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TELOMERE REGION ENSURES FULL ENCAPSULATION OF 

MITOTIC CHROMOSOMES 

BY: POAN BRIAN YANG 

ABSTRACT 

During mitosis, nuclear envelope (NE) disassembles to proceed nuclear division and 

reassembles to encapsulate the newly generated diploid chromosome set into the 

daughter nucleus.  A failure of this compartmentalization gives rise to micronuclei, 

leading to DNA damage and chromothripsis which can be a cause of disease. While the 

secure compartmentalization of the complete chromosome set into the single cell 

organelle unit is a fundamental biological paradigm, the exact mechanism behind this 

principle remains largely unknown.  Using high-temporal microscopy, we discovered  

that nuclear filament protein Lamin B1 localizes and spreads from the telomere region 

of condensed chromosomes.  The absence of immediate chromosome de-condensation 

regulated by barrier-to-autointegration factor (BAF) results in mis-shaped nuclei in 

daughter cells, while delocalization of Lamin B1 from telomere region results in massive 

micro-nuclei formation.  Our findings reveal a new paradigm of full mitotic chromosome 

encapsulation that relies on both attraction of nuclear filament protein to telomere region 

and exclusion due to chromosome de-condensation during telophase.   
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CHAPTER ONE: INTRODUCTION 

Throughout development, multicellular organisms undergo cell division to multiply in cell 

number.  In majority of higher eukaryotes, cell division involves open mitosis 

(Schellhaus, Antonin et al. 2016).  This process requires the complete breakdown of the 

nuclear compartment: After condensed chromosomes have segregated to the new 

daughter cells, the nuclear compartment then reassembles to encapsulate the newly 

generated diploid chromosome set into each daughter nucleus (Gant and Wilson 1997).  

Failure to encapsulate the full set of diploid chromosome results in micronuclei 

formation, which contributes to massive chromosome recombination and damage 

described as “chromothripsis” (Zhang, Pellman et al. 2015).   

Micronuclei (MN) were first observed in erythrocytes during the 1960’s (Dawson DW et 

al. 1961), and since its first description, formation of MN has been well studied.  It is 

now well-accepted that MN generally appears when either chromosome fragments or 

entire chromosomes fail to be incorporated into the daughter nuclei, the fragment or 

chromosome is then enveloped after mitosis and exhibits characteristics and most 

components of a nucleus, thus termed micronucleus.  There are multiple mechanisms 

for how chromosome fragments or entire chromosomes can be excluded from the 

daughter nuclei: Fragments can form from DNA double strand breaks (Savage JR 1988) 

that result from environmental factors or faulty DNA repair pathways, entire 

chromosome can also lag behind during anaphase due to kinetochore, microtubule, or 

mitotic checkpoint defects in cell (Albertson DG et al. 2003).  Furthermore, recent 

studies have shown that knockdown of barrier-to-autointegration factor (BAF) may 

cause MN formation due to nuclear envelope proteins accessing the inter-chromosomal 

space and separating the chromosomes from each other during mitosis (Samwer et al. 

2017).   
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The nuclear compartment is composed of the nuclear envelope (NE), which consists of 

the outer and inner nuclear membranes, separated by the perinuclear space (Watson 

1955), with nuclear pore complexes bridging the two membranes (Tran and Wente 

2006), and the nuclear lamina on the interior of the NE.  The outer nuclear membrane is 

continuous with the endoplasmic reticulum (ER), while the inner nuclear membrane 

have distinct proteins that interact with the nuclear lamina and the chromosomes 

encapsulated by the nuclear compartment (Hetzer, Mattaj et al. 2005).   The onset of 

nuclear compartment reassembly begins at early telophase, when dephosphorylation of 

different NE proteins promote its binding to the chromatin surface.  Although ER and 

many NE resident proteins are excluded from the core region of the chromosome mass 

(Fig 1A) due to the dense mitotic spindles during anaphase and telophase, other 

components such as nuclear lamina proteins are present throughout the cell cytoplasm 

(Lu, Kirchhausen et al. 2011, Broers, Ramaekers et al. 1999).    

MN is evidence that individual chromosomes are capable of being enveloped, and thus 

the ubiquitous nature of NE components (such as lamin) throughout the cell cytoplasm 

suggest that mechanisms exist to either 1) allow these components present in inter-

chromosomal space to reorganize after attaching to chromosome surfaces, or 2) 

prevent NE components from attaching to chromosome arms, since establishment of 

NE along each chromosome arm would separate individual chromosomes from each 

other.    

