malignant stages also had more telomeres (Fig. 3, p < 0.05). Mac-2A and Mac-

2B had been reported (Davis et al., 1992) to have “Numerous additional chromosomal 

abnormalities (compared to Mac-1)” in metaphase spreads in the first study of these cell lines. 

Our quantitative analysis revealed that these C-ALCL lines showed increased aneuploidy 

through cancer evolution with a net gain of chromosomes. Variations in aneuploidy became 

more prevalent as evident by the emergence of multinucleated and RS-like cells in later disease 

stage. Differences of multinucleated cells are discussed in their own segments with detail below. 

As expected, multinucleated cells had more telomeres compared to their mononucleated sisters. 

Existence of telomere aggregates, indicative of ongoing BFB cycles commonly in cancer cells 

but not detected in healthy cells (Mai & Garini, 2006), are reported for C-ALCL for the first time 

in this study. Telomere aggregates were observed in all three Mac cell lines and approx. 11% of 

all telomeric signals were aggregates. In addition to previous reports, our results are indicative of 

ongoing and perhaps escalating genomic instability, specifically nCIN, which may be  

attributable to malignant transformational processes.  

 I quantified telomere spatial distribution using the a/c ratio, which is generated for each 

nucleus. The distribution of the telomeres in the nuclear volume collectively can be 

geometrically approximated to an ellipsoid with two similar radii (a≈b) and a different third one 

(c). The ratio of two radii that are different, a (or b) to c (a/c ratio), describes how flat or 

spherical the volume occupied by the telomeres is. Here, Mac-2B has the lowest a/c ratio 

meaning Mac-2B telomeres are organized in a more spherical 3D volume compared to the other 

two lines, Mac-1 3D telomeric volume is less spherical and flatter while Mac-2A telomeres are 

arranged in an even flatter distribution (Fig. 3E, p < 0.05 for all comparisons). Spatial 

organization of telomeres is an aspect of 3D telomere profile where data does not group the 

predecessor Mac-1 against later stage Mac-2A and Mac-2B; instead, Mac-1 telomere distribution 
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was more spherical than Mac-2B but flatter than Mac-2A. (Fig. 3E). Spatial organization of 

telomeres are cell cycle dependent as they can be seen to be arranging in a disc in G2 phase 

(Chuang et al. 2004). Since Mac-2A and Mac-2B together represent the more proliferative stage 

of disease, it would normally be expected that they would have a greater ratio of G2 phase cells 

compared to Mac-1. However, 3D telomere organization is not only dependent on cell-cycle, as 

the shape of the cell and therefore the shape of nucleus is also a factor which could be associated 

with this result. The differences of spatial telomere organization observed between these cell 

lines are perhaps better interpreted later, after reviewing the context of lamin A/C expression and 

other differences between Mac-2A and Mac-2B. 

  Dysregulation of lamin A/C is linked to dysregulation of DNA replication and DNA 

repair, both of which leads to genomic instability (Huang et al., 2008, Gonzalez-Suarez et al., 

2009). Lamin A/C has an important role in genome organization as well, anchoring 

chromosomes from their telomeres by binding to a telomere associated protein and sustaining 

healthy telomere function (Wood et al., 2014; Burla et al., 2016). Therefore, cancer cells with 

dysregulated lamin A/C expression could either gain or lose genomic instability (based on up or 

down regulation of lamin A/C) both of which could confer a selective advantage to them in 

different tissue microenvironments. In HL, for example, lamin A/C expression is shown to be 

keeping genomic instability down to a sustainable level and allowing further alterations of 

nuclear organization in generating multinucleated large RS cells (Contu et al., 2018). To describe 

the expression and spatial organization of lamin A/C during C-ALCL evolution, I performed 

immunostaining of this protein.  

  Here, it was observed that Mac-1 cells, which are at an earlier low level malignancy 

disease state (and isolated from circulating cells), already have a uniform lamin A/C expression 

that is not seen in the normal T lymphocytes from which they are derived (González-Granado et 

al., 2014) (Fig 5). The later subclones, Mac-2A and Mac-2B (both isolated from skin nodules), 

however, appear to have altered their lamin A/C expression in different ways due to 

experiencing, in some form, different selection pressures (Fig 5). Mac-2A has significantly 

gained lamin A/C expression while Mac-2B has significantly downregulated its lamin A/C and a 

quarter of Mac-2B cells even appear to be lamin A/C negative (all differences have p < 0.05).  It 

would be expected therefore that Mac-2B have greater genomic instability.  
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  In a related observation, I report greater telomere lengths for Mac-2B compared to Mac-

2A (Fig 3D, p < 0.05). It could be expected that weak lamin A/C expression of Mac-2B would 

lead to further telomere erosion as lamin A/C expression is necessary for telomere maintenance.  