Recently, barrier-to-autointegration factor (BAF) was shown to play a key role in 

ensuring that the inter-chromosomal space is not accessible by NE through cross-

bridging of DNA (Samwer et al. 2017), and knock-down of BAF results in finger-like 

morphology of daughter nuclei following mitosis.  However, our survey of different NE 
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protein reassembly show that lamin association with chromatin is prior to BAF 

association during mitosis, and furthermore, when micronucleus is formed from a single 

chromosome, lamin is still excluded from the inter-chromosomal space during initial 

accumulation, despite having no other chromosome in proximity to allow for DNA cross-

bridging.  Therefore, it is still unclear how a single nucleus can be established following 

mitosis. 

In this thesis, I seek to elucidate the mechanism by which entire chromosome sets are 

encapsulated together.  I test how NE components in the cytoplasm are excluded from 

the inter-chromosomal space, and its implications in secure encapsulation of all 

chromosomes during mitosis.   
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CHAPTER TWO: TELOMERE REGION ENSURES FULL 

ENCAPSULATION OF MITOTIC CHROMOSOMES 

The end of mitosis features the reassembly of the nuclear compartment and de-

condensation of previously condensed chromosomes (Dultz, Ellenberg et al. 2008).  To 

evaluate relative location and timing of NE protein association to chromosomes, we first 

established a plot of relative chromosome condensation levels by measuring DNA 

volume change during late mitosis.  We used Imaris (BitPlane) to reconstruct each 

nuclei in 3D (Fig 1B), and measured the relative volume change in percentage of 

minimum volume during the movie.  Similar to previously reported measurements 

(Mora-Bermudez et al. 2007), we observed that maximum DNA compaction occurs at 

the end of anaphase, and de-condensation occurs steadily during telophase (Fig 1C). 

We then live-imaged different cells expressing Sec61β, Lap2β, LaminB1, or BAF during 

mitosis, and focused on late anaphase and early telophase.  The protein markers were 

chosen because of perspective locations in the NE.  Sec61β is an outer nuclear 

membrane protein, Lap2β is an inner nuclear membrane protein, LaminB1 is a nuclear 

lamina protein, and BAF is associated directly with both DNA and various NE 

components (Wandke and Kutay, 2013).  To track DNA volume change, we used a far-

red live-imaging dye SiR-DNA (G. Lukinavicius et al. 2015), which is more resistant to 

photobleaching compared to traditional DNA dyes such as the Hoechst dye.  

When location of different proteins relative to chromosome de-condensation was 

analyzed.  Both LaminB1 and BAF were present throughout the cell cytoplasm during 

late anaphase (Fig 1C).  Interestingly, both also appear to concentrate at the tip of 

condensed chromosomes during the end of anaphase and beginning of telophase.  
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Similar to LaminB1 and BAF, Sec61β was observed to be present ubiquitously 

throughout the cell during late anaphase, however, although shapes of ER tubule make 

it difficult to assess, its association with chromosome does not seem to be stable and 

distinguishable until telophase.  Finally, as previously reported, during anaphase Lap2β 

is excluded from core region of the chromosome mass, where dense mitotic spindles 

are present (Lu, Kirchhausen et al. 2011), but Lap2β association with the outer edges of 

the chromosome mass can be clearly observed.  Finally, as expected, by mid-telophase, 

LaminB1, BAF, Sec61β and Lap2β have all covered the entirety of the chromosome 

mass (Fig 1D).   

To determine relative timing of LaminB1 and BAF’s association with chromosomes, we 

used high temporal acquisition for 3D live-imaging at 20 seconds per frame, and 

measured the relative volume change during each frame (Fig 1E).  We defined 

accumulation of each protein on the chromosome surface by a level that is twice as high 

as the background signal in the cytoplasm.  Under high temporal resolution, we found 

that lamin accumulated on the chromosome surface consistently 9 frames earlier than 

BAF.  While BAF accumulation is observed at the start of telophase (when de-

condensation begins), lamin accumulation is present during late anaphase, when 

chromosomes have separated but have not yet reached maximum DNA compaction 

(Fig 1E).   

The presence of lamin at the chromosome tip before BAF association is significant, 

because BAF has been thought to inhibit access of NE to inter-chromosomal space.  

Therefore accumulation of lamin to the chromosome tip suggest that another 

mechanism is responsible for this pattern we observe.  To validate our observation that 

laminB1 concentrates at the telomere region, we tested multiple cell lines, including 

oncogenic cell line MCF10AT expressing exogenous LaminB1-RFP-t, U2OS with 
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LaminB1 endogenously tagged with GFP using Zinc Finger Nuclease, and normal retina 

pigmented epithelial cells RPE-L with LaminB1-rfp-t, Centrin1-GFP, and CENPA-GFP 

(Fig 2A).  Lamin accumulation at the tip was observed in all cell types, furthermore, RPE 

cells with Centrin1-GFP and CENPA-GFP demonstrated that the location of 

accumulation is distal to the chromosome centromere, where the telomeres are located 

(Fig 2B).  To test whether lamin is capable of spreading from the telomere region to the 

rest of chromosome, or only capable of attaching laterally to other telomere regions of 

the chromosome, we further imaged RPE-L cells treated with taxol and reversine, which 

causes chromosome to be spatially segregated and results in encapsulation of 

individual chromosomes.  Using once again, high temporal resolution microscopy, we 

observed concentration of lamin at the telomere region, followed by a spread toward the 

centromere region, and finally, full encapsulation of individual chromosomes (Fig 2C).   

Lamin is an intermediate filament protein, which has been shown to provide structural 

support and rigidity for the nucleus (Prokocimer M. et al. 2009).  Therefore, we 

hypothesized that presence of nuclear lamina could result in segregation of chromatins 

from its surrounding, and encapsulation of individual chromosomes by lamin is 

equivalent to micronuclei formation.  We treated cells with the chemical nocodazole, 

which destabilizes mitotic spindle, and synchronizes cells at G2/M stage.  When 

nocodazole is removed, synchronized cell proceed to divide, but has higher instances of 

lagging chromosome due to merotelic attachment of microtubules (Cimini D. et al. 

2002).  We then performed a systematic assay to test for lagging chromosome versus 

micronuclei formation.  By inducing lagging chromosomes during mitosis, we were able 

to measure distance of each lagging chromosome and relative lamin levels on the 

surface of the chromosome mass and also lagging chromosome (Fig 3A, B).  The 

results showed a strong correlation of micronuclei formation from lagging chromosome 

whenever there is distance between the chromosome and the chromosome mass after 
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lamin accumulation begin on chromosome surfaces (Fig 3C).  Lagging chromosomes 

that reach the chromosome mass after lamin accumulation begin were unable to be 

incorporated with the mass (Fig 3D).  Furthermore, when lamin is associated with a 

single chromosome, that chromosome is also unable to join the chromosome mass 

despite its close physical proximity to the chromosome mass before lamin accumulation 

around the mass (Fig 3E). 

Based on the correlation of lamin and micronuclei formation, we hypothesized that lamin 

accumulation between chromosomes instead of the telomere region would result in 

separation of chromosomes, and therefore micronuclei formation.  We first attempted to 

eliminate the telomere tip region using a high power laser, reasoning that laser can be 

directed specifically at one telomere tip, and would eliminate the likelihood of cell 

apoptosis due to lack of telomere on chromosomes.  The laser was directed at the 

middle of the z-stack for all targets, and it successfully ablated and destroyed the 

telomere region, however, although lamin no longer accumulates at the site of laser 

ablation, the effect of laser ablation was on the entire chromosome mass and not just a 

single chromosome.  This phenomena was observed when ablation was performed on 

the peripheral (Fig S1A) or center of the chromosome mass (Fig S1B).  The result 

showed lamin accumulation to start distal to wherever ablation took place, but due to 

massive DNA damage done to the site of ablation, many interpretations for the result 

are equally valid and hard to exclude.      

Therefore, to target the telomere region without inducing massive DNA damage, we 

performed knockdown experiments using siRNA to delocalize the Shelterin complex 

from the telomere region.  The Shelterin complex consists of six protein subunits that 

shape and protect the telomere region.  We hypothesized that by knocking down TRF1, 

which directly interacts with the telomere sequence, and has been shown to stabilize 
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the other five subunits of the shelterin complex (Kim H. 2017), we can disrupt both the 

protein and structural profile of the telomere (Fig 4A).  We were able to successfully 

knockdown TRF1 after 24hr, as validated by gene expression (Fig 4B), furthermore, we 

observed recombination of telomere tip during mitosis after 48hr, suggesting that the 

telomere region has indeed been altered structurally and functionally, and that shelterin 

complex  proteins are delocalizand (Fig 4C).  To gain better resolution of lamin B1 

accumulation in TRF1 knockdown cells, we treated these cells with taxol and reversine, 

which causes separation of chromosomes and massive micronucleation. We observed 

delocalization of lamin from the telomere tip in RPE-L cells when compared to control 

cells (Fig 4D, F).  Furthermore, a quantification of lamin distance from the chromosome 

tip (furthest point from the centromere) revealed a noticeable change in both location 

and spread of lamin B1 after TRF1 knockdown.  Finally, we also observed significant 

micronuclei formation in TRF1 knockdown cells following mitosis (Fig 4G). 