However, this result is perhaps better understood as Mac-2B telomeres having longer critical 

lengths (compared to Mac-2A) to still be functional enough to support viable cells. In other 

words, Mac-2B telomeres cannot be as short as Mac-2A telomeres because they cannot function 

as well without lamin A/C support, potentially leading to cell death before further erosion. Still, 

Mac cells would be expected to have activated telomere maintenance pathways which should be 

normally letting them survive with short telomeres. Possible causes for differences between 

Mac-2A and Mac-2B are further discussed below. 

  Mac-2A and Mac-2B were collected on the same day, but from different ulcerating skin 

tumor nodules. Differences in the immunodetection of lamin A/C between these two Mac-2A/B 

cells lines could be indicative that Mac-2A and/or Mac-2B did not experience significant 

selective pressures of genome maintenance at this stage. Rather, it can be speculated that the 

selective pressure these subclones experienced was likely the result of advancing their metastatic 

potential. Lamin A/C has a positive impact on cell motility and resistance to sheer stress, but too 

much lamin A/C expression makes the nucleus too stiff and inhibits the cell from infiltrating 

tight tissue (for review of lamin A/C and cell motility, Dubik & Mai, 2020). It has been 

established in various cancers that downregulation or upregulation of lamin A/C has an effect on 

cancer cell infiltration of neighboring tissues (Dubik & Mai, 2020). Derived from originally 

circulating cancer cells that have infiltrated into skin tissue, heterogeneous lamin A/C expressing 

Mac-2A and Mac-2B cells could have undergone a selection stemming from the unique 

difficulties of invading the skin nodules from which they were biopsied. In future studies, the 

role of lamin A/C in C-ALCL cell motility in comparison to genome maintenance may be tested 

by inhibiting lamin A/C in these cell lines and observing the outcome on motility and survival. 

Here, I can conclude that Mac-1 representing an early less aggressive C-ALCL stage appears to 

have sufficient control of its genome organization to the extent that Mac-1 can afford to lose 

most of its lamin A/C expression when evolving to Mac-2B. 

 I have observed multinucleated cells, which are much more prominent in the later Mac-

2A and Mac-2B to a ratio of about 10% of the population (Fig 6.). Multinucleated cells of Mac 
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lines can be of lymphocyte size, like the most of their population, or of larger size. The large, 

atypical subpopulation was reported as resembling multinucleated RS cells of HL (Davis et al., 

1992). In this thesis, large-cells, both mononucleated and multinucleated, again make about 10% 

of the Mac-2A and Mac-2B populations. In HL, mononucleated H cells transition into 

multinucleated RS cells by accumulating further genome remodeling such as changing their 3D 

telomere profile (Knecht et al., 2009). An overexpression of lamin A/C, abnormally localized to 

interior of nucleus, is associated and necessary for this transition (Contu et al., 2018). I wanted to 

see if there were signs that a similar change of 3D telomere profile could be associated with the 

generation of multinucleated C-ALCL cells from mononucleated cells and if lamin A/C could be 

playing a similar role. So, I again looked at telomere Q-FISH and lamin A/C immunostaining 

data by analyzing mononucleated cells against the multinucleated. 

  Before discussing quantified data, I report that lamin A/C structure was found uniformly 

at the nuclear periphery across all Mac lines, mostly appearing as a complete or sometimes 

partial ring in both mononuclear and multinuclear cells, similar to its appearance in activated 

lymphocytes (Fig 4). This contrasts with HL, where mononucleated H cells can be categorized 

based on how extensively internal lamin A/C structures compartmentalize the nucleus (Contu et 

al., 2018). Mac-2A multinucleated cells did not show a difference of lamin A/C expression 

compared to mononucleated Mac-2A cells. Mac-2B multinucleated cells, however, did show 

significantly greater lamin A/C expression (Fig 8. p < 0.05) compared to mononucleated Mac-2B 

cells. It is plausible to interpret this difference in context with Mac-2B cells having normally 

very little to no lamin A/C expression, especially compared to Mac-2A. It could be that Mac-2B 

cells are at a critical stage and further genome remodeling to multinucleation at this stage is 

unsustainable for them, without once again selecting for upregulating lamin A/C expression. This 

change in Mac-2B lamin A/C expression associated with multinucleation is the only parallel that 

could be drawn with the multinucleation process of HL. Whether lamin A/C is necessary for the 

multinucleation process of C-ALCL can only be established by future studies that inhibit lamin 

A/C to observe whether multinucleated cells are sustained in culture. 