Our results demonstrate that the telomere region attracts lamin B1, and mis-localization 

of lamin through disruption of Shelterin complex proteins causes severe micronuclei 

phenotype.  As shown by taxol and reversine treated control cells, lamin spreads over 

the chromosome arm before fully encapsulating the chromosome, we therefore 

hypothesized that the dynamic of lamin encapsulation and DNA de-condensation is 

such that inter-chromosomal space is filled with DNA before lamin spreads to the arm.  

Recently, barrier to auto-integration protein (BAF) has been shown to play a role in 

maintaining regular nuclear morphology following cell division, and knockdown of BAF 

resulted in finger-like nuclear morphology and even micronuclei (Samwer et al. 2017).  

The mechanism attributed to BAF’s role in nuclear morphology has been the function of 

BAF to bridge chromosomes and also its ability to compact chromosome surfaces.  

Interestingly, it’s been shown that BAF actually exhibits a dual role in regulating 

chromatin density, and while condensing and compaction has been well-reported at 
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higher concentrations (Samwer et al. 2017, Segura-Totten et al. 2002), BAF also 

facilitates de-condensation of chromatins at low concentrations (Segura-Totten et al. 

2002).  Based on these previous reports, we hypothesize that BAF is involved in 

maintaining chromosome morphology by not only bridging DNA to eliminate access to 

inter-chromosomal spaces, but also in facilitating chromosome de-condensation to 

prevent NE proteins from spreading between chromosomes and thus separating them.   

To test our hypothesis, we first performed knockdown of BAF using siRNA (Fig 5A).  The 

results showed finger-like daughter nuclei as reported (Samwer et al. 2017), but live-

imaging of siBAF treated cells during mitosis also revealed an inability of chromosomes 

to de-condense (Fig 5B).  Lack of de-condensation was further verified when DNA 

volume change in siBAF treated cells is compared with control cells (Fig 5B). 

Interestingly, anaphase siBAF chromosomes also seem to be closer to the maximum 

condensed volume, suggesting that knockdown of BAF also alters anaphase 

chromosome de-condensation, which occurs at the beginning of anaphase (Mora-

Bermudez et al. 2007).  Taxol and reversine treated cells were also treated with siBAF, 

and the results showed a striking phenotype of strand-like chromosomes following NE 

reformation, demonstrating that de-condensation of DNA facilitated by low levels of BAF 

is independent from its role of DNA cross-bridging (Fig 5C).   

Next, high temporal resolution live imaging of BAF-GFP in HeLa cells revealed that 

although BAF concentrates at the telomere tip like laminB1, it also increases 

dramatically in concentration at the core region of the chromosome mass (Fig 5D).  

Since BAF has been shown to cause DNA compaction at high levels, we hypothesized 

that this increase in BAF intensity at the tip may be responsible in shaping the daughter 

nucleus into the spherical morphology observed in G1.  Indeed, when surface area 

(which positively correlates with surface roughness) to volume ratio is measured across 
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time during mitosis, the surface area to volume ratio drops to be closer to that of a 

perfect sphere during early telophase, which coincides with the increase in BAF 

intensity on the chromosome surface (Fig 5E).  This shows that high BAF concentration 

coincides with a smoother and more spherical nuclear shape.   

When  individual chromosomes from taxol treated cells were measured, chromosome 

length remained constant (and even decreased slightly), while DNA volume increased 

and the diameter the chromosome doubled (Fig 5F), demonstrating an asymmetric de-

condensation of chromosome DNA during telophase.  Lagging chromosome of BAF-

GFP HeLa cell  was also imaged, and a high concentration of BAF is detected at the 

chromosome tip in the lagging chromosome (Fig 5G).  Taken together, these results 

suggest that the pattern of high BAF concentrations is correlated with the lack of local 

de-condensation on the chromosome.  Finally, knockdown of BAF did not alter lamin 

concentration at the telomere region, demonstrating that lamin attraction to the telomere 

tip does not rely on BAF (Fig 5H).   

All together, these results suggest that lamin is first attracted to the telomere region, 

however, as low levels of BAF also concentrates and spreads from the chromosome tip 

to the arm, local de-condensation occurs along the chromosome arm to restrict access 

of lamin and other NE components to inter-chromosomal space.  Subsequently, as level 

of BAF protein increase near the chromosome tip, DNA cross-bridging and compaction 

occurs locally near the chromosome tip to further shape the daughter nucleus into the 

spherical nucleus shape during interphase (Fig 5I).   
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Figure 1. Comparison of NE Proteins’ Interaction with Chromosomes During NE 
Reformation: (A) Schematic showing relative location of ER, chromosomes, 
centromeres, centrosome, and core region from metaphase to telophase.  (B) Example 
of DNA volume calculation using Imaris.  DNA in red (above)  is used to generate a 
surface in cyan using the same threshold for all samples (below).  (C) Relative DNA 
volume level during cell division was measured for 17 nuclei, and combined result 
shows distinguishable pattern of volume change from anaphase to telophase.  Black 
dots represent mean, error bars in blue.  (D) Optical section of different cells expressing 
different NE protein markers (LaminB1-RFP-T, BAF-GFP, Sec61β-GFP, or Lap2β-GFP) 
are compared in late anaphase.  Accumulation of lamin at the tip of chromosome arms 
can be observed, and indicated by asterisks.  Scale bar = 5 um. (E) Optical section of 
different cells expressing different NE protein markers are compared in early telophase.  
Accumulation of lamin at the tip of chromosome arm can still be observed in one of the 
longer chromosomes as indicated by an asterisk.  Scale bar = 5 um. (F) Timing of lamin 
vs BAF accumulation was determined using relative volume change in daughter nuclei.   
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Figure 2. Accumulation of Lamin at Telomere Region is Observed in Multiple Cell 
Types and on Individual Chromosomes:  (A) LaminB1 (red) is seen to accumulate at 
the telomere region in U2OS cells (left) with GFP tagged endogenously to laminB1, 
MCF10AT cancerous cell line (middle) with exogenous expression of LaminB1-RFP-T, 
and also in RPE-1 cells (right) with exogenous expression of LaminB1-RFP-T.  RPE-1 
cells expressed CENPA-GFP, which marks the centromere, and lamin is seen to 
accumulate distal to the centromere.  (B) Snapshots of live-imaged cell undergoing 
mitosis.  Dotted box indicates same chromosome mass in right panel of Fig 2A.  (C) 
Individual chromosomes around centromere (white) is encapsulated by lamin as it 
spreads from telomere toward centromere region.    
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Figure 3. Lamin Accumulation Determines Incorporation of Chromosomes:   
(A) Snapshot of a live cell expressing H2B-GFP and LaminB1-RFP-T on the left, 
rendered image of the same snapshot showing chromosome mass and lagging 
chromosome on the right.  Color on each lagging chromosome represents minimum 
distance from any mass of DNA (shown in turquoise).  (B) Level of LaminB1 around 
chromosome mass was quantified, and shown in percentage of maximum lamin level 
during the live-imaging (shown in red).  Distance of lagging chromosome during each 
time point is calculated by the minimum distance between the lagging chromosome 
surface and the chromosome mass surface.  In example, two lagging chromosomes 
were present during live imaging, one is represented in blue while the other in green on 
graph.  Below are images from four frames that is represented on the graph in 
perspective time points.  (C) Compilation of multiple lagging chromosome from separate 
movies (n=13).  Fate of being incorporated versus forming micronuclei is represented by 
color vs black.  X-axis was set as time relative to the minimum lamin level in each 
movie.  (D) Summary of lagging chromosome fate when distance is equal or greater 
than zero during perspective lamin levels.  + shows lagging chromosomes that were 
incorporated when distance to chromosome mass is 0 while lamin is at minimum level, 
and * shows one outlier in which the chromosome formed a micronucleus.  As shown in 
graph on the right, the level of LaminB1 was abnormally high around the individual 
chromosome during minimum lamin level of chromosome mass.  Y-axis shows lamin 
level around lagging chromosome to chromosome mass ratio during min. LMN for 
chromosome mass.   
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Figure 4. TRF1 siRNA Eliminates Accumulation of Lamin at Telomere Region and 
Induces Massive Micronuclei Formation:  (A) Schematic showing different shelterin 
complex proteins interacting with telomere DNA sequences. (B) rtPCR showing effective 
knockdown of TRF1 mRNA after 24hr of siTRF1.  Negative control siRNA showed no 
significant change in TRF1 mRNA, while 25nM, 50nM and 100nM of siTRF1 all had 
significant effect on TRF1 mRNA level.  (C) After 48hr of siTRF1, recombination of 
telomere can be observed in dividing cells, indicating delocalization of shelterin complex 
and structural change of telomere  D-loop.  (D) Snapshots from live imaging of a control 
RPE-L chromosome with taxol and reversine undergoing mitosis.   Area of lamin (red) is 
randomly seeded with points in each frame (n>1000), and distance of each point from 
centromere (green) is calculated.  (E) Violin plot showing distance of lamin area from 
chromosome tip in each frame.  Chromosome tip is defined as the furthest point from 
the centromere.  Width represents frequency of points at each distance.  (F) Snapshots 
from live imaging of siTRF1 RPE-L chromosome with taxol and reversine undergoing 
mitosis.  (G) Violin plot of control and siTRF1 cells showing distance of lamin area from 
centromere in each frame (n>5000).   (H) RPE-L cell with TRF1 knockdown display 
massive amounts of micronuclei formation following mitosis. 
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Figure 5. BAF Facilitates Chromatin De-Condensation and Shapes the Daughter 
Nucleus During NE Reformation: 
(A) rtPCR showing effective knockdown of BAF mRNA after 24hr of siBAF.  Negative 
control siRNA showed no significant decrease in BAF mRNA, while 100nM, 200nM and 
400nM of siTRF1 all had significant effect on BAF mRNA level.  (B) RPE-L cells 48hr 
after knockdown of BAF.  Normal chromosome (white) de-condensation is not observed 
in BAF knockdown cells undergoing mitosis.  Lamin (red) proceeds to spread along 
each chromosome arm, and normal nuclear morphology is altered following mitosis.  
Quantification of volume change as compared to control cells shown at the bottom.  
Black dots indicate control, while red dots represent siBAF chromosome volume during 
mitosis.  (C) siBAF inhibited de-condensation of individual chromosomes, and resulted 
in strand-like micronuclei in cells treated with taxol and reversine.  (D) BAF concentrates 
at telomere tip during mitosis, and increases in intensity in the core region of the 
chromosome mass, whereas LaminB1 spreads out evenly across the chromosome 
surface during early telophase.  Scale bars are set to 5um.  (E) Graph showing surface 
area to volume ratio measured during mitosis.  Ratio drops to be closer to a perfect 
sphere while BAF intensity increases on chromosome surface.  (F) Single chromosome  
in RPE cell is tracked over time.  Length of chromosome remains relatively stable, while 
volume and diameter increases.  (G) Lagging chromosome shows higher accumulation 
of BAF at its tips than anywhere else as indicated by yellow arrowheads.  (H) siBAF 
treated RPE-L cell.  Snapshot from live imaging of mitosis that shows lamin (red) 
accumulation at the telomere tip despite knockdown of BAF.  (I) Model of lamin and BAF 
dynamic that ensures a single, spherically shaped nucleus following mitosis.   
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Figure S1. Laser Ablation of Telomere Region Caused Delay of Lamin 
Accumulation Emanating From Ablation Site: Blue lighting lines indicate ablation 
sites.  Each experiment is done with control ablation on a region that does not contain 
any DNA (top daughter cell), and one telomere region on a chromosome.  Yellow arrow 
indicates delay of lamin accumulation.  (A) Ablation was performed on left most 
chromosome. (B) Ablation was performed on chromosome toward the center.  Ablation 
of telomere region is consistently the last place to be incapsulated by lamin. 
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CHAPTER THREE: CONCLUSIONS 