  This study found that multinucleation in C-ALCL can be associated with remodeling of 

3D telomere profile. Multinucleated cells had more telomeres compared to mononucleated cells 

(p < 0.05) indicating that DNA replication is functional before cytokinetic failure, leading to 



53 

chromosomal gains. Telomere aggregates were observed in multinucleated cells but their ratio to 

normal telomeric signals was unchanged, indicating no acceleration of BFB cycles (Mai & 

Garini, 2006). Multinucleated Mac-2A cells had longer telomeres compared to mononucleated 

Mac-2A cells (Fig 7A, p < 0.05) while multinucleated Mac-2B cells had shorter telomeres 

compared to mononucleated Mac-2B cells (Fig 7B, p < 0.05). Once again it is not possible to 

directly attribute these differences between Mac-2A and Mac-2B to their lamin A/C expressions; 

experiments that inhibit lamin A/C may reveal a link. Theoretically, however, it makes sense that 

the cell line with lesser lamin A/C expression (Mac-2B) would not be able to maintain its 

telomeres as well through multinucleation, considering the role of lamin A/C in telomere 

maintenance (Wood et al., 2014; Burla et al., 2016) and its necessity for viable telomere 

organization of multinucleated cells in other diseases such as HL (Contu et al., 2018). Both Mac-

2A and Mac-2B multinucleation processes were associated with a spatial reorganization of 

telomeres into a flatter 3D volume, indicative of G2 phase (Fig 7C-D, p < 0.05, Chuang et al. 

2004). This could be due to stalling cytokinesis, a phenotype that has been associated with 

multinucleation process in other lymphomas (Rengstl et al., 2013) or increased proliferation. 

  I also analyzed a trio of malignant C-ALCL tissue samples in order to initiate an 

exploration of their heterogeneity in terms of genome organization, specifically of 3D telomere 

profiles and lamina structures. JS10 was a sample collected from lymph node biopsy, LS21 was 

biopsied from near a breast implant and is a special case of C-ALCL called breast implant 

associated-ALCL (BIA-ALCL), while Margie89 was a tissue sample collected from a skin lesion 

like Mac-2A and Mac-2B (Table 1 for references).  

  With regards to telomere profiles, LS21 telomeres are observed here to be fewer in 

number compared to the other lines, indicating a further loss of chromosomes on average in that 

line (Fig 9C, p < 0.05 ). This alone is not indicative of a heterogeneity in genome organization or 

instability by itself (Lengauer et al., 1998). Other significant differences were observed, however 

the data from that section of this study is too limited to discuss at this stage.  

   

Summary, Conclusions and Future directions 
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Summary  

  

  In this study, I have characterized alterations of genome organization C-ALCL cells can 

have through a low to high malignancy disease transformation using the Mac cell lines. An 

erosion of telomere lengths as well as a gain of chromosomes were quantifiable changes that are 

associated with this cancer evolution. Chromosomal gains in this study were quantified here for 

the first time from samples of a single clonal background at consecutive timepoints. Therefore, 

they are indicative of ongoing genomic instability, a phenotype that likely is a driving force of C-

ALCL transformation. 

  3D telomere profile differences were not the only differences observed between early and 

late-stage C-ALCL. Significant telomere length and telomere spatial distribution differences 

between subclones of same late-stage C-ALCL are reported in this study as well.  

  I also documented C-ALCL cells to be lamin A/C expressing at an early stage of disease 

and capable of later downregulating or upregulating this expression during a malignant 

transformation. Unlike HL (Contu et al., 2018), I observed that dysregulated lamin A/C is not 

localized to nuclear interior in C-ALCL. 

  Finally, some of the genome remodelling C-ALCL cells undergo through the 

multinucleation process in late disease stage are characterized in this study. I observed that an 

advanced stage C-ALCL cell line with weak lamin A/C expression produced multinucleated cells 

that increased their lamin A/C expression and had further telomere erosion. Meanwhile another 

advanced stage C-ALCL cell line with strong lamin A/C expression produced multinucleated 

cells that had longer telomeres.  

 

 

 

 

Conclusions  

  Previous groups have profiled the genome of multiple C-ALCL cases and cell lines 

which has generated data on general frequency of chromosomal abnormalities and single 
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nucleotide polymorphisms in C-ALCL (for review of ALCL genetics, Zeng & Feldman, 2015). 

However, genome alteration, through a malignant transformation or genome alterations over 

time in general, had not been investigated until this study. Genomic instability of C-ALCL is 

therefore also currently not well understood. Despite the amount of data on copy number 

abnormalities of ALCL, the clinical relevance of these findings is so far unestablished. 

Therefore, copy number testing or other genome profiling is not performed routinely for C-

ALCL in the clinic.  