When eukaryotic cells fail to encapsulate all of its chromosomes into a single 

compartment, micronuclei is formed, thus subjecting the DNA inside to massive DNA 

damage (Zhang, Pellman et al. 2015).  In this work, we provide evidence which show 

that the site of initial lamin accumulation is crucial in ensuring that numerous condensed 

chromosomes are securely packaged into a single nucleus.  Furthermore, it appears 

that telomeres play an important role in initiating laminB1 encapsulation of mitotic 

chromosomes.  Telomeres have been shown to have strong correlations with cellular 

health and aging (Blackburn et al. 2015), and lamin expression level has also been 

shown to be altered in aging cells (Dreesen et al. 2013), suggesting that the shortening 

of telomeres in aging cells may contribute to the likelihood of micronuclei formation.   

Telomeres are known to localize to the nuclear periphery near NE in mouse cells but 

more central in human cells (Weierich et al. 2003), however, immediately after mitosis, 

telomere have been found to be tethered to the NE and located peripherally, similar to 

mouse cells (Crabbe et al. 2012).  This suggest that the attraction of NE components to 

telomeres may be an evolutionarily conserved phenomenon.   
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Although TRF1 knockdown could have a cascade of effects, including loss of the D-loop 

structure, telomere sequence recombination, and de-localization of multiple proteins at 

the telomere region, it’s evident that a disruption of the telomere region can cause 

laminB1 to accumulate indiscriminately, which results in individual chromosomes being 

encapsulated and formation of micronuclei.  However, the treatment of cells using 

siRNA has its limitations due to the half-life of RNA and transfection efficiency.  For 

future studies, we hope to conduct a more extensive and systematic assay of TRF1 

knockdown cells using an inducible CRISPR technology.  This will allow us to gain 

better control in timing and efficiency of disrupting the telomere region.   

In this work, we also demonstrated how timing of chromosome de-condensation is 

regulated by BAF, and its dual role in chromosome de-condensation and compaction. 

The model we present suggests that BAF facilitates local de-condensation of 

chromosome arms and local compaction of chromosome tips, and this reshaping of the 

chromosome mass ensures that the spread of lamin encapsulates all chromosomes in 

the daughter cell.  Future studies will include the dissecting of lamin-BAF relationship, 

this will include the quantification of BAF following lamin knockdown and/or TRF1 

knockdown.  Also, mutant BAF that retains DNA cross-bridging ability but no longer 

interacts with lamin could shed light on the ability of lamin to recruit BAF. 

Chromosome de-condensation during telophase has been an ongoing area of study.  

The most crucial elements are the removal of Aurora B Kinase from chromatin by 

ATPase p97 (Meyer et al. 2010), and de-phosphorylation of histone H3 by PP1 gamma 
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(Murnion et al. 2001), which is recruited by Repo-Man and Ki-67 (Booth et al. 2014).  It’s 

been shown that at high concentrations, dimerized BAF is able to form a dense network 

mesh with an estimated distance between BAF dimers of 49 +/- 3nm (Samwer et al. 

2017), which can effectively hinder access and activity of proteins essential for 

chromatin de-condensation.  It is therefore feasible that the mechanism by which BAF 

facilitates local de-condensation and condensation is achieved partially through 

inhibiting the activity of other proteins on the chromosome surface.   
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CHAPTER FOUR: PROTOCOLS 

Protocol 1: Cell Lines / Cell Culture 

Cells were plated on glass bottom plates (Ibidi GmbH, 81158), or grow on high precision 

cover glasses (Deckglaser, 0107052).  HeLa and RPE cells were cultured in Dulbecco’s 

modified Eagle medium:Nutrient Mixture F-12 (DMEM:F12; GIBCO) supplemented with 

10% fetal bovine serum (FBS; GIBCO), 1% (v/v) penicillin-streptomycin (Sigma-Aldrich), 

while MCF10AT cells were cultured in Mammary Epithelial Cell Growth Medium BulletKit 

(MEGM; Lonza, CC-3150) at 37°C with 5% CO2 in a humidified incubator.  HeLa cell 

lines was a generous gift from Dr. Daniel Gerlich (IMBA).  RPE18 cell line was a 

generous gift from Alexey Khodjakov (NY State Department of Health).  MCF10AT cell 

line was a generous gift from Dr. Zev Gartner (UCSF).  U2OS GFP-LaminB1 cell line 

was from Sigma-Aldrich (Sigma-Aldrich, CLL-1033).  RPE-L was generated by 

electroporating mTagRFP-T-LaminB1-10 to RPE-18 cells, selected for cells containing 

plasmid using G418 (Geneticin, Thermo Fisher, 10131035), followed by FACS sorting 

for desired expression level, and expression of plasmid is maintained by G418 selection 

every 5 passages. 

Protocol 2: Immunofluorescence Staining 

Cells were grown to 70% confluency, then fixed in 4% paraformaldehyde in PBS for 0.5 

hours at room temperature, followed by washing with PBS twice. Blocking media, (1% 

BSA, 1% triton in PBS) was added for 1 hour at room temperature, followed by primary 

antibody staining. Primary antibodies were added in blocking solution overnight at room-
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temperature, followed by 1 hour of PBS washing. Secondary antibodies, were added in 

blocking solution for 2 hours followed by PBS washing, follow by incubation of PBS with 

DAPI (1:1000) for 0.5 hours. Following a final wash with PBS, cells were covered with 

Vectashield mounting media (Vector, H-1000). Primary antibodies used: Lamin B1 

(1:1000) anti-rabbit (Abcam, ab-16048), TRF1 (1:200) anti-mouse (Abcam, ab- 10579), 

BANF1 (1:200) anti-mouse (Abcam, ab-88464), Lamina B2 (1:50) anti-rabbit (Cell 

Signaling, D8P3U), and Sec61b (1:200), anti-rabbit (Thermo Scientific, PA3-015).  