  The results from Mac cell lines in this study represent one case of C-ALCL, they are 

therefore not sufficient to establish general trends of C-ALCL disease. My results in this study 

serve as a preliminary analysis of one possible path genome alterations can develop during the 

progress of C-ALCL disease. We now have first insights on the extent and heterogeneity of 

genome organization alterations this disease can obtain over time, as well as levels of genomic 

instability associated with it.  

  It can be concluded from these results that an ongoing genome instability and resulting 

net chromosomal gain can be associated with malignant transformation in C-ALCL, as observed 

here by an increase in telomeric signals when comparing early-stage Mac-1 and late-stage Mac-

2A, Mac-2B. It is possible that in other C-ALCL cases, or in general in C-ALCL, a net loss of 

chromosomes is instead a driver of malignant transformation. For other CTCL, like mycosis 

fungoides (MF) and Sezary Syndrome (SS), %35 fewer telomere signals on average were 

detected in diseased cells compared to control lymphocytes, indicating a general trend of 

chromosomal losses with cancer progression. (Bienz et al., 2021). 

  Another conclusion we reach is that C-ALCL can have subclones with significantly 

heterogenous nuclear organization at late stages, as evidenced by multiple differences between 

Mac-2A and Mac-2B such as flexible lamin A/C phenotypes with currently unknown selective 

advantages for the subpopulations. It is again possible that other advanced C-ALCL cases have 

more homogenous lamina organization. The increase in heterogeneity of nuclear organization 

throughout C-ALCL progression is also evident from the emergence of subpopulations of mono- 

and multinucleated cells. 

  With regards to the multinucleation process of C-ALCL: Although there are signs that at 

least some lamin A/C expression could be required for viable multinucleated cells, it can be 
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concluded here that the nuclear remodelling required for transformation to “RS-like” cells in this 

disease does not necessarily follow the nuclear remodelling H cells undergo during their 

transformation to RS cells in HL. There are changes to 3D telomere profile during the 

multinucleation process, however it is too early at this point to draw a conclusion about the 

significance of these changes to the disease progress. 

  The extension of experiments in this study to tissue samples was meant to serve as a 

baseline for future studies, showing what data can be generated using telomere FISH and co-

immunostaining with tissue samples of different sources. I have observed some significant 

differences of nuclear organization between tissue samples; however, it is too early to attribute 

these differences to the pathophysiology of these unique samples.  

Future Directions 

 

  There are multiple directions future studies could advance to build up on this preliminary 

study. The most crucial would be to simply expand the framework of this study by comparing 

more early and advanced disease stages of C-ALCL, ideally from the same patient, with a further 

focus on tissue samples. This would allow a better understanding of disease-wide heterogeneity 

and general trends of nuclear organization changes that govern malignant transformation of C-

ALCL. Such data could potentially then be used in predictive models of disease progression with 

clinically relevant prognostic value, that could guide treatment choices and advance our ability to 

combat C-ALCL. Perhaps more importantly, such an advancement in our understanding of C-

ALCL pathophysiology would also give us a clearer view of why C-ALCL remains one of the 

most treatable hematological malignancies and enable us to isolate key differences of other 

hematological malignancies that make them more dangerous. 

  While the data from the tissue samples in this study were not deemed sufficient to reach 

significant conclusions, they may contribute to a future study aimed at identifying key 

differences of diseased nuclear organization of samples derived from different tissue 

microenvironments in C-ALCL. 

  To clearly understand the pathophysiology of multinucleated late-stage cells, monitoring 

of the multinucleation phenotype upon specifically targeted RNA interference of lamin A/C 

knockdown may establish new roles of lamin A/C for the process. Similar experiments could be 
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designed to target telomere associated proteins, such as telomerase, to understand the 

significance of 3D telomere profile changes associated with multinucleation in in C-ALCL. 

Limitations 

 

  Cell line cultures, which were used in this study, have known limitations as cancer 

models. Extended cultures can alter the genome organization (Domcke et al., 2013) and 

expression patterns (Chen et al., 2015) of unstable cell lines to the point where they have limited 

potential in representing their primary tumor. In this study, cells were used for experiments after 

a single passage. Results here are also in line with previous research. Telomere counts, for 

example, are observed to be similar between advanced Mac-2A-Mac-2B and fewer in early Mac-

1 which aligns with previous observations of chromosome counts (Davis et al., 1992).  

  As stated above, this study mostly examines a single case of C-ALCL and experimentally 

initiates a wider tissue study. The conclusions reached are informative of a possible path: 

genome alterations can develop in C-ALCL and are not meant to represent the general trends of 

this disease until further studies. 
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