Secondary antibody used: Alexa Fluor 488 (1:500) anti-rabbit A11008, Alexa Fluor 

488 (1:500) anti-mouse A11001, Alexa Fluor 594 (1:500) anti-mouse A21203, Alexa 

Fluor 594 (1:500) anti-rabbit A11037, Alexa Fluor 647 (1:500) anti-mouse A31571, Alexa 

Fluor 647 (1:300) anti-rabbit A31573 - all purchased from Thermo Fisher . 

Protocol 3: Pharmacological Assays 

Cells were plated 24hr prior to drug treatment.  For lagging chromosome assay, 

nocodazole (Sigma, M1404) was added to media, and cells were incubated for 16hr.  

Cells were then washed twice using media, and allowed to proceed pass G2/M phase.  

For taxol treatment, taxol (Fisher Scientific, NC9019658) was added to media and cells 

were incubated for 16hr, reversine (Sigma-Aldrich, R3904) was then added to suppress 

the spindle assembly checkpoint.  Final concentration of drugs are as follows: 

Nocodazole (100 ng/mL) Taxol (585 nM), Reversine (393 nM). 
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Protocol 4: DNA Constructs and siRNA 

Cells were electroporated using Thermo Fisher Scientific’s Neon Transfection System, 

following protocol published by Thermo Fisher.  Transfection of DNA constructs using 

lipofectamine were performed using Lipofectamine 3000 (Thermo Fisher), while siRNA 

were transfected using RNAiMAX (Thermo Fisher), both following protocol by 

manufacturer.  DNA constructs: mTagRFP-T-LaminB1-10 was a gift from Michael 

Davidson (Addgene plasmid #58020), mCherry-SEC61B was a gift from Christine Mayr 

(Addgene plasmid # 121160 ; http://n2t.net/addgene:121160 ; RRID:Addgene_121160), 

lenti-inducible spCas9, gRNAs for KO TRF1, TRF2, TPP1, POT1, TIN2, and RAP1 were 

all generous gifts from Dr. Zhou SongYang (Baylor College of Medicine).  siRNA 

constructs: TRF1 siRNA (h) (Santa Cruz Biotchnology, sc-36722).  Ambion siRNA 

Negative Control #2  (Thermo Fisher Scientific, AM4613).  Ambion BANF/BAF Silencer 

Select siRNA  (Thermo Fisher Scientific, 4392421). 

Protocol 5: Microscopy / Image Analysis 

Spinning Disk Microscopy were done on a Yokagawa CSU-X1 Spinning Disk Confocal, 

equipped with a Nikon Perfect Focus system, Sutter Lambda XL lamp, and an Andor 

Clara interline CCD camera.  N-Sim (Structured Illumination Microscopy) were done on 

a Nikon Ti-E Microscope, equipped with Andor DU897, Nikon Intensilight, and 3D EX V-

G 100X/1.49 for SIM gratings.  All microscopes were maintained and built by UCSF 

Microscopy Core, and lenses used were all from Nikon: 100x/1.49 oil APO, and 60x/

1.50 oil APO.  Image Analysis in 2D and 3D were done on Imaris 9.2 and 9.3 (Bitplane).  

Volume Calculation:  Optical sections of live images taken with 60x objective were 3D 
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reconstructed.  A surface was generated using Imaris 9.3, threshold was kept the same 

in all movies: 3um for local contrast, 0.3um for surface detail, and bottom 1% of signal 

(e.g. maximum intensity in movie was 4900, then intensity from 0 to 49) is eliminated 

while generating the surface.  Each frame is 1 minute long, and only the first 30 frames 

are taken from each movie for quantification to avoid photobleaching affects.   

Spread of Lamin Assay:  More than 5000 points were randomly generated on red 

fluorescence areas (lamin was labeled with rfp-t) in each frame, and distance of each 

point from centromere was calculated.  The furthest point is deemed to be the tip of the 

chromosome, and distance from the chromosome tip is plotted on a violin plot, 

indicating frequency in width of each figure, distance from chromosome tip in length, 

and measured every 20 second per frame and plotted on x-axis of graph.   

Mitotic Chromosome Length:  Cell treated with taxol and reversine was imaged 

undergoing NE reassembly around individual chromosomes.  Chromosome was 

selected based on clear separation from other chromosomes and closeness to 180 

degrees in angle between both chromosome arms.  Volume was measured using the 

threshold of 3um for local contrast, 0.3um for surface detail, and eliminating bottom 1% 

of signal.  Length of chromosome is measured using object-oriented bounding box in 

Imaris software, taking longest axis of the smallest box around the object.   
